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PREFACE 

The world community has focused great at- 
tention over the past two decades upon the ques- 
tion of how we can feed our burgeoning human 
population. Even with the present famine in 
Africa, it is generally recognized that  our 
world's natural resource endowments can sup- 
port a population substantially larger than the 
present one. However for this increased support 
to occur, substantial areas of new land must be 
brought into crop production, and productivity 
must be increased by a t  least 3% annually on 
lands presently under cultivation. The proposed 
gain in productivity is a great challenge to crop- 
production specialists! If this rate of growth in 
productivity is to be realized, significant ad- 
vances must be made in all components of the 
production systems of the developing world, in- 
cluding those of protecting crops against pests 
such as  insects, pathogens, weeds and plant- 
parasitic nematodes. 

Plant-parasitic nematodes are recognized in 
the United States and other developed countries 
a s  potentially serious constraints to crop 
productivity. This recognition did not occur 
generally, however, until after World War I1 
when the study of plant nematodes began to 
receive attention concomitantly with the 
development of effective and economical 
management practices (including chemical con- 
trol agents). The recognition of nematodes as  
serious deterrents to crop productivity did not 
occur simultaneously in the developing coun- 
tries because there were very few trained 
nematologists to confirm the presence of 
damaging population levels and to initiate work 
toward development of appropriate manage- 
ment strategies and tactics. 

The United States Agency for International 
Development (USAID) recognized the lack of at- 
tention to plant-parasitic nematodes in the 
developing nations in 1975 when it funded a pro- 
ject a t  North Carolina State University entitled 

"Research on Integrated Crop Protection 
Systems with Emphasis on the Root-Knot 
Nematodes (Meloidogyve spp.)  Affecting 
Economic Food Crops in Developing Nations." 
The project was given a world-wide mandate 
and focused on the Meloidogyne species be- 
cause  t h e y  a r e :  ( a )  widely d i s t r i b u t e d  
geographically, (b) adapted to a very wide host 
range, and (c) generally recognized as  causing 
more economic damage to food crops than any 
other single group of plant-parasitic nematodes. 
S i n c e  p r o b l e m s  c a u s e d  by s p e c i e s  of 
Meloidogy?~e a r e  common to much of the 
developing world, it was reasoned that  this con- 
centration would attract great interest and com- 
mitment by scientists in those nations. 

The activity, which came to be known as the 
International Meloidogyne Project (IMP), did 
draw the attention of scientists throughout the 
world as  evidenced by the many collaborators 
primarily from more than 60 developing na- 
tions. A truly peer-type relationship was es- 
tablished between the collaborating country 
scientists and the IMP staff. Even though the 
IMP was conceptualized and funded before the 
Collaborative Research Support Programs 
(CRSP's) were established under Title XII, it 
embodies most of the CRSP characteristics. The 
collaborating scientists jointly planned the 
work that  was to be done in the various regions 
of the world, and all of them worked on 
problems that  were of common interest. In a 
few short years and with modest funding inputs 
through the IMP, the science of nematology was 
greatly advanced throughout the developing 
world. Scientists were recognized within their 
respective countries for their interest and ex- 
pertise in nematology. Special in-service train- 
ing was provided through workshops and con- 
ferences to provide a common focus and 
knowledge base for the projects. Work was in- 
itiated collaboratively within each participating 



country  which demonstra ted the  need to  
manage plant-parasitic nematode populations 
below the darnage threshold levels. Finally, 
various rnanagernent strategies were evaluated 
a s  the basis for the identification of appropriate 
technolog- for each of the countries/regions. 

In the process of conducting the project on a 
ivorld-wide basis, scientists a t  North Carolina 
Sta te  University had the unique opportunity of 
assembling a vast amount of observational and 
research da ta  on J l ~ l o ~ d q { j ! j ) l ~  spp., such a s  ( a )  
geographic distrihution patterns of species and 
races and the ecological factors tha t  determine 
these patterns, (h )  cytogenetic basis of species 
anti their evolution, (c) morphology and tax- 
onomy, (dl comparative biochemistry of species 
and races, and (el  sources of genetic resistance 
\vithin food crops. The IMP provided the  scien- 
tific base for the development of econon~ical and 
ecologically sound management strategies for 
root-knot nematodes on a \vorld\vide hasis. Few 
groups of plant pathogens have been treated in 
such a con~prehensive manner  through a world 
net\vork of collaborating scientists. 

Perhaps,  the most important product of the  
IMP is this publication =111 ;Irlr~rr)~cr~d T,*ccltisr> 
I I l o l t o  with Yolume I devoted to 

Biolofly rrud C'o?ttrol and Volume I1 devoted to 
.Wetilorlology. These books will be of great value 
to  crop-protection specialists, both researchers 
and extension specialists, throughout the world. 
They present state-of-the-art knon-ledge of this 
important group of plant pathogens, and a 
significant component of t h a t  knon-ledge is a 
product of the IMP. Both volumes represent the 
proceedings of the final conference conducted 
under the  IMP a t  Raleigh, North Carolina in 
April, 1983. This Conference was attended by 95 
scientists representing 39 countries. 

Korth Carolina Sta te  University is proud of 
the achievements realized under the IMP. Ap- 
preciation is expressed to all of those who have 
collat~orated on the project thereby making it an  
outstanding effort ~vhich will contribute much 
to enhanced food production throughout the 
~vorld .  lye also express appreciation to those 
representatives of USAID ivho had the vision 
and determination to sustain the  funding fo r  
the IMP during a 9-year period. 

J. Laivrence Apple, Coordinator 
International Programs 
North Carolina Sta te  University 



TABLE OF CONTENTS 

I'HAFTER PAGE 
... . . . . . . . . . . . . . . . . . . . . . .  Preface-J. L. Apple . i l l  

PART I INTRODUCTION TO T H E  IMPORTANCE 
O F  NEMATODES 

1 Agricultural research and food produc- 
. . . . . . . . . . . . . . . . . . . . .  tion-N. C. Brady 3 

2 Plant-parasitic nematodes: their threat  to  
agriculture-W. F.  Mai . . . . . . . . . . . . . . .  11 

3 Overview of the International Meloido- 
gyve Project 1975-1984-5. N. Sasser & 
C. C. Carter . . . . . . . . . . . . . . . . . . . . . . . . . . .  19 

PART I1 TAXONOMIC APPROACHES 
4 Some taxonomic principles-H. Hirsch- 

mann . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  27 
5 The classification of the family Meloido- 

. . . . . . . . . . . . .  gynidae-H. Hirschmann 35 
6 Detailed morphology and anatomy of sec- 

ond-stage juveniles, males, and females 
of the  genus iVfeloirloyyne (root-knot 
nematodes)-J. D. Eisenback . . . . . . . . .  47 

7 The genus AIIeloidogy~te and  morphologi- 
cal characters differentiating its spe- 
cies-H. Hirschrnann . . . . . . . . . . . . . . . . .  79 

8 Diagnostic characters useful in the identi- 
fication of the  four most common spe- 
cies of root-knot nematodes (Meloido- 
yyrie spp).-J. D. Eisenback . . . . . . . . . . .  95 

9 Cytogenetics, cytotaxonomy and phylog- 
eny of root-knot nematodes-A. C. 
Triantaphyllou . . . . . . . . . . . . . . . . . . . . . . .  113 

10 Biochemistry as  a tool in identification 
and its probable usefulness in under- 
standing the  nature of parasitism- 
R. S. Hussey . . . . . . . . . . . . . . . . . . . . . . . . . .  127 

11 Identification of major  Meloidogyne 
species employing enzyme phenotypes 
a s  differentiating characters-P. R. Es- 
benshade & A. C. Triantaphyllou . . . . . .  135 

( ' I  I.411TER PAGE 

PART I11 HOST-PARASITE RELATIONSHIPS 
12 Host-parasite relationships and associ- 

a t e d  physiological  changes-R. S .  
IIussey . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  143 

13 Formation, anatomy and physiology of 
g i a n t  cel ls  induced by roo t -knot  
nematodes-C. S. Huang . . . . . . . . . . . . . .  155 

14 Mechanisms of resistance to root-knot 
nematodes-Jeng-sheng Huang . . . . . . .  165 

PART IV ECOLOGY 
15 Ecology of AMeloidoyy)ie spp. - emphasis 

on environmental factors affecting sur- 
vival and pathogenicity-S. D. Van 
Gundy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  I77 

16 Interaction of Meloidogyne with fungi 
on crop plants-J. M. Webster . . . . . . . .  183 

17 Interactions among concomitant popula- 
tions of nematodes-J. D. Eisenback . . 193 

PART \.' NEMATODE MANAGEMENT 
18 Breeding potatoes for resistance to the 

r o o t - k n o t  n e m a t o d e  M e l o i d o g y n e  
species-H. A. Mendoza & P .  Jatala  . . . .  217 

19 The nature of resistance to  hfe lo idogy~~e  
incogrzita (Kofoid & White ,  1919) 
Chitwood, 1949-M. Canto-Saknz . . . . .  225 

20 The role of t h e  nematologist in t h e  
development of resistant cultivars- 
G. Fassuliotis . . . . . . . . . . . . . . . . . . . . . . . . .  233 

21 Preliminary and advanced evaluation of 
nematicides-D. P.  Schmitt . . . . . . . . . . .  241 

22 The role of nematicides in nematode 
management-A. W. Johnson . . . . . . . . .  249 

23 Mode of action of nematicides-H. W. 
Spurr ,  J r .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  269 

24 Cropping systems research and root-knot 
nematode control-S. A. Raymundo . . 277 



$Ib!  t.K l1.A(iE 

25 Specific crop rotation effects combined 
with cultural practices and nematicides 
-A. R. Johnson . . . . . . . . . . . . . . . . . . . . . .  283 

26 Biological control of nematodes-P. 
Jatala  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  303 

27 The practical application of a nernatodc 
. . . . . .  advisory service-J. L. Imbriani 309 

PART VI NEMATOLOGY IN DEVELOPING 
COUNTRIES 

28 Report on the s tatus  of ~lIeloltIoy!j~zc 
research in Mexico, Central America and 
the Caribbean countries (Region I)- 
C. Sosa Moss . . . . . . . . . . . . . . . . . . . . . . . . .  32'7 

29 Summary report on the current s ta tus ,  
progress and needs for Afdoirlot/y~/c 
research in South America (Region 
11)-E. Cabanillas . . . . . . . . . . . . . . . . . . . .  347 

30 Summary report on the current s ta tus ,  
progress and needs for ,lff~lortloggtir 
research  in Brazi l  (Region 111)- 
S. Ferraz . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  351 

31 The International AClcloitloyyrie Project 

in Region IV: current status, progress and 
. . . . . . .  future outlook-0. A. Egunjobi 353 

32 .Ilelortlog!/)ie spp. research in Region V 
of t h e  I n t e r n a t i o n a l  M e l o i d o g y ) ~ ~  

. . . . . . . . . . .  Project (IMP)-Y. IT. Saka 361 
33 Summary report on the current status, 

progress and needs for .lIelozdogy)te 
research in Rcgion VI-R. G. Davide 369 

34 The status  of root-knot nematodes in the 
Middle East,  Region VII  of the Inter- 
national ,\feloidoy!/)re Project-I.K. 
A. Ibrahim . . . . . . . . . . . . . . . . . . . . . . . . . . .  373 

35 Xematology in developing countries: 
I n d i a - I M P  R e g i o n  V I I I - K .  
Krishnappa . . . . . . . . . . . . . . . . . . . . . . . . . . .  379 

36 Transfer of agricultural technology- 
C. C. Carter . . . . . . . . . . . . . . . . . . . . . . . .  399 

GEOGRAPHIC INDEX . . . . . . . . . . . . . . . . . . . . . . . . .  411 

HOST I'LAST INDEX . . . . . . . . . . . . . . . . . . . . . . . . . .  113 

SUBJECT AND TASOXOMIC INDEX . . . . . . . . . .  417 



Part One 
Introduction to the Importance of Nematodes 

CHAPTER PAGE 

. . . . . . . . . . . . . . . . . . . . . . .  1 . Agricultural research and food production-N.C. Brady 3 

2 . Plant-parasitic nematodes: their threat to agriculture-W . F . Mai . . . . . . . . . . . . .  11 

3 . Overview of the International Melddogyne Project 1975-1984- 
J . N . Sasser & C . C . Carter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  19 



C H A P T E R  1 

AGRICULTURAL RESEARCH AND FOOD PRODUCTION 

N. C. Brady 

(rrlited States Agency jbr I~zternutiariul De~yeloprnerzt 
Ft'ushit~yto)~, D. C.. USA 

It is a priviledge for me today to be invited to 
open this three-week "Advanced Course on 
Root-Knot Nematodes." I am indeed impressed 
with t he  broad global representat ion of 
specialists from 43 nations with the common 
goal of managing and controlling root-knot 
nematodes to help ameliorate food and fiber 
production in your respective countries. Your 
efforts in basic and applied research and the 
subsequent transfer of the developed technology 
to growers through effective extension 
Dronrams are to be commended. You are mem- 

have, in many cases, surpassed increases in food 
production. Consequently, per capita food 
product ion  h a s  improved  only  s l i gh t ly  
worldwide, and in some areas, such as  Africa 
south of the Sahara, it has actually declined by 
about 15 percent over the past 12 years. 

Today it  is estimated that 75 percent of the 
people in sub-Sahara Africa are eating less than 
the recommended dietary allowance (3). The 
poorest of the populace in the low-income coun- 
tries are, in some cases, worse off today than 
they were in the 1970's. 

b e r i  of a g loba l  cad re  of a g r i c u l t u r a l  
researchers dedicated to applying science and THE GREEN 
technology to solve perhapshumankind's most While the production of some cash crops such 
pressing problem-that of meeting the food and as rubber, tea, coffee, and others was commer- 
fiber demands of a growing global populace. cially successful, increases in food crop produc- 

Daily world leaders of both developing and tion in most developing countries was slow and 
more develo~ed countries are confronted with uneven until the 1950's. It was scarcelv hiah 
the question: can the world produce enough food 
to feed the human family as it adds another 70 
million members annually? Can it simultane- 
ously enable i t s  poorest members to  ea t  more 
and  bet ter  food than  their  parents  and  
grandparents did? Concomitantly, can we meet 
the increased expectation of a human popula- 
tion with more money to spend not only for 
more food but also for food of better quality 
such as meat and poultry? 

Population increases in developing nations 
are due to traditionally high birth rates and to 
the fact that modern medical science is helping 
to save the lives of people who without such ser- 
vices could not survive. Infant and child mor- 
tality has decreased markedly in the past three 
decades, and longevity of the populace has in- 
creased accordingly. World population in- 
creased from 2.8 billion in 1950 to 4.4 billion in 
1980. Even though some countries, especially 
those in East Asia, have had remarkable success 
in reducing their rates of population increase, 
overall increases have been staggering. They 

enough to meet the basic needs for food and 
fiber of the growing populations. In the 1960's, 
leaders of both developing and more developed 
countries began to  recognize the  seriousness of 
the world food problem. In the meantime, some 
farsighted visionaries concerned with this 
g loba l  cha l lenge  were  pe r suaded  t h a t  
agricultural research, properly focused, could 
help stimulate food production for a large part 
of the world's population. Research jointly spon- 
sored by the Government of Mexico and the 
Rockefeller Foundation yielded fertilizer- 
responsive wheats that  possessed the capacity 
to adapt to widely different ecological condi- 
tions. These wheats were tested in other coun- 
tries, adopted by the farmer, and found to be 
markedly successful in increasing, and in some 
cases doubling (Turkey, China), the yield of this 
cereal grain. 

The initial successes of the wheat and maize 
research in Mexico prompted the Rockefeller 
and the Ford Foundations to join the Govern- 
ment of the Philippines to establish in 1960 the 
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first of a series of international centers of ex- 
cellence dedicated to agricultural research on 
specific crops and commodities. The initial goal 
of this new center, The International Rice 
Research Institute (IRRI), was to  improve rice 
production, and four years after the dedication 
of its buildings, IRRI released 'IR8', an im- 
proved rice variety tha t  became the miracle 
rice. Together with the  wheats  f rom the  
research program in Mexico, IR8 helped trigger 
the  Green Revolution. 

Progress, however, was not confined to the 
work of these  two internat ional  centers.  
Research networks of cooperating scientists in 
developing countries were quickly established. 
Not only did this accelerate the spread of the  
new grain varieties, but also more importantly, 
i t  encouraged the strengthening of national 
research institutions and the development of 
locally adapted varieties. I t  also changed the at-  
titude of leaders norldnside toward science and 
research. National leaders from both developing 
and more developed countr.ies began to  give 
more than lip service to research. They provided 
funds for the development of national institu- 
tions and for the training of scientists and 
educators. The Consultative Group for Inter- 
national Agricultural Reasearch (CGIAR) was 
b o r n ,  a n d  u l t i m a t e l y  1 3  i n t e r n a t i o n a l  
agricultural research centers (IARCs) were es- 
tablished and supported. 

As a result of such international and national 
cooperation, agr icul tural  growth has  been 
remarkable during the past three decades. Much 
of this growth can* be attributed to developing 
countries' increased capacity to produce more 
food. In turn,  this capacity is due, a t  least in 
part ,  to improved crop varieties and new 
technology, along with national policies that  
made it profitable for farmers to accept the new 
technologies. Global grain supplies have about 
doubled, and although the growth rates of 
agricultural output declined in the industrial 
nations, rapid growth occurred in the develop- 
ing countries as  a group (8). India tripled its 
wheat production in 20 years. Indonesia doubled 
its rice production in 10 years, and Colombia 
doubled its rice production in 5 years with the 
new varieties. 

The success of the Green Revolution initially 
was achieved where environmental constraints 
were not too great. The new varieties flourished 
where there was an adequate supply of water 
and nutrients, without excessive water and 
flooding, and where the climate was favorable 
to  their growth and yield production. 

While successes with wheat and rice were 

commendable, overall worldwide increases in 
food production per capita have changed little in 
the past 30 years. In fact, for some of the lower 
income countries, per capita food production 
has actually decreased during this period. Food 
production increases have simply not kept up 
with population growth. 

CHALLENGE OF THE FUTURE 

Prospects for Future Food Production In- 
creases in the Developing World 

An encouraging potential exists for boosting 
food production in the developing world. Ad- 
ditional land can be brought into agricultural 
production, principally in Africa and Latin 
America. I-Iowever, this is a costly process in 
time and finances, and involves surmounting 
many technical obstacles. For most of Asia and 
even in many countries of Africa and Latin 
America, the major means of improving food 
and fiber production in developing countries is 
to increase yields and intensify the  cr.opping on 
land already under cultivation. This is very 
nearly the sole option for Asia where 75 percent 
of the \vorld's undernourished live and where 
the  majority of population surges up to the 2 l s t  
Century are  expected to occur. On tha t  conti- 
nent most of the arable land is already being 
cultivated, and extra food must  come from in- 
creased per hectare yields. 

To achieve these increased yields, farmers in 
the developing countries must  continue to in- 
crease the yields of cereal grains and other crops 
in those areas where the environmental con- 
straints are  minimal, where the water and 
nutrient needs can be easily supplied. Ad- 
ditionally, the farmers  must  constantly upgrade 
their pest management systems and adopt crop- 
ping systems tha t  permit two crops where only 
one is now grown and three where only two 
crops are  now realized. 

Areas  with marked environmental  con- 
straints-too little water, adverse soils, and 
heavy pest infestation-must receive much 
greater attention in the future .  Presently, in 
large areas and regions with such serious con- 
straints,  no applicable technology is available 
for improving food production in economic all^^ 
feasible ways. Such areas include semi-arid 
areas like the Sahel, central India, and some 
humid tropical areas notorious for flooding and 
for frequent droughts. 

New Technology Needs 
For the desired goal of improved indigenous 

food and fiber production in developing coun- 



tries to be achieved, new technology will be 
needed. In the next generation of agricultural 
research, we must go beyond the Green Revolu- 
tion to develop seeds that can produce crops un- 
der adverse climatic conditions and thrive with 
a minimum of costly inputs. We need to remove 
obstacles to the control of plant diseases and in- 
sect pests, and to overcome problem soil condi- 
tions, nutrient deficiencies, and excesses of 
water. We must help farmers break other 
production constraints that  continue to prevent 
millions of third-world farmers from realizing 
more than a meager existence from their land 
and labor. 

The need for new technology to modify and 
improve indigenous agricultural production is 
perhaps most acute in Africa. The prevalence of 
the deadly tsetse fly in Africa restricts animal 
production and thus precludes the effective use 
of forages and crop residues for animal feed in 
the humid regions of central Africa. This pest 
must be controlled before Africa's food produc- 
tion potential can be realized. Also population 
pressures are threatening the stability of the 
traditional slash-and-burn system of crop 
cultivation. Yields are being reduced and soil 
erosion increased because population pressures 
are forcing a shortening of the traditional 6 to 
15 years of fallow time that is required in order 
for plant nutrients to be cycled adequately to 
crop root zone areas. Thus, ways must be found 
to improve or replace slash-and-burn systems of 
rural land use in much of the tropics. 

In all developing countries every effort must 
be made to increase crop yields by economically 
sound practices. Analysis of the economics of 
the expansion of tillable land areas reveals that  
the cost per unit of additional food production is 
more than likely to rise. This expected increase 
is due to the fact that there will be expansion 
into land of poorer quality. Furthermore, there 
will likely be greater reliance upon agricultural 
inputs (fertilizers, pesticides, and others), and 
they are  costly. Likewise, we can expect 
resource problems such as  deteriorating soil and 
water quality, desertification and erosion. Ap- 
propriate technology has the potential to reduce 
unit costs while concomitantly improving the 
overall volume of agricultural production. 

35% of all food crops in the field. After the 
crops are harvested, up to 20% of the crops are 
destroyed by insects, microorganisms, rodents 
and birds. Thus, nearly 50% of the potential 
world food supply is being destroyed annually 
by pests (5). This situation occurs despite all 
efforts to manage and control pests with 
pesticides and alternate nonchemical controls. 
These enormous direct losses of food by pests 
cannot continue indefinitely without seriously 
constraining our ability to produce the food 
demanded by a growing world population. 
Adkisson (1) has pointed out that  "improved 
pest control technology offers one of the best 
and quickest ways for increasing food pro- 
duction on a global scale." 

The management of insect pests, plant and 
animal diseases, weeds and vertebrate pests 
(rats, birds) will continue to be heavily depen- 
dent upon nonchemical methods of control. 
Chemicals, however, will remain a helpful com- 
ponent of the overall strategy for pest manage- 
ment, particularly in crop production. For many 
years before and during World War 11, simple 
inorganic chemicals, such as  sulfur, arsenicals 
and fluorides, a s  well a s  soap and miscible oils 
had been used to control plant pests and dis- 
eases. Then around 1950, a new era in pest con- 
trol began with the introduction of synthetic 
organic pesticides such as the insecticide IIDT 
and t h e  herbicide 2,4-D. Subsequently,  
numerous  synthe t ic  organic fungicides, 
nematicides, rodenticides, and other chemicals 
were developed and found to be effective and 
low in cost. They rapidly became the principal 
means of pest control in productive agricultural 
regions. 

As the target organisms developed resistance 
to some of the widely used pesticides, a plethora 
of organochlorine, organophosphate, and car- 
bamate pesticides was developed and marketed. 
Meanwhile, scientists and citizens of countries 
around the world were voicing grave concern 
about the hazards of these compounds to human 
health and the environment. Concomitantly, the 
continued use of organic chemical pesticides 
was found to be challenged by a variety of such 
factors a s  (1) the development of genetic 
resistance to pesticides by crop pests, (2) in- 
creased cost of these chemicals, and (3) lack of 
overall reduction in annual crop losses due to 

Pest Management-A Major Requirement pests. 
For Increased Food Production Rangaswami (6) cautioned that although the 

Future agricultural research must focus upon industrial nations have good cause for alarm 
the  integral parts  of production, and the over the ill effects of chemical pollution on 
problem pests and pest management a re  humans and their environment, some develop- 
crucial. Worldwide, pests are destroying about ing countries have not reached such critical 



levels of pollution. H e  fur ther  observed tha t  
some developing countries have made progress 
in making farmers  aware  of the damage caused 
by pests ancl the  benefits of chemical control. 
Rangaswami reported tha t  a recent survey of 
farmers  in India shoived tha t  only about 30 per- 
cent mere an-are of the benefits of plant protec- 
tion measures and less than half of these adop- 
ted the  measures scientifically to realize the 
niauimum benefit. Obviously, there is a real 
need for educating fa rmers  on the proper and 
careful use of plant protection chemicals and 
making them aware  of the potential damages  
that  can ensue with continued use of excessive 
doses of such agrichemicals. This lack of f a rmer  
education was  reported by Kumar  (4)  n h e n  he 
noted tha t  in \vest Africa poor education of far -  
mers  markedly influenced crop protection prac- 
tices. We fur ther  observed tha t  government- 
initiated extension services a r e  not verJv effec- 
tive in most \vest African countries. 

In addition to the  lack of education and train- 
ing of farmers  in developing countries regarding 
pest management practices, another problem is 
the  fact that  the  vast majority of the  ivorld's 
small farmers  have almost no read\ access to 
pesticides. Davies ( 2 )  noted that  the  infrastruc- 
t u r e  fo r  t h e  acquisit ion a n d  delivery of 
pesticities simply does not exist, ancl where it 
does exist, it is generally rudimentary.  He noted 
t h a t  t h e  p ro t ) l ems  of e n s u r i n g  t h a t  t h e  
chemicals remain potent and available in suf-  
ficient quant i ty  a re  formidable in many of the 
remote areas where the>- a r e  needed. Xd- 
ditionally, the  costs involved lor  farmers  ant1 
go\ crnmcnt  a re  lai'ge. 

Alany c \ i s t i n g  t r a d i t i o n a l  a g r i c u l t u r a l  
systems (lo includc some type of pclst control 
practice. Kumar  ( 1) noted that  \vest African far-  
mers practice traditional niethotls of pest con- 
trol hy manipulating crops and land. On the  
o t h e r  Iiantl, soc iocu l tu ra l  c o n s i d e r a t i o n s  
preclutle the  use of even "safe" insecticitles on 
food rroljs in home developing countries because 
fa rmers  a r e  not educated on their safet)., non- 
htizartl characteristics to human  reprotluction, 
or  efficacy. Thus,  the application of an  in- 
tegrated pest management program in many 
areas  of the  developing I\-orld is difficult and re- 
quires remedial action, hiit t he  lack of trained 
personnel and available extension services must 
be overcomc before this is possible. For exam- 
ple, in 1976, it was estimated that  t11cl.e were no 
more than 10 entomologists per 3.3 million peo- 
ple in Kigeria, and  the ratio elseivhere in u e s t  
Africa is even more lamentable 17). 

Agency For International Development 
Programs 

The U.S. Agency for International Develop- 
ment  (AID)  \\-orks \vith national agricultilral 
progralns in (leveloping countries a s  a sup- 
porting par tner  in their research, education, 
ant1 extension activities and projects. These 
national program5 have two major foci: (1) 
t~uilding and strengthening the indigenous 
capacity to develop some improved technologies 
appropriate for local and regional conditions 
and 12) thc  capability to test  and validate, under 
indi\ idual country conditions, the improved 
technology dc\cloped by regional and inter- 
national research organizations. These AID 
programs a r e  planned and designed to assist  
clcvelol)ing countries in forming, developing 
an t l /o r  s t r e n g t h e n i n g  s e l f - r e l i a n t ,  se l f -  
!)er!)etuating ~.csearch capabilities that  improve 
intligenous food and fiber p,oduction. 

The agency's most extensive support  for 
agricultural rese:lrch is for tha t  conducted a t  
the  thirteen intel-national agricultural research 
centers arountl the  world. The majority of the  
~.escat*ch programs of the  international centers 
pro\.ide continuity in agricultural research. 

'l'hesc in ternat ional  agr icul tura l  centers  
pro\,icle training expericncc in research and  ex- 
tension, p:irticularly for scientists and exten- 
s ion n o r k e r s  f r o m  n a t i o n a l  a g r i c u l t u r a l  
programs in developing countries. They also 
serveJ a s  a resource pool of ag r i cu l tu ra l  
spcciali.;ts \vho can collaborate n i t h  counter- 
par ts  in national programs in the  design, plan- 
ning, and evaluation of national and cooperative 
1)rograms untlcrtaken bj- developing countries. 

Pcst managcmtnt  and control a r e  among the  
highe5t of priorities for these centers. \IThile 
chemical control methods a r e  being e ia luated,  
perhaps greatest  attention is being gi\ en to  host 
tolerance and (o r )  resistance. Each plant- 
oriented center has  collected genetic resources 
cspeciall\- f1.0111 thc center of origin of the crop 
luntl in cluestion. For t~\aml)le,  the  International 
Rice Research Insti tute has about 70,000 acces- 
sions in i ts  gene 1)ank. These accessions a r e  be- 
lng ,routinel> evaluated for sources of resistance 
to major insect pests. Sources of resistance a re  
cliiickly niatle availahle to cooperating scientists 
around t h e  ivorld. 

The Agency fu r the r  provides some suppor t  
for Collal)oi,ative Research Support  Programs 
( C ' R S P s )  bet \ \ -een n a t i o n a l  a g r i c u l t u r a l  
programs in developing nations and  cooperating 
American universities, colleges and other in- 
st i tutions of Iilarning and  research. The p r i m a q  



focus of each of these CRSPs is research to in- 
crease the production of specific crops or 
animals, including fish. The expertise of 4 to 9 
institutions in the United States is joined with 
that of an even greater number of cooperating 
institutions in the developing countries in each 
of CRSP's subject areas. Through this col- 
laborative mechanism significant results are 
already being obtained on crops such as bean, 
cowpea, sorghum and millet, and on small rumi- 
nants. Future research efforts will be focused as 
well on peanut culture, soil management, and 
fishery assessments. Even though the CRSPs 
have not been underway nearly as  long as  the 
international centers, some significant benefits 
already have accrued from them. 

Through the CRSP mechanism, both univer- 
sities and vocational schools in developing coun- 
tries are being strengthened through coopera- 
tive arrangements with counterpart institutions 
in developing countries and the United States. 
When feasible, both the training and associated 
institution-building are done in the United 
States, and the thesis research is carried out in 
developing countries. The participating institu- 
tions can be involved in the research networks 
mentioned previously. 

Pest Management Strategies 
The strategies used by AID and the programs 

it supports in developing nations are designed to 
minimize human health hazards and other ad- 
verse environmental impacts. Each Mission 
Bureau has an Environmental Officer who is 
concerned with pesticide residues and human 
health in the region served by the respective 
mission. Also, agency environmental coor- 
dinators are responsible for interacting with the 
pesticide industry. 

AID has adopted regulations which require 
all pesticides recommended for the projects to 
which it provides support to be reviewed for 
their potential effects on humans and the en- 
vironment .  The agency recognized t h a t  
pesticides are now an integral part of the 
modern agricul tural  technology used by 
developing countries to increase and maintain 
high crop productivity and also to save human 
lives. 

Among the specialized programs dedicated to 
pest management strategies, research and other 
methods for increasing developing countries' in- 
digenous capabilities for food and fiber produc- 
tion is the partial support AID provides for the 
Consortium for International Crop Protection 
(CICP). This non-profit organization was for- 
med in 1978 by a group of U.S. universities for 

the principal purpose of cooperating with 
developing countries to reduce food crop losses 
caused by pests while concomitantly safe- 
guarding the environment. CICP's basic goal is 
to advance economically efficient and environ- 
mentally sound crop protection practices in 
developing countries. 

CICP-member institutions offer large and 
diverse technical resources in the areas of crop 
protection, integrated pest management and 
agromedicine. Training is a high priority; each 
year in collaboration with national institutions, 
CICP conducts training for developing country 
extension workers, researchers, agricultural 
and health officials, pest control practitioners 
and related workers. Upon request by the 
developing countr ies ,  CICP will provide 
technical specialists to assist in the design, im- 
plementation, and evaluation of projects in crop 
protection and pesticide management. 

The Agency's Central Bureau of Science and 
Technology funds four other pest management 
projects: (1) weeds, (2 )  rodents, (3) pest manage- 
ment and related environmental protection, and 
(4) nematodes. I shall comment on only the last 
two of these efforts. The purpose of the more 
general pest management project is to furnish 
training and technical assistance, upon request 
from developing nations, to specialists in pest 
and pesticide management. This training is ac- 
complished through a variety of activities 
designed to assist these scientists, extension 
specialists, and others working in pest manage- 
men t  in planning, developing, and  im- 
plementing plant pest and disease control 
programs which maximize food and fiber 
production while minimizing human health 
hazards and other adverse environmental im- 
pacts. Examples of the activities and training 
projects carried out under this pest manage- 
ment and related environmental protection pro- 
ject are: 

-In-country pesticide management work- 
shop/seminars for mid-level managers, 
researchers, and related workers from 
government, universities, and other local 
institutions: 

-In-country pesticide residue sampling and 
a n a l y s i s  f ami l i a r i za t i on  cou r se  f o r  
chemical technicians to receive an overview 
of this subject as  it  relates to their location 
conditions; 

-Short courses in integrated crop protection 
in developing countries where pest control 
problems on crops grown by small farmers 
are most serious; 

-Training courses on aerial and ground ap- 
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plication techniques for aerial applicators, 
supporting ground crews, ground ap- 
plicators and other key personnel of the re- 
questing developing country. 

The International Meloidogyze Project is the 
one that brings you all here today for this three- 
week advanced and intensive workshop on root- 
knot nematode methodology, biology and con- 
trol. Since its inception in 1975, this Project, 
which is based at  North Carolina State Univer- 
sity in Raleigh, has achieved considerable 
progress in the study of these destructive plant 
parasites-root-knot nematodes. These pests 
are widespread in developing nations but often 
go unnoticed. Farmers simply assume that their 
yields should be low. 

Through the concerted efforts of you and your 
colleagues who are working with the Project 
and are dedicated to this area of scientific 
speciality, integrated crop protection systems 
designed for efficacy in regions around the 
world are  being proven successful. This 
achievement is something of which you and 
others involved in project conduct and manage- 
ment can be justifiably proud. 

This workshop builds on the findings from 
the first five years of the Project and can now 
expand into those crucial areas of the develop- 
ment of root-knot resistant cultivars, cropping 
systems research for root-knot control, and the 
t r a n s f e r  of technology to  g rowers  by 
researchers and extension workers in develop- 
ing countries. These areas bring us beyond the 
initial successes of the Green Revolution and 
direct  agricul tural  production to ever- 
expanding supplies in developing countries. 

There are other ways through which AID is 
encouraging cooperation among the scientists in 
the developing countries and the U.S. We are es- 
tablishing Memoranda of Understanding with a 

small number of committed U.S. universities to 
give greater continuity to their involvement in 
international agriculture. We have a small 
grants program which encourages scientists in 
the developing countries to initiate small, but 
significant, research efforts. Some of the 
research efforts are being supported through 
the U.S. National Academy of Sciences and 
some directly through the Agency. 

We have also developed the concept of a Joint 
Career Corp which initially will permit 30 U.S. 
university scientists to serve one third of their 
professional career with AID and remaining 
two-thirds with their respective universities. 
The AID service will be spent overseas as  part 
of AID country missions. This program will 
help develop further opportunities for U.S. uni- 
versity involvement in overseas AID programs. 

We are  also reevaluating the agency's 
research priorities in both the field and in this 
country. We hope to inc,ease the agency's 
research portfolio overall, although this will 
likely be a slow process. The enhanced research 
initiative will be focused on strengthening the 
capacities of the developing countries. 

Our job ahead is not an easy one. This year, 
there is a surplus of food in the United States 
and in some of the other more developed coun- 
tries, but worldwide, there are serious food 
shortages. Our friends in the developing coun- 
tries want to be as  self-sufficient as  possible, 
and we should help them achieve that goal. 
They want our technical support and collabora- 
tion, not our charity. Projects such a s  the one 
you are now implementing will help achieve 
that objective. 

I wish each of you in this workshop and in the 
Project continued excitement, perserverance, 
and success in your endeavors to manage and 
control root-knot nematodes. Thank you. 
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C H A P T E R  2 

PLANT-PARASITIC NEMATODES: 
THEIR THREAT TO AGRICULTURE 

W. F. Mai 
Department of Plant Pathology 
Cornell University 
Ithaca, New York, USA 

According to my first nematology teacher, 
Dr.  B. G. Chitwood, "The most  severe 
nematology problems occur where good host 
crops are grown too frequently for too long on 
the same land." When our keynote speaker, Dr. 
Nyle Brady, was Director of Agricultural 
Research a t  Cornell, I went with him to observe 
damage to red beets by the sugar-beet cyst 
nematode. On this trip, Dr. Brady said that  any 
time monoculture is practiced for too long a 
nematode problem is likely to appear. He added 
that  if the nematode problem is not recognized 
the 19th year, i t  may appear the 20th year. Each 
year there is more evidence to support these ob- 
servations. 

Nematode damage often is overlooked. For 
example, in microplots, a 50% reduction in 
potato yields caused by Glo bodera ros tochiensis 
cannot be predicted by inspection of the upper 
plant. Also, a 50% reduction in cabbage yields 
caused by Heterodera schachtii in microplots 
cannot be assessed accurately by inspection 
alone. The cabbage heads in the nematode- 
infested plots are much less firm and therefore, 
weigh less. In a large orchard experiment, we 
have been unable to detect a 50% yield reduction 
in apple yields by visual observation alone. For 
this type of damage to be evident to future ob- 
servers, yield in plots with different levels of 
nematodes must be measured. 

Nematode damage goes unnoticed all around 
us, and the yield losses may equal those 
associated with more severe and easily iden- 
tifiable plant damage. Waste of increasingly 
more expensive water and fertilizer are other 
important indirect losses associated with 
nematode infestation. Nematode-damaged roots 
do not utilize water and fertilizers as effectively 
a s  uninjured roots do. In competitive situations, 
uncontrolled and often unrecognized root 

damage is the difference between profit and 
loss. Although monetary losses a re  con- 
siderable, I do not plan to give estimates of 
those due to nematodes. Because much of the 
damage goes undetected, and for other reasons, 
I do not think we have estimates which warrant 
quoting. 

GEOGRAPHICAL DISTRIBUTION 
OF LOSSES 

Although nematode problems occur in all 
areas of the world where crops are grown, the 
most evident damage occurs in warm areas 
because: 1) higher temperatures and longer 
growing seasons result in more generationdyr 
and thus higher nematode populations and 
more crop damage; 2) the greater number of 
susceptible crops per year in warm areas results 
in higher nematode build-up; 3) some of the 
more damaging species, such as  Meloidogyne 
incognita, occur in warmer areas; and 4) more 
severe disease complexes occur in warmer 
areas. There are, however, important exceptions 
to this general statement. In cooler areas, severe 
crop damage is caused by G. rostochiensis to 
potato, H. schachtii to sugar beet, H. avenae to 
oat, Anguina tn'tici to wheat, and Ditylenchus 
dipsaci to a number of crops, including alfalfa 
or lucerne. Perennials with nematode-damaged 
roots have been shown to be more susceptible to 
cold injury than plants with undamaged roots. 
Often this kind of nematode damage is at- 
tributed to cold injury. 

In general, nematodes cause more damage to 
plants growing in "old tired soils," that  is, those 
which have been cultivated for a long period of 
time. Again, there are notable exceptions. For 
example, in areas recently cleared of forest 
trees for banana production, the nematode 
Radopholus similis causes severe damage 
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within a few years when nematode-infected 
vegetative sets are planted. Likewise in areas 
recently cleared for onion production, D, dipsaci 
causes severe damage in a relatively short time 
if infected vegetative sets are  planted. 

HISTORY AND MILESTONES IN 
THE DEVELOPMENT OF 
PLANT NEMATOLOGY 

Nematode parasites of man and animals have 
been known for a long time. The oldest 
reference to nematode parasites of man is from 
China, approximately 2700 B.C. Also in 4500 
B.C., nematode parasites of animals were men- 
tioned in early Egyptian records. Although 
world-wide recognition of nematodes as  impor- 
tan t  causal agents of plant diseases did not oc- 
cur until the middle of this century, plant- 
parasitic nematodes were studied in both the 
British Isles and Europe more than 100 years 
earlier. 

I would like to mention and discuss briefly 
what I consider to be some of the milestones in 
the development of plant nematology. The first 
observation of a plant-parasitic nematode, the 
wheat gall nematode (A. tritici), occurred in 
1743. In the 185O7s, it was discovered that  a root- 
knot nematode (Meloidogyne sp.) caused galls 
on cucumber roots. Later it  was discovered tha t  
the sugar-beet nematode H. schachtii damaged 
suga r  beet. Damage  to  suga r  beet was 
widespread and, in some instances in Europe 
and in the USA, resulted in the closing of sugar 
factories. This was some of the first evidence of 
the widespread destructiveness of nematodes. 

T h e  i n t r o d u c t i o n  of p r a c t i c a l  f i e l d  
nematicides did not occur until the middle of 
this century-about 1950. These treatments 
were important not only in providing practical 
field control, but also in demonstrating just how 
well crops could grow and yield when nematode 
populations were reduced. I t  is difficult to 
overestimate the importance of this milestone. 
Today much of the crop damage caused by 
nematodes is still unrecognized. Such damage 
can be recognized only when crops growing on 
nematicide-treated areas are available for com- 
parison in the same field. Likewise, much of the 
damage caused by complex diseases can be 
recognized only when crops growing on strips 
treated with a general biocide are available for 
comparison. In other words, much of the un- 
recognized nematode damage is potential yield 
which is not now being realized. 

The discovery of the destructive potato cyst 
nematode Globodera rostochiensis on Long 
Island in the USA and the demonstration that  

burrowing nematodes cause spreading decline 
of citrus gave considerable publicity and 
visibility to the nematode problems of crop 
plants which, I believe, increased interest and 
support in plant nematology. The recognition of 
the serious damage caused by migratory en- 
doparasitic nematodes and the nematodes 
feeding a t  root surfaces (ectoparasites) greatly 
increased the number of nematodes known to be 
pathogenic to plant roots and the number of dis- 
eases known to be caused by nematodes. These 
discoveries resulted in an entirely new area of 
plant pathology. 
DISEASE COMPLEXES 

Another important milestone was the realiza- 
tion that some of the most important root dis- 
eases are caused by nematodes in combination 
with other soil organisms (disease complexes). 
This general understanding was the result of 
t h e  r e s e a r c h  r e s u l t s  of a n u m b e r  of 
nematologists and plant pathologists. Some of 
the important research was conducted here in 
North Carolina by Powell and associates (1-9). 

Although some progress has been made in re- 
cent years, we know very little about complex 
interactions among plant-parasitic nematodes, 
soil microorganisms (usually more than one) 
and host roots. The fungus-nematode and the 
bacter ium-nematode interact ions a r e  so 
numerous and varied that  they provide a wide- 
open field for profitable research. For example, 
weakly parasitic fungal and bacterial parasites 
can cause considerable damage once they gain 
entry into plant roots in the presence of feeding 
nematodes. One might say that nematodes 
create new plant-pathogenic fungi and bacteria 
and increase the pathogenicity of others. 

Nematode at tacks sometimes lower the 
resistance of plants to diseases caused by other 
organisms, such as vascular wilt diseases 
caused by fungi and bacteria. Thus the  
possibility of nematode attack must be con- 
sidered by plant breeders when developing 
cultivars with resistance to fungi and bacteria. 
The basis for this so-called breakdown of 
resis tance is not  understood.  Also the  
biochemical or physiological roles of nematodes 
in disease complexes are not known. In fact, in 
most instances it  is not known if the presence of 
two or more pathogens on a single host has an 
additive or synergistic effect on disease 
severity. 
VIRUS TRANSMISSION BY NEMATODES 

The discovery tha t  some Dorylaim plant- 
parasitic nematodes transmit viruses revealed a 
new way in which nematodes damage plants. 



Because one or a few nematodes may transmit a 
virus, the level of control must be increased. 
Although nematodes a r e  now known to  
transmit a number of soilborne viruses, the 
nature of virus transmission by nematodes is 
essentially unknown. Also the importance of 
nematodes in the damage caused by these virus 
diseases is understood incompletely. I t  appears 
likely tha t  estimates of the economic impor- 
tance of nematodes as  virus transmitters will be 
increased as  new information accumulates. 

NON-PHYTOTOXIC NEMATICIDES 
Another step forward was the development of 

new nematicides that are almost nonvolatile 
and considerably less phytotoxic to crop plants 
than most fumigants are. These nematicides are 
less difficult and expensive to apply than 
fumigants. Most importantly, some of these 
new nematicides can be applied a t  planting time 
thus making nematicide application a much 
more practical cultural practice. 

I t  has been shown also tha t  some non- 
phytotoxic nematicides have systemic action. 
Most e f fec t ive  movemen t  in p l a n t s  i s  
downward. Thus nematodes in roots can be 
killed by spraying, which has a number of ad- 
vantages over soil application. Although this 
practice is not now widely used, I a m  sure that  
for some diseases it  will become economically 
important in the future. 

PLANT RESISTANCE 
One of the most economical and effective 

ways to control plant-parasitic nematodes is the 
growing of nematode-resistant plant cultivars. 
The importance of discoveries over the years 
showing tha t  resistance to nematodes is in- 
herited genetically and tha t  resistance occurs in 
both cultivated and wild species cannot be 
overemphasized. Most of you are thinking that  
certainly resistance is inherited and that  i t  oc- 
curs in cultivated and wild cultivars, but when I 
first started to search for resistance to the 
golden nematode, a well-known plant breeder 
said to me, "Do you think you can get resistance 
to those animals?" 

We now have a sizeable number of good com- 
mercial cultivars with nematode resistance. 
These nematode-resistant varieties decrease 
yield losses, increase profits and result in more 
food and fiber. Still, we do not have anywhere 
near as  many as  we need or could have. 

Information and techniques are available to 
produce many more resistant varieties. A suf- 
ficient number of nematologists and plant 

breeders have been trained to do the job. Funds 
are all that  is needed to employ these scientists. 

CROP ROTATION 
Crop rotation is still the most widely used 

control measure and, when used properly, a 
very effective one. In recent years, increased in- 
formation on nematode taxonomy, population 
dynamics and host ranges have increased the ef- 
fectiveness of this control measure. With more 
information on these and related topics, rota- 
tion could become an even more effective con- 
trol measure, particularly when used in pest 
management strategies. Recently, races of 
several important plant-parasitic nematodes 
which differ markedly in host range and 
pathogenicity have been found. Undoubtedly, 
there are other unrecognized races among plant 
pathogens. Knowledge of the existence and 
behavior of these races will greatly improve 
control by means of crop rotation schemes. 

BIOLOGICAL CONTROL 
Under natural conditions, plant-parasitic 

nematodes are attacked by numerous and 
varied soil organisms. These parasites and 
predators include fungi, bacteria, viruses, 
protozoans, other nematodes and invertebrates. 
Because the activities of these organisms and 
their effects on nematodes are little understood, 
very few of them have been used effectively in 
biological control. Recently there have been 
several noteworthy exceptions including: 1) a 
bacterial parasite Bacillus penetrans effective 
against the root-knot nematode, Meloidogyne 
incognita,  and  2) a fungus  Verticillium 
ch.lamydosporium effective against the oat cyst 
nematode. Although at present neither of these 
organisms is widely used as a biological control 
agent, both show great promise. 

Now I would like to mention two setbacks in 
our progress. The first is the loss or restricted 
use of several good nematicides, particularly 
DBCP, which is a very effective nematicide for 
control of some diseases and which will be dif- 
ficult to replace. Also, i t  appears likely tha t  
others might be lost or their use restricted. A 
second setback is the finding of Temik, and later 
other nematicides, in soil water. Such oc- 
currences are relatively infrequent, but predic- 
tive models indicate tha t  they will become a 
widespread phenomenon. In some soils, i t  will 
take a long time for nematicides to reach soil 
water, but they will get there in time. 

These setbacks emphasize the need to learn to 
use nematicides properly and to find alternate 
control measures. Research on alternate control 
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strategies must be strongly emphasized. In fact, 
we must put our "heart and soul" into this 
effort. 

NEMATODE PROBLEMS OF 
MAJOR CROPS 

One test of the importance of nematodes in 
world agriculture is whether or not they are im- 
portant pathogens of leading food or fiber crops. 
Some of the major food crops do have important 
nematode diseases. 

Soybean 
Soybean is now not only a leading crop but 

also one of the most rapidly increasing crops in 
the world. Unless the soybean cyst nematode is 
controlled, however, it is impossible to grow 
soybean economically. This  nematode i s  
spreading rapidly throughout the soybean- 
growing areas of the world. Thus, there is every 
indication tha t  i t  will become an even more im- 
portant pest of this crop in the future. 

Potato 
This crop is the main food source in a number 

of areas of the world, particularly colder areas. 
Globoderu rostoch iensis, the potato root 
eelworm or golden nematode, is a limiting fac- 
tor for growing potatoes in many of these areas. 
Over t h e  years  t h i s  nematode  has  been 
transported to most major potato-growing 
areas. 

Sugar Beet 
The sugar-beet cyst nematode is present in 

most sugar-beet growing areas, and if control 
measures are not practiced, profitable crops 
cannot be grown. The primary control measure 
is crop rotation. Thus, the nematode causes less 
sugar production per area of land. 

Rice 
Although rice is important as a world crop, 

little research has been done on nematode 
pathogens. One reason is that i t  is difficult to 
conduct research on root problems of rice. Most 
nematologists believe t ha t  nematodes are 
responsible for considerable unrecognized 
damage to this crop. Some of the nematode 
pathogens considered to be economically impor- 
t a n t  a r e  t h e  w h i t e  t i p  n e m a t o d e ,  
Aphelenchoides  besseyi;  t h e  r ice  s t e m  
nematode, Ditylenchz~s angustus; the rice root 
nematodes, Hirsch rrlaniella spp.; and the rice 
cyst nematode, Heteroderu oryzae. 

One way to evaluate the importance of 
nematode diseases to world agriculture is to 

rank them relative to damage caused by other 
diseases. World-wide crop damage caused by 
root-knot nematodes ranks very high when com- 
pared to damage by other disease agents. Some 
reasons for this high ranking are: 1) the world- 
wide distribution of root-knot nematodes, 2) 
their broad host range, 3) the destructive nature 
of diseases caused by root-knot nematodes, and 
4) their role in many destructive disease com- 
plexes. Inestimable crop losses are caused by 
root-knot nematodes, and there is every indica- 
tion tha t  these losses will increase considerably 
in future years. 

THE IMPORTANCE OF NEMATODES 
IN WORLD AGRICULTURE 

The importance of nematodes in world 
agriculture can be judged by whether or not 
their damage is catastrophic to major crops of 
limited areas. Several plant nematodes are 
responsible for this kind of damage. 

Rhadinaphelenchus on Coconut Palm 
On some islands and other areas of the Carib- 

bean, the coconut palm is a major source of oil 
for cooking, and copra is an important export 
crop. In addition to coconut being an important 
source of oil and export funds, fiber and matting 
are obtained from this crop. Red ring of coconut 
caused by Rhadirzaphelenchus cocophilus is a 
very destructive disease and, on some islands, 
threatens the existance of this crop. The exten- 
sive losses caused by this nematode are a major 
catastrophe to natives of these areas. 

Radopholus Similis on Banana and Plantain 
Banana and plantain are important food 

sources and cash crops for families of many 
small growers in the tropics. The burrowing 
nematode Rdopizolus similis is probably the 
most important pathogen of these crops. I t  
causes a devastating disease, often referred to 
as  "Blackhead Toppling Disease," which essen- 
tially can eliminate a banana planting in a 
relatively short time. This is one of the most 
spectacular nematode diseases I have seen. The 
disease is particularly difficult for small 
growers to control because 1) they have insuf- 
ficient land to rotate crops, often less than 1 
acre; 2) they lack the necessary training to apply 
some soil treatments; 3) nematicides are too ex- 
pensive; and 4) often fuel is unavailable for a 
hot-water treatment. As a result, this disease 
often results in a scarcity of food and cash for 
these poor families. 



Radopholus Similis on Black Pepper 
A black-pepper-yellows pathotype or race of 

R. sinzilis is largely responsible for a very 
serious disease of black pepper. This disease is 
thought by many to be caused by a nematode- 
fungus complex. It has reduced greatly and is 
possibly killing off the black-pepper industry in 
parts of Indonesia. 

Globodera Rostochiensis and Nacobbus Spp. 
on Potato 

In the Puna area of Peru, two nematodes are 
combining to reduce potato yields greatly. These 
nematodes are the potato root eelworm and the 
false root-knot nematode, Nacobbus spp. The 
Puna is a poor area, and land holdings by in- 
dividual families are extremely small. Thus, 
these families can ill afford these drastic yield 
reductions caused by the two nematodes. 

Root-knot Nematodes on Vegetables in 
Tropics and Semi-tropics 

Vegetables are much prized and badly needed 
for balanced nutrition in areas of the world 
where very little food is imported. Because of 
root-knot nematodes, particularly Meloidogyne 
itlcog?zita, it is very difficult and sometimes im- 
possible to grow important vegetables, such as 
tomato, in the tropics and semi-tropics. The dis- 
ease complex caused by root-knot nematodes 
and the bacterial wilt organisms is one of the 
most lethal that  is known currently. 

LOSSES DUE TO NEMATODES 
Crop losses caused by nematode diseases are 

more serious in areas where food and fiber are 
scarce than they are in affluent countries. In 
general, nematodes cause greatest losses where 
soils have been cropped for a long time and scar- 
city of land has forced limited or no rotation. 
Often these are poorer areas of the world where 
food and fiber are needed urgently. 

The most serious nematode damage is root 
damage which is difficult to diagnose by foliar 
symptoms. Nematodes spend most of their lives 
in roots or soil, and soil-borne root-feeding 
organisms are more difficult to control than 
foliar parasites. Plant-pathogenic nematodes 
will become even more important to world 
agriculture in the future because of their spread 
by man,  and  because of more intensive 
agriculture on better soils to satisfy the food 
and fiber needs of increasing world populations. 

FUTURE CHALLENGES IN PLANT 
NEMATOLOGY 

Disease Complexes 
Many root diseases are caused by nematodes 

in combination with other soil organisms. 
Therefore, for the benefit of growers and con- 
sumers alike, we must control not just the 
nematode disease but the entire complex. In or- 
der for these disease complexes to be controlled 
better, the causal agents must be identified and 
their relative importance determined. Also, 
overlooked peripheral areas need to be in- 
vestigated further, including changes induced in 
plant constituents by parasitism, immunology, 
and enzyme action, as  well as physiology, 
biochemistry, and genetics of nematodes and 
other organisms involved. There is a great need 
for new and imaginative techniques to carry out 
such experiments. Because of the very con- 
siderable damage caused by disease complexes, 
significant "breakthroughs" in this type of 
research could be very rewarding in increasing 
crop yields. 

Taxonomy 
Correct species identification is basic to ef- 

ficient nematode control. Nematologists need 
these identifications to carry out research, 
teaching, extension, and other activities. Thus, 
in the future, nematode taxonomy a t  all levels 
must be emphasized. Research must be conduc- 
ted to develop more accurate nematode iden- 
tification methods through the combined use of 
morphology, biology, genetics, and biochemical 
systematics. 

Taxonomists in cooperation with other 
nematologists must be urged to study the tax- 
onomic relations among closely related species 
and, particularly, the influence of environmen- 
tal factors on morphologic variation. Research 
workers must be encouraged to preserve 
nematodes used in an experiment or series of 
experiments. Otherwise, considerable research 
results will become useless when new tax- 
onomic data necessitates re-identification. 

Taxonomists must become more familiar 
with the role of taxonomy in other areas of 
nematology. Including a taxonomist as  an ad- 
visor or co-worker in appropriate nematological 
investigations should be encouraged. Last but 
not least, results of taxonomic research should 
be more readily available. Computers make this 
a practical possibility by aiding 1) data storage 
and retrieval, 2) rapid communication, and 3) 
perhaps more rapid identification. 
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Efforts should be made to use computers to 
make nematological information more readily 
available, e.g. host ranges, geographical dis- 
tribution of species, and influence of factors 
such as temperature and soil type on population 
dynamics. 

New Control Strategies 
Although new approaches to control are 

needed for all growers, they are absolutely es- 
sential for small growers. Control strategies for 
small grGwers may be very different than those 
for large growers. Actually, very little has been 
done to develop nematode control strategies for 
small growers. 

Plant Resistance and Tolerance 
Because plant resistance and tolerance are 

safe, economical, and easy to use, a much 
greater research effort must be carried out to 
produce many more cultivars with resistance 
and tolerance to nematodes and disease com- 
plexes. Molecular genetics is a potentially 
promising tool for developing new cultivars and 
should receive considerable research effort. The 
value of conventional plant-breeding techniques 
is well documented. Therefore, these techniques 
should also receive major research emphasis. 

Biological Control 
In biological control, a major research effort 

should be to identify promising parasites and 
predators and develop practical ways to use 
them for nematode control. One of the most suc- 
cessful strategies has been to find soils in which 
plant-parasitic nematode populations are con- 
siderably lower than predicted and conduct 
research to find out why there are fewer 
nematodes present. The role of mycorrhizae in 
nematode diseases and disease complexes 
should be investigated also. Preliminary results 
indicate that  mycorrhizae may play an impor- 

tant role in reducing severity of these root dis- 
eases when plant nutrient levels, particularly 
those of phosphorus, are low. 

Nematicides 
Research to produce effective, inexpensive, 

environmentally-safe, specific nematicides 
should be accelerated. The search should not 
just be for better nematicides similar to the 
ones now available, but attempts should be 
made  to  develop t r ea tmen t s  such a s  1)  
nematicides that  biodegrade in soil, 2) chemicals 
that  attract nematodes to lethal materials or 
specific areas of the soil, 3) chemicals that  
neutralize host attractants or hatching agents, 
4) chemicals that prevent nematodes from 
maturing, or juvenile hormones which prevent 
reproduction, 5) chemicals that hasten maturity 
when juvenile stages are most damaging (anti- 
juvenile hormones), and 6) chemicals that  
reduce or stop nematode feeding. 

CONCLUSIONS 
In comparison to that  of above-ground parts 

of plants, the protection of roots has been 
grossly neglected. I have often told grower 
groups that  they would not tolerate such badly 
damaged roots if the roots grew in the air where 
they could be easily observed. If roots grew in 
the air, I do not believe that research ad- 
ministrators would tolerate the problem. They 
would insist that more funds be given to find 
ways to increase protection from root pests. 

Seriously, everything possible must be done 
t o  convince farmers ,  scient is ts ,  and ad-  
ministrators of the importance of controlling 
root diseases. It  must never be forgotten that  
this is an important research area. Control of 
root diseases on major food crops could well 
become one of the most dramatic developments 
in world agriculture in the future. 
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One of the greatest challenges facing today's 
world is the feeding of an ever-increasing pop- 
ulation. Low agricultural productivity in 
developing nations and inadequate means of 
food distribution contribute greatly to this 
problem. Factors responsible for minimal 
productivity include low-yielding varieties, poor 
soil fertility, and inadequate pest management 
practices, to name a few. Clearly, if world 
hunger is to be alleviated, such obstacles must 
be overcome. 

One of the most widespread pests limiting 
world agricultural productivity is the root-knot 
nematode Mebidogyne species (5). Almost all of 
the plants that  account for the majority of the 
world's food supply are susceptible to infection 
by this pest (3,4,5). Although average crop yield 
losses are thought to be about 5% small farm- 
ers in developing nations commonly experience 
much larger losses (4). In some developing coun- 
tries, root-knot nematode infection is s o  com- 
mon and widespread that  galled roots have been 
considered "normal." In such cases, poor stands 
or  yields have been attributed to  vague 
agricultural ailments such as "worn-out land" 
or "soil exhaustion." 

Because root-knot nematodes occur through- 
out most of the world (Fig. I), infect all major 
crop plants, and cause substantial reduction in 
crop yield and quality, scientists a t  North 
Carolina State University (NCSU) decided to in- 
itiate a worldwide investigation of the problem. 
In July of 1975, a grant from the United States 
Agency for International Development made 
this endeavor possible and led to the formation 
of the International Mebidogyne Project (IMP) 
headquartered a t  NCSU. The main goal of the 
IMP was to assist developing nations in increas- 
ing yields of economic food crops. The strategy 
fo r  a t t a in ing  th is  goal was  to  promote 

knowledge about root-knot nematodes and to 
protect crops from the damaging effects of these 
pests. 

ORGANIZATION OF THE IMP 
Although headquartered in the Department 

of Plant Pathology a t  NCSU, the IMP also es- 
tablished a cooperative or consultant liaison 
with the NCSU Departments of Genetics, 
Statistics, and Soil Science as  well as  the N.C. 
Agronomic Division. To broaden the scope of 
the project even further, six prominent foreign 
nematologists were invited to Raleigh along 
with six prominent U.S. nematologists for a 
general research and planning conference. On 
the basis of this conference, and future 
meetings with foreign scientists, the eight 
geographic regions of the IMP were established: 
Region I, Mexico, Central America and Carib- 
bean; Region 11, South America (excluding 
Brazil); Region 111, Brazil; Region IV, West 
Africa; Region V, East Africa; Region VI, Asia; 
Region VII, Mediterranean and the Middle East; 
and Region VIII, India. Over 100 scientists from 
universities and research institutes around the 
wor ld  ag reed  t o  co l labora te  w i th  IMP 
nematologists. Regional conferences have been 
conducted periodically for the planning of objec- 
tives and the discussion of research findings. 

RESEARCH EMPHASIS 
To facilitate IMP research in the areas of 

Meloidogyne biology, taxonomy, ecology, 
management and technology transfer, a live 
root-knot nematode collection has been es- 
tablished and is maintained a t  North Carolina 
State University. This collection of about 850 
populations, the result of extensive sampling by 
Project cooperators, includes at  least 15 species 
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Fig. 1. Approximate distribution of root-knot nematodes. 

and several host and cytogenetic races from 
over 70 countries. 

Root-knot nematode egg masses, collected 
from infected plants all over the world, are sent 
in saline solution to the Project Center. There, 
seedlings of 'Rutgers' tomato, a highly suscepti- 
ble host of root-knot nematodes, are inoculated 
with the egg masses. The nematode population 
increases rapidly on this host and can be main- 
tained indefinitely by periodic transfer of eggs 
to new 'Rutgers' seedlings. Egg masses that  
have been collected from woody hosts (e.g. cof- 
fee, blueberry, azalea) or from grasses (e.g. rice, 
barley) are also inoculated onto the known host, 
in addition to tomato, if possible. Populations 
infecting such hosts are very likely to be un- 
common, host-specific species. 

Biology and Taxonomy 
The early years of the Project were devoted to 

basic biological studies that  provided a founda- 
tion for development of reliable identification 
techniques and  management s trategies.  
Because the more than 50 Meloidogyne species 
have significantly different host ranges, ac- 
curate identification of the species and race in 
question is essential to the selection of ap- 
propriate management strategies. In developing 
countries especially, where crop rotation is the 
primary and most practical management ap- 

proach, simple and reliable identification tech- 
niques are necessary. To address this need, the 
IMP has explored differences in Meloidogyf~e 
host preferences, morphology, cytology, mode of 
reproduction, and biochemistry in order to dis- 
cover more reliable and expedient characters for 
nematode identification. 
NORTH CAROLINA DIFFERENTIAL HOST TEST Each 
population of nematodes received a t  the Project 
Center is subjected to the North Carolina dif- 
ferential host test. This test involves the in- 
oculation of six standard host plants: cotton 
'Deltapine 61,' tobacco 'NC 95,' pepper 'Califor- 
nia Wonder,' watermelon 'Charleston Gray,' 
peanut 'Florunner,' and tomato 'Rutgers' (4). On 
the basis of host susceptibility (indicated by +) 
or resistance (indicated by -), pure populations 
of the four major species-M, incognita, M. 
juvanica, M. urenariu, and M. hapla-can be 
easily distinguished (Table 1). Susceptibility 
and resistance are based on the average egg- 
mass and root-gall indices of three replications 
of the host differential. 

The four major species account for more than 
95% of the root-knot nematodes received from 
agricultural soils. Therefore, most pure sample 
populations encountered by the Project can be 
reliably identified by means of the North 
Carolina differential host test. Four host races 
of M. incognita and two of M. arenaria have 
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Table 1. North Carolina differential host test reaction chart. 

Differential Host Plants 
Pepper Watermelon 

Meloidogyne Cotton Tobacco 'California 'Charleston Peanut Tomato 
Species & Race 'Deltapine 61' 'NC 95' Wonder' Gray' 'Florunner' 'Rutgers' 
M. incognita 

race 1 a + + - + 
race 2 + + - + 
race 3 + + - + 
race 4 + + - + 

M. javanica - + I3 + - + 
M. arenaria 

race 1 - + + + El + 
race 2 - + - + + 

M. h apla - + + El E l  + 
a Box indicates key differential host plants. 

been established on the basis of consistent 
responses of these nematodes to the differential 
hosts. 
MORPHOLOGY Identification techniques, other 
than the North Carolina differential host test, 
are necessary if mixed populations and/or rare 
species are to be detected and verified. For this 
r e a s o n ,  m u c h  t a x o n o m i c  r e s e a r c h  on  
Melddogyne species is focused on distinctive 
morphological characters (1). Such characters 
include: the perineal pattern, which is an exter- 
nal series of markings in the perineal region of 
the adult female; male head shape; and stylet 
morphology. 

Under a scanning electron microscope (SEM), 
minute morphological details can be examined 
thoroughly. The SEM gives a three-dimensional 
image with high resolution and large depth of 
focus of the external surface morphology. Since 
the SEM is expensive and not readily available 
to many nematologists, its primary value is the 
clarification of morphological details that  often 
can be seen subsequently by light microscopy 
(LM). Only those features readily visible by LM 
will prove useful in the routine process of 
nematode identification. Identification of 
Meloidogyne species by means of perineal pat- 
terns, male head shape, and male morphology is 
much more rapid than by the differential host 
test. However, races cannot be distinguished by 
this method and mixed populations can easily 
escape detection. 
REPRODUCTIVE AND CYTOLOGICAL CHARACTERS 

Over 500 root-knot nematode populations 
have been evaluated with regard to mode of 
reproduction and cytogenetics. The purpose of 
this work has been not only to discover reliable 

taxonomic characters but also to elucidate more 
fully the phyletic relationships and evolution of 
root-knot nematodes. Mode of reproduction and 
chromosome number show much promise as  tax- 
onomic characters (6). Some species reproduce 
only by cross-fertilization (amphimixis); other 
species reproduce without fertilization (mitotic 
parthenogenesis) ;  s t i l l  o ther  species can  
r ep roduce  wi th  o r  w i thou t  f e r t i l i z a t i on  
(facultative, meiotic parthenogenesis). 

Races  of some  of t h e  m o r e  common 
Melddogyne species have been identified on the 
basis of chromosome number and mode of 
reproduction (Table 2). These races are called 
cytogenetic races and are designated by letters 
such a s  "A" or "B," instead of by numbers, so 
they can be distinguished from host races. No 
correlation has been found between host and 
cytogenetic races. 
BIOCHEMISTRY Biochemical differences in 
protein and enzyme content among species are 
also being investigated. Major bands of esterase 
activity have been found to be noticeably dif- 
ferent among the four major species (1). Other 
distinct isozyme patterns are being studied and 
show much promise for use as taxonomic 
characters. 

Ecology 
In addition to taxonomic research, the Project 

also conducts ecological studies. Once nematode 
populations are identified a t  the Project Center 
in Raleigh, the soil samples and ecological data 
that  accompany each sample are analyzed. 
Based on this information, the geographical dis- 
tribution of Meloidogyne species is charac- 
terized according to host range, temperature, 
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Table 2. Chromosome numbers and modes of reproduction of the four major Meloidogyne 
s ~ e c i e s .  

Meloidogyne Species Range of 
& Cytological Race Chromosome Numbers Mode of Reproduction 
M. incognita 

race A 40-46 mitotic parthenogenesis 
race B 32-36 mitotic parthenogenesis 

M. javanica 42-48 mitotic parthenogenesis 
M. arenariu 

race A 
race B 

54 (50-56) mitotic parthenogenesis 
34-37 mitotic parthenogenesis 

M. hapla 
race A 14-17 facultative meiotic parthenogenesis 
race B 30-32,43,45,48 mitotic parthenogenesis 

precipitation, soil composition, and other  
ecological characters. 

Preliminary findings indicate that  M. in- 
cognita, M. javanica, and M. arenaria inhabit 
areas with average annual temperatures be- 
tween 15 and 33" C (5). M. hapla occurs more 
frequently in areas with average annual tem- 
peratures of less than 15" C (5). In areas of low 
rainfall (500 mm or less/yr), M. javanica has ac- 
counted for about two-thirds and M. incognita 
for one-third of the Meloidogyne species encoun- 
tered in the survey (based on data  in 5). In 
general, root-knot nematodes occur most fre- 
quently in soils with less than 10% clay, less 
than 30% silt, and a t  least 60% sand. Basically, 
however, root-knot nematodes can occur 
anywhere host plants grow. 

be valuable prerequisites for research into 
management practices. Research efforts have 
been concentrated on five aspects of manage- 
ment: host resistance, cropping systems, 
chemical control, biological control, and inte- 
grated crop protection systems. 
HOST RESISTANCE Much of the screening and 
evaluation of cultivars for resistance is being 
done in cooperation wi th  In te rna t iona l  
Agriculture Research Centers. Some of these 
centers and the crops on which cooperative work 
is being done appear in Table 3. Individual 
cooperators are  also involved in screening for 
resistance. Some crops being studied include: 
cowpea in Nigeria, tomato in Nepal and Pan- 
ama, bean and potato in Peru, and a wide range 
of vegetable crops in the Philippines. 

CROPPING SYSTEMS Cropping systems research 
Management helps pinpoint crop plants that  prevent in- 

The current emphasis in IMP research is creases in Meloidogyne populations. These 
management of root-knot nematodes. Earlier plants can then be incorporated into cropping 
studies concerning general biology and iden- sequences or crop rotation schemes. Cropping 
tification of Meloidogyne species have proven to sequences for each region are  analyzed so those 

Table 3. Cooperating research centers & the major crops being tested for root-knot nematode 
resistance 

Research Center Crops 
Centro Internacional de la Papa (CIP) potato 
Asian Vegetable Research & Development Center Chinese cabbage, tomato 

(AVRDC) 
International Crops Research Institute for the pigeon pea, chickpea 

Semi-Arid Tropics (ICRISAT) 
International Institute of Tropical Agriculture (IITA) cowpea 
Centro Internacional de Agricultura Tropical (CIAT) bean, Desmodium 
Centro Internacional de Mejoramiento de ~ a i ' z  y maize, wheat, barley, triticale 

Trigo (CIMMYT) 



t h a t  most  effectively control root-knot 
nematodes and increase yields can be selected. 
CHEMICAL CONTROL Investigations into chemical 
control include tests for nematicide efficacy and 
determination of application rates. In develop- 
ing countries, however, nematicides often can- 
not be incorporated into control programs. The 
chemicals may be too expensive or application 
equipment may not be available. Even so, 
nematicide tests can serve a very useful purpose 
by demonstrating to farmers the yield losses at- 
tributable to nematodes and the benefits possi- 
ble when the  nematodes a r e  controlled 
effectively. 

BIOLOGICAL CONTROL Research into biological 
control of root-knot nematodes is being con- 
ducted in Peru and a t  the Project Center a t  
North Carolina State University. The fungus 
Poecilomyces lilacinus occurs naturally in many 
soils. However, a particularly pathogenic isolate 
from soils in the Andes mountains has been 
found to control Meloidogyne populations. The 
fungus penetrates the nematode eggs, destroys 
the embryo and thus prevents hatch. Under ex- 
perimental conditions, introduced fungal in- 
oculum has persisted for a t  least a year in cer- 
tain soils (2). Additional tests on its perform- 
ance are being conducted under a wide range 
of environmental and edaphic conditions. 

INTEGRATED CROP P R O T E ~ I O N  SYSTEMS The ul- 
timate goal of root-knot nematode management 
studies is increased crop production, par- 
ticularly food crop production, and development 
of integrated crop protection systems is a step 
in this direction. These systems will utilize the 
best combinations of resistant cultivars, crop 
rotation, nematicides, biological control agents, 
and sanitary and cultural practices. In this way, 
a broader spectrum of pests can be managed 
simultaneously. 

TECHNOLOGY TRANSFER 

Meloidogyne biology, ecology, and methodology 
is being made available to Project cooperators in 
developing countries so they can adapt or 
develop management strategies suited to their 
particular agricultural situations. The publica- 
tion of books, conference proceedings, journal 
articles, and posters is all part of this effort. 
Certain publications have been made available 
in Spanish or in English with Spanish or Por- 
tuguese summaries. 

Many IMP cooperators throughout the world 
have expressed interest in participating in the 
process of technology transfer by such methods 
as training technicians and farmers and setting 
up mobile agr icu l tura l  l ibrar ies .  These 
cooperators are  encouraged to stay up to date 
through conferences and field and laboratory 
training sessions. As a result of the IMP'S 
guidance and encouragement, nematological re- 
search capabilities in developing countries are 
continually advancing. 

SUMMARY 
The International Meloidogyne Project has 

made several achievements in keeping with its 
original goals. These include: 1) the promotion 
of awareness concerning the importance of root- 
knot nematodes in developing nations; 2) survey 
of the distribution, frequency and relative im- 
portance of Meloidogyne species and races in- 
festing agricultural soils; 3) the discovery and 
description of new species; 4) the discovery of 
more reliable characters for identification; 5) 
clarification of phyletic relationships on the 
basis of cytogenetic and biochemical charac- 
teristics; 6) the elucidation of ecological factors 
affecting survival, distribution, and patho- 
genicity; and 7) the enhancement of research 
capabilities in developing nations through con- 
ferences, publications, and field and laboratory 
training sessions. 

~ h e s e  accomplishments, along with increased 
communica t ion  a n d  c o o ~ e r a t i o n  a m o n g  

Through the process of technology transfer, nematologists throughout the world, are b r i n g  
current research has already begun to focus on ing the ultimate goal of increased food produc- 
development of management strategies for root- tion in developing countries closer and closer to 
kno t  nema todes .  Basic  i n fo rma t ion  on  reality. 
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C H A P T E R  4 

SOME TAXONOMIC PRINCIPLES 

Hedwig Hirschmann 
Department ofplant Pathology 
N. C. State University 
Raleigh, North Carolina, USA 

Taxonomy is the theory and practice by which given taxon conform to the same type. Variation 
kinds of organisms are delimited and classified is considered as trivial or irrelevant. 
(24). It  is vbuilt upon the basic fields of mor- 
phology, physiology, ecology, biogeography, 
and genetics. The first step in the resolution of 
any kind of biological problem is the classifica- 
tion of the phenomena in an orderly system. 
This means ultimately the naming, description 
and classification of plants and animals. 

MICROTAXONOMY AND 
MACROTAXONOMY 

Microtaxonomy and macrotaxonomy may be 
recognized as the two subfields of taxonomy 
(25). Microtaxonomy deals with the methods 
and principles by which the various kinds of 
organisms are recognized and delimited. The 
basic entity is the species. Individuals must be 
identified before proper placement in the es- 
tablished classification. Identification deals 
with relatively few characters and is based on 
deductive reasoning. Macrotaxonomy, in con- 
trast, is concerned with the methods and princi- 
ples by which organisms are arranged in the 
form of classifications. Populations and taxa 
are assembled into groups and these in turn into 
larger and larger groups. Genera, families, or- 
ders, classes and phyla must be arranged in or- 
der to prevent a chaotic accumulation of species 
descriptions. More speculation and theorizing 
are involved. Classification evaluates many 
characters and is an inductive procedure. 

Several theories of classificatjon have been 
formulated over the years. Some of them 
originated in pre-Darwinian times. 

Essentialism or Typology 
This philosophy at tempts to assign the 

variability of nature to a fixed number of basic 
types a t  various levels: i.e., all members of a 

Nominalism 
According to this philosophy, only in- 

dividuals exist. All groupings, including species, 
a s  well as  higher taxa, are considered artifacts 
of the human mind. Emphasis is placed on 
names coined by man and conferred to groups of 
similar individuals. Taxa are DroDosed on the 
basis of the degree of observed similarity, 
rather than the fact that they share a common 
heritage. 

Numerical Phenetics 
The main objective in this approach is the 

development of methods to allow quantification 
of degrees of similarity and thus convert a more 
or less subjective taxonomy into an objective, 
numerical taxonomy (28). The relationship of 
taxa is determined by calculating an overall, un- 
weighted similarity value. All characters are 
equivalent: i.e., they have the same importance 
(weight) in classification. In addition, all 
phyletic information is ignored in order to be 
strictly objective. 

Cladistics 
According to this theory (17), classification 

should be based exclusively on genealogy: i.e., 
on the  branching pa t te rn  of phylogeny. 
Phylogeny consists of a sequence of dicho- 
tomies, each representing the splitting of a 
parental species into two sister (=daughter) 
species. The ancestral species is assumed to 
cease to exist a t  the time of dichotomy, and the 
sister groups are given the same categorial 
rank. Classification is, therefore, according to 
"recency of common decent," and categorial 
status depends on the position of the branching 
points on the phylogenetic tree. 

Previous Page Blank 
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Traditional or Evolutionary Methodology 
(Eclectic Taxonomy) 

This philosophy attempts to represent in the 
classification not only the branching of phyletic 
lines but also their subsequent divergence (24). 
Due weight is given to any unequal divergence 
of the descendent lines. The ranking of a taxon 
is based on the relative weight of the derived 
characters acquired by one sister group but not 
by the other. In addition to these traditional ap- 
proaches, some of the more newly developed 
methods are also utilized in the construction of 
an evolutionary classification including certain 
numerical phenetic methods and the ancestral- 
derived partitioning of characters typical of 
cladistics. 

Now that  this brief introduction about tax- 
onomy in general has been presented, the 
remainder of this chapter will deal with the 
more practical aspects of microtaxonomy only. 

TAXONOMIC PROCEDURE 
After a problem has been selected, the tax- 

onomic procedure should follow a number of 
successive steps. 

Collection and Care of Material 
Ideally, the determination of the geographic 

variation of a species should be done in two 
steps: a )  all the material already available in 
collections should be assembled and analyzed, 
and b) new material should be collected to fill 
the  critical gaps shown in the  preserved 
material of collections. Although preserved 
specimens are the indispensable basis of all tax- 
onomic research, the information that  can be 
derived from dead, preserved specimens is 
limited. The modern taxonomist needs much ad- 
ditional information which can only be derived 
from living or a t  least freshly preserved 
organisms. Due to the great variability of most 
natural populations, adequate samples should 
be collected throughout the range of the species 
in order to provide an unbiased population data 
set. If the species shows seasonal variation, 
collections should be made in various seasons. If 
various stages of the life cycle are of taxonomic 
importance, an effort must be made to have 
them all represented (in nematodes, e.g. infec- 
tive juveniles, eggs). 

Live cu l tures  of organisms should be 
propagated in the laboratory or greenhouse (in 
case of plant-parasi t ic  fo rms  including 
n e m a t o d e s )  t o  p r o v i d e  s p e c i m e n s  f o r  
histological, cytological or biochemical research 
in addition to the morphological studies. 

Specimens should be preserved properly to be 

least subject to any subsequent deterioration. 
Satisfactory preservation of important tax- 
onomic traits is necessary for later examination 
by other taxonomists. 

The labeling of the specimen is also impor- 
tant.  The following information should be recor- 
ded on the label: locality, date collected, habitat, 
host, number and sex of specimen, and other 
useful data. 

Identification and Taxonomic Discrimination 
Identification is the fundamental work upon 

which all progress in taxonomy is based. Every 
species name is based on a published description 
and also on type specimens. Identification or 
determination is the association of other 
specimens with the appropriate description or 
type specimen. In spite of inherent difficulties, 
correct identifications are possible for a ma- 
jority of specimens in most groups of animals. 

Before the actual taxonomic work begins, per- 
tinent literature must be gathered, and the in- 
vestigator should proceed according to the 
following successive steps. 

1. Consult keys to orders and families. 
2. Consult keys to genera and species if re- 

c e n t  monographs  o r  revis ' ions a r e  
available. 

3. If there is no recent monograph or revi- 
sion, refer to the most recent catalog for 
literature citations leading to the descrip- 
tion of all species known up to the time of 
completion. 

4. Refer to  cu r r en t  bibliographies for  
literature published subsequent to the 
most recent catalogs: Zoological Record, 
Biological A bstracts, Helmin thological 
Abstracts (for nematological papers). 

5. Although the secondary literature is often 
of great help, consider always the original 
or more recent authoritative descriptions. 

6. If it is impossible to make a satisfactory 
species determination from the literature 
alone, use "authentic material" for com- 
parison. Paratypes may be sufficient in 
most cases. Type specimens are the most 
authentic but are too valuable to be used 
for routine identifications. They should be 
used, however, in case of monographic 
studies. 

When identifying material, particularly in 
less known groups, the taxonomist frequently 
comes across specimens that  defy classification. 
They do not key out properly, or they do not 
agree with the specimens of the species with 
which they key out. The question arises: do 
these specimens belong to an undescribed 



species? Well-defined species a re  usually 
cha rac t e r i zed  by a )  morphological  a n d  
physiological differences, b) reproductive isola- 
tion, and c) ecological differences. If a tax- 
onomist has accurate information on these 
three points, he is rarely in doubt, whether or 
not to classify a population as  a new species. 
Presence or absence of morphological dif- 
ferences as  well as  geographic relationships can 
usually be determined. It  is the lack of informa- 
tion on reproductive isolation which causes 
most of the difficulties. A high percentage of 
taxonomic errors can be avoided if the tax- 
onomist has a thorough understanding of the 
amount of intraspecific, as  well as  geographic 
variation. Sibling species which did not acquire 
conspicuous morphological differences during 
speciation and are almost identical, may differ 
in their pathogenicity or biochemistry, and 
correct identification will be possible after 
detai led examinat ion.  The occurrence of 
polyploid populations raises particular dif- 
ficulties since they are usually parthenogenetic 
( n o  g e n e  e x c h a n g e )  a n d  m a y  a l s o  be  
morphologically very similar. 

Preparation of Publication 
After a taxonomic study is completed, there 

remains the important task of recording the 
findings and presenting them in a useful man- 
ner. Taxonomic publications range from short 
descript ions of - a  new taxon to  lengthy 
monographs, revisions and reviews. 

The main objective of a description is to aid in 
the subsequent recognition of a particular 
taxon. There are two kinds of descriptions 
which are not identical: the diagt~osis and the 
general description. 
DIAGNOSIS The diagnosis serves to distinguish 
the species from other known similar or closely 
related ones. It  is a brief listing of the most im- 
portant characters or character combinations 
that  are peculiar to a given taxon and by which 
that  taxon can be differentiated from other 
closely related ones (differential diagnosis). The 
characters should be presented in order of their 
diagnostic importance. 
GENERAL DESCRIPTION The general description 
has a broader function. It  gives general infor- 
mation and presents details not only on charac- 
ters that  are diagnostic in respect to already 
described species but also characteristics that 
may differentiate the species from yet un- 
described species. Descriptions thus include all 
characters that  are known to be useful or poten- 
tially useful in distinguishing other taxa a t  the 
same categorial level. The description should be 

presented in such a manner that  subsequent 
workers will be able to identify specimens 
without having to refer to type specimens. 

Within a particular group of organisms, it is 
preferable to standardize descriptions with 
respect to form and order of presentation, and 
thus increase their effectiveness and utility. In 
nematodes, e.g. the sequence of presentation 
would be to describe the various body parts, 
o rgans  and  s t ruc tu re s  from anter ior  t o  
posterior. Available behavioral, ecological and 
other biological data should follow. 

The description should be based on the entire 
variability of the species. Precise numerical 
data should be added and can be included in 
tables. The type specimens should be described 
briefly and their special features pointed out. 
Additional information on type specimens, 
prepared and deposited a t  a collection a t  the 
time of the original description, should also be 
included. 

The style of the description should be 
telegraphic and concise, and is usually charac- 
terized by elimination of articles and verbs and 
by the selection of adjectives and nouns of 
precise meaning. How much subject matter 
should be included in a description depends on 
the group concerned and the state of knowledge 
in that  group. Excessively long descriptions 
obscure the essential points; very short descrip- 
tions may omit pertinent data. 

The description should be supplemented with 
illustrations (photographs, drawings, etc.) 
which in most instances are much superior to a 
verbal description. Preparation of keys is an in- 
tegral part of the taxonomic procedure as  well 
as  a means of presenting findings. The title of a 
taxonomic article should be long enough to be 
specific as  to the contents of the paper, but brief 
enough to be easily indexed. Every taxonomic 
paper should include an introductory part 
stating the scope of the paper. The essential 
methods used and material studied should be in- 
cluded. A summary is usually not necessary. 

TAXONOMIC CHARACTERS 
In microtaxonomy, as  well as  in macrotax- 

onomy, we are dealing with certain attributes of 
organisms which are known as taxonomic 
characters. "A taxonomic character is any at- 
tribute of a member of a taxon by which it dif- 
fers or may differ from a member of a different 
taxon" (24). Taxonomic characters have a dual 
function: a) in microtaxonomy (= identifica- 
tion), they have a diagnostic aspect as  indicators 
of difference a t  the level of lower categories 
(species or lower), and b) in macrotaxonomy (= 
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classification), they function as  indicators of 
relationship to help in the correct delimitation 
and ranking of higher taxa (genera, families, or- 
ders, etc.). 

Identification as  well as  classification are 
based on the proper analysis and evaluation 
(weighting) of taxonomic characters.  The 
usefulness of a character depends on its infor- 
mation content: i.e., each character is assigned a 
certain weight according to its ability to reveal 
relationship (in the traditional evolutionary tax- 
onomy; 24). Characters have also a differential 
significance with respect to categorial rank: i.e., 
different kinds of characters are useful a t  dif- 
ferent categorial levels, such as  subspecies, 
species, genera and higher taxa. To be truly 
diagnostic, a taxonomic character must be cons- 
tant for all members of a given category and for 
no others. The use of taxonomic characters in- 
volves a study of their reliability. The same 
character does not always indicate the same 
amoun t  of taxonomic difference. Highly 
variable characters have low weight and are 
poor indicators of relationship. Such characters 
include regressive traits, i.e. loss of certain 
structures. 

Ear ly  taxonomists  used morphological 
characters almost exclusively to distinguish 
taxonomic categories. Although morphological 
characters are still more useful than others, 
they are  being supplemented to an  ever- 
increasing extent by other kinds of characters, 
such as  physiological, ecological, ethological and 
geographical characters (Table 1). This great 
broadening of the use of new kinds of taxonomic 
characters has increased the reliability of 
classifications. 

Most of the taxonomic characters are of a 
qualitative nature (Table 1). The use of quan- 
titative data (measurements and countable 
characters), however, is important because 
related species often differ not by the presence 
or absence of a structure, but rather by its size, 
or proportions, or number. 

Meristic (countable)  cha rac t e r s  permi t  
greater accuracy than measurements and are 
therefore favored wherever possible. Most im- 
portant for measurements is that they be stan- 
darized and accurate. The particular distance 
measured should be specified exactly. I t  is also 
important to indicate how the specimens were 
prepared for measurement. Widely deviating 
measurements should be checked for possible 
errors in the measuring technique or in 
recording. Although overall body length may be 
very variable in a population, especially in 
species in which the adults continue to grow, the 

proportions of the various body parts to each 
other may remain rather constant. For this 
reason, taxonomists often use ratios or percen- 
tages rather than linear measurements. 

Quantitative da t a  should be evaluated 
through statistical methods. Two essential 
statistics are the arithmetic mean M and the 
s t anda rd  deviation SD which measures  
variability of a sample. For evaluation of 
variability of a given character, the coefficient 
of variability CV can be calculated. In highly 
heterogeneous samples, more complicated 
methods of analysis (multivariate analysis) 
have to be employed (See Vol. 11, Chapter 15). 
Computer programs have only recently been in- 
itiated for the identification of plant-parasitic 
nematodes (R.  Fo r tune r ,  personal  com- 
munication). 

Table 1. Kinds of taxonomic characters [from 
Mayr (24)l. 

Morphological characters 
a. General external morphology 
b. Special structures (e.g. genitalia) 
c. Internal morphology (anatomy) 
d. Embryology 
e. K a r y o l o g y  ( a n d  o t h e r  cy to log ica l  

differences) 
Physiological characters 
a.  Metabolic factors 
b. Serological, protein, and other biochemical 

differences 
c. Body secretions 
d. Genetic sterility factors 

Ecological characters 
a. Habitats and hosts 
b. Food 
c. Seasonal variations 
d. Parasites 
e. Host reactions 

Ethological characters 
a.  Courtship and other ethological isolating 

mechanisms 
b. Other behavior patterns 

Geographical characters 
a.  General biogeographical distribution pat- 

terns 
b. Sympatr ic-al lopatr ic  relat ionship of 

populations 



TAXONOMIC CHARACTERS USEFUL IN 
NEMATOLOGY 

A wealth of different kinds of taxonomic 
characters have been employed in nematology 
(Table I), and only a few examples can be 
presented here  t o  highl ight  t h e  various 
categories. 

Morphological Characters 
All morphological characters listed in Table 1 

have been used in nematode taxonomy. 
The light microscope has been employed ex- 

tensively in morphological studies. More re- 
cently, however, the application of the scanning 
electron microscope (SEM) has revealed a num- 
ber of reliable external characters, especially in 
the anterior and posterior body regions (2,18; 
see also Chapters 6,7,8). The SEM has been 
useful as  a taxonomic tool particularly in 
animal and plant-parasitic nematodes including 
Meloidog?yne spp., and it was found that  all life 
stages of nematodes possess characters of tax- 
onomic value. SEM characteristics help to sup- 
port and complement our present classification 
of lower as  well as  higher categories and are  es- 
pecially useful in supplementing species 
descriptions. 

Transmission electron microscope (TEM) 
studies can demonstrate differences in the 
structures of certain organs better than light 
microscope investigations, especially in regard 
to higher categories (1). 

Quantitative morphological characters, such 
as  certain measurements and morphometric 
relations (a, b,c,d, V, etc.), and countable charac- 
ters (number of gonads, body annules, incisures 
in lateral field, head sensory structures, etc.) 
are  utilized in the elucidation of the taxonomic 
position of taxa. Body width, esophagus length 
and stylet length are  usually correlated with 
body length, and these relations are  useful in 
the clarification of family relationships (15,16). 
Measurements and ratios, however, are  subject 
to considerable variation, and some of the ratios 
are  more reliable than others: e.g., Vis very con- 
s tant  and useful, while c is rather variable and 
thus unreliable (14). Changes in morphometrics 
of certain organs and structures occur also 
during postembryonic growth and differences in 
this respect have been found in various taxa (11, 
12, 13, 14). 

Morphology of juvenile stages and eggs can 
also provide good taxonomic information (19). 

C y t o g e n e t i c  d i f f e r e n c e s  i n v o l v i n g  
chromosome numbers, chromosome morpho- 
logy, and mode of reproduction are  very impor- 
tant.  They should always be considered, if 

available, for characterizing nematode genera, 
species and subspecific categories (See Chapter 
9). 

Physiological Characters 
Several aspects of molecular taxonomy have 

been employed in nematology. In most cases, 
soluble proteins have potential as  taxonomic 
criteria, and studies on DNA are still limited to 
few nematode species a n d  need g rea t e r  
emphasis in the future. 
PROTEIN ELECTROPHORESIS This technique pro- 
duces specific protein and enzyme profiles 
and has been successfully tested in a con- 
siderable number of different free-living, plant- 
parasitic and animal-parasitic nematodes (27), 
including Meloidogylze species (4, 5, 6, 23). 
SEROLOGICAL STUDIES Such studies on the pro- 
t e in s  of free-living and  p lan t -paras i t i c  
nematodes are  sparse (22). Although some 
studies with plant-parasitic forms were suc- 
cessful in species separation (21, 26), other 
results were highly variable, and reliable dif- 
ferentiation of races could not be achieved by 
immunoelectrophoresis (30). In general, at-  
t e m p t s  a t  se ro logica l  i den t i f i c a t i on  of 
nematodes are  preliminary but encouraging. 
DNA STUDIES This work has been initiated only 
recently in nematodes and is being extended to 
the determination of cellular DNA content, base 
composition, renaturation behavior, and restric- 
tion endonuclease fragmentation (27). 

Ecological Characters 
Most plant-parasitic nematodes a re  ec- 

toparasites and a r e  characterized by con- 
siderable ecological and biological variability. 
These forms can attack a wide range of dif- 
ferent host plants. A few groups, such as  cyst 
and root-knot nematodes, however, have 
become highly specialized sedentary plant  
parasites feeding on one site and may have co- 
evolved with their hosts (29). The highly 
specialized life habits of such sedentary forms 
usually have resulted in a limitation of their 
host range to a single genus, family or group of 
related plant families, and some of these species 
can be differentiated on the basis of their host 
preferences. In addition, specific host reactions 
can also be useful for the separation of taxa. 

Ethological Characters 
Behavior patterns are  important isolating 

mechanisms in animals since new adaptations 
are  often initiated by changes in behavior. 
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There are a number of behaviors that  might be 
important in nematode taxonomy, since dif- 
ferences can occur among related taxa. These 
behaviors include feeding and attraction to host 
plants in plant parasites, as  well as  attraction to 
the opposite sex (3). Most of these behaviors are 
widespread, but some are highly specialized, 
such as  the nictating in "dauer larvae" of Rhab- 
ditids and the swarming ("nest" formation) in 
certain Tylenchids, and thus can be useful for 
the differentiation of taxa. Differences among 
taxa can occur in feeding habits, duration of 
feeding and host-plant  p a r t s  preferred.  
Behavioral differences due to sex pheromones 
may indicate reproductive incompatibility and 
thus can lead to recognition of new species (20). 

Geographical Characters 
Studies of the distribution of organisms have 

revealed well-defined geographic patterns. Such 
patterns can be of taxonomic value, especially 
for the interpretation of evolution of higher tax- 
onomic categories. Present-day biogeographical 
distribution patterns have hardly been studied 
in nematodes. Ferris e t  al., 1981 (8), in- 
vestigated the phylogeny of the family Lep- 
tonchidae and  proposed a biogeographic 
hypothesis for this group based on cladistic 
analyses.  These au tho r s  have also used 
vicariance (=allopatry) interpretation, as  an 
alternative to the classical dispersal model, to 
explain present-day distributions in several 
other nematode groups (7, 9, 10). 
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HISTORIC BACKGROUND 
Over the years the genus Meloidogyne has 

been classified in various ways regarding its 
assignment to higher categories. Earlier, the 
root-knot nematodes were included in the 
family Heteroderidae which had been es- 
tablished by Filipjev, 1934 (6), for both root- 
knot and cyst nematodes. Skarbilovich, 1947 
(14), included in the family the two subfamilies 
Heteroderinae and Tylenchulinae, but Thorne, 
1949 (17), redefined the family and recognized 
Heteroderinae as  the only subfamily with the 
g e n e r a  H e t e r o d e r a ,  M e l o i d o g y n e  a n d  
Meloidodera. According to Chitwood and 
Chitwood, 1950 (I), the family comprised three 
subfamilies: Heteroderinae, Hoplolaiminae and 
Nacobbinae. In 1959, Skarbilovich (15) redefined 
Heteroderidae by its sexual dimorphism and in- 
cluded in it five subfamilies: Heteroderinae, 
Tylenchulinae, Sphaeronematinae, Nacobbinae 
and Meloidogyninae. The latter was proposed as  
a new subfamily to contain Meloidogyne and 
Meloidodera. Paramonov, 1967 (13), and Wouts 
and Sher, 1971 (20), recognized only the two sub- 
families Heteroderinae and Meloidogyninae. 
G o l d e n ,  1 9 7 1  ( 7 ) ,  r a i s e d  t h e  f a m i l y  
Heteroderidae to superfamily Heteroderoidea 
with the families Heteroderidae and Nacob- 
bidae. In addition to Heteroderinae and 
Meloidogyninae, he recognized the new sub- 
family Meloidoderinae. Wouts and Sher, 1971 
(20), amended Thorne's definition of the family 
Heteroderidae and redefined the two sub- 
families Meloidogyninae and Heteroderinae. 
These authors acknowledged Meloidogyne as  
the only genus in Meloidogyninae. In 1973, Wouts 
(18) added the subfamily Ataloderinae to the 
family, and since Meloidogyninae seemed dis- 
tinctly different, he removed the latter from the 
Heteroderidae and established an  independent 
family Meloidogynidae, whose diagnosis was 

amended  in 1979 (19) .  I n  add i t i on  t o  
Meloidogyne, Meloidoderita was transferred as  
a valid genus to the family Meloidogynidae by 
Wouts in 1973. In the same year, however, 
Meloidoderita was re-examined by Kirjanova 
and Poghossian (12) and placed in the new 
family Meloidoderitidae which was rightfully 
included in Criconematoidea. 

Meloinema was described by Choi and Ger- 
a e r t  in  1974 (3) and  was  placed in t h e  
Meloidogynidae a t  that  time, but Husain in 1976 
(10) proposed to transfer it to the new subfamily 
Meloineminae, based on the fact that  the young 
adult female is vermiform. The same year that  
Choi and Geraert published their description of 
Meldnema, Golden and Jensen (8) described the 
new genus Nacobbodera and placed it in a new 
subfamily, Nacobboderinae. However, ac- 
cording to Stone, 1977 (16), Nacobbodera is very 
s i m i l a r  t o  M e l o i n e m a  wi th  r e spec t  t o  
morphology, female development and life 
habits. He, therefore, considered i t  as  a junior 
synonym of Meloinema.  The subfami ly  
Meloineminae Husain, 1976, thus became a 
junior synonym of Nacobboderinae Golden and 
Jensen, 1974. 

Meloidoderella indica Khan and Husain, 1972 
( l l ) ,  a cyst-forming species with predominantly 
Meloidogyne-like characters was placed by 
Husa in ,  1976 ( lo ) ,  in a new subfami ly  
Meloidoderellinae. 

Presently, therefore, there are in the family 
Meloidogynidae three monotypic subfamilies 
with the genera Meloidogyne, Meloinema and 
Meloidoderella (Table 1). 

DIFFERENTIATING CHARACTERS OF 
THE GENERA OF MELOIDOGYNIDAE 

Of the three genera of Meloidogynidae, 
Meloidogyne and Meloinema (2,3) are well 
characterized, but Meloidoderella (11) is inade- 
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quately described. Lit t le  information is morphological ly i n t e r m e d i a t e  between 
available on juveniles and males, no illustra- Heterodera and Meloidogyne. 
tions are presented in the original descri~tion, 
and thus t h e  validity of thisgenus is greatly 
doubted. According to the original descri~tion. 2; Figs. 1 9 2 9 5 9 6 )  

Meloidoderella hgs some re la t ionship  td A cystoid stage with lace-like cuticle pattern 
Heterodera, apparently showing characters is present only in Meloidoderellu. Meloidogyne 

Table I.  Present classification of the family Meloidogynidae. 

Subfamily Genus 

Meloidogyninae Skarbilovich, 1959 Meloidog yne Goeldi, 1887 
Nacobboderinae Golden & Jensen, Meloinenla Choi & Geraert 

1974 (Syn. Meloineminae Husain, 1974 (Syn. Nucobbodern 
1976) Golden & Jensen, 1974) 

Meloidoderellinae Husain, 1976 Meloidoderella Khan & Husain, 1972 

Table 2. Differentiating characters of females of the genera of Meloidogynidae. 

Meloidogyne Meloinema Meloidoderella 

Cyst stage Absent 
Body shape Pear-shaped; in 

some species oval 
with posterior 
protuberance 

Cuticle pattern 

Stylet 

Excretory pore 

Vulva 

Anus 

Entire body 
annulated; perineal 
pattern in posterior 
body region 

10-25 pm long; in 
majority of species 
11-17 pm long 
Opposite or anterior 
to median bulb 

Terminal 

Terminal, close 
to vulva 

Absent Present 
Young, preparasitic Oval-shaped 
female vermiform; 
posterior end of 
parasitic female 
swollen; neck long 
Entire body 
annulated; no 
perineal pattern 
in parasitic female 

23-25 pm long 

Slightly posterior 
to stylet knobs in 
young female; 
generally anterior 
to median bulb 
in parasitic female 
Subterminal, 167- 
200 pm from tail end 
in parasitic female 
Subterminal; 60-85 pm 
from tail end in 
parasitic female 

Females with 
obscure 
perineal 
pattern; cysts 
with lace-like 
pattern of 
ridges and 
punctations 
13-16 pm long 

At level of 
median bulb 

Terminal 

Located a t  
edge of 
posterior 
vulva1 lip 



and Meloine~na remain soft-bodied with regular 
body annulations. The mature adult females are 
oval to pear-shaped, but in Meloinema, the 
young preparasitic female is vermiform. Vulva 
and anus of Meloinema remain also subterminal 
in the parasitic female, whereas in the other two 
genera, these body openings are terminal in 
position. A perineal pattern is formed in 
Ilfeloidogyne and Meloidoderella; such a pattern 
is absent in the parasitic adult female of 
Meloinema. The cephalic framework of 
Meloinema is more sclerotized, and the stylet is 
larger than those of Meloidogyne. Meloidogyne 
and Meloinerna have the excretory pore shifted 
a n t e r i o r  t o  t h e  median  bulb,  whereas  
Meloidoderella apparently has it  located further 
posterior. 

Males (Table 3; Figs. 3,4,7) 
Males of the three genera are similar in 

general body shape, al though those of 
Meloidoderella appear to be much smaller in 
size. Stylet and spicule size is largest in 
Meloinema, and the tail is characteristically 
shaped; it is irregular conical with nipple-like 
terminus. The cephalic framework is heavily 

sclerotized in Meldnema, and the stylet is more 
robust as  compared to Meloidogyne. The life 
history of Meloinema is not known, but it  may 
be assumed that juvenile males feed since males 
are large in size with well-developed anatomical 
features. Little information is available about 
males of Meloidoderella. They seem to have 
stylets and spicules of moderate size in com- 
parison. 

Juveniles (Table 4; Figs. 3,4,7) 
Except for Meloidogyne spartinae, which has 

exceptionally long juveniles (up to 912 pm), 
Meloidogyne juveniles usually are short and 
slender with mean body lengths of 320-543 pm. 
Juveniles of Me1m:nema are larger and more 
robust with an average body length of 650 pm. 
They have a more heavily sclerotized cephalic 
framework and a larger stylet as compared to 
species of Meloidogyne. The hemizonid is 
located posterior to the excretory pore, whereas 
in most species of Meloidogyne, it  is anterior to 
the excretory pore. Meloidoderella juveniles are 
short (380-470 pm) with small stylets and 
resemble in these characters juveniles of 
Meloidogyne. 

Table 3. Differentiating characters of males of the genera of Meloidogynidae. 

Meloidogyne Meloinema Meloidoderella 

Body length Up to 2.0 mm long 
Stylet 13-33 pm long; in 

majority of species 
16-25 pm long 

Tail Usually short 

Spicules 19-44 pm long; in 
majority of species 
up to 37 pm long; 
spicule head small 

Up to 2.5 mm long 0.98 mm long 
34-40 pm long; 21 pm long 
stylet knobs 
strongly developed 
Short, tapering, No information 
irregular conical; 
ventral side 
flattened 
50-64 pm long, 28 pm long 
narrow; slightly 
curved with finely 
rounded tips 

Table 4. Differentiating characters of juveniles of the genera of Meloidogynidae. 

Meloidogyne Meloinema Meloidoderella 

Cephalic framework Weakly developed Well developed No information 
Stylet 9-23 pm long; in 23-29 pm long; 14-16 pm long 

majority of stylet knobs large 
species 10-15 pm 
long; stylet knobs 
generally small 
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Fig. 6. Line drawings of females of Meloinema. A) Esophageal region of preparasitic female of M. kerongense 
(lateral). B) Posterior region of preparasitic female of M. chitwoodi (lateral). C) Outline of entire 
preparasitic female of M. kerongeme. D) Cephalic region of parasitic female of M. chitwoodi. E) Perineal 
area of parasitic female of M. kerongense. [A,C,E from Choi & Geraert (3); B,D from Golden & Jensen (S)]. 
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Fig. 7. Line drawings of males and second-stage juveniles of Meloinema kerongense. A) Esophageal region of 
male. B,C) Male tails (lateral). D) Lateral field of male near midbody. E) Esophageal region of second- 
stage juvenile. F,G) Tails of second-stage juveniles showing variation in shape (lateral). [from Choi & Ger- 
aert (3)l. 
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Morphology and anatomy are important in 
taxonomic s tudies  and  in unders tanding  
physiological function. Species identification 
within the  genus Meloidogyne is  based 
primarily upon morphological characters 
( 2 9 , 3 1 , 3 4 , 3 6 , 5 4 ) .  A l s o ,  p h y l o g e n e t i c  
relationships and classification into higher 
categories are interpreted from the form of cer- 
tain body systems (35,55). 

Morphological observations are often impor- 
tant  in formulating functional roles of certain 
tissues and structures because of the small size 
of these complex organisms (51,52). Detailed in- 
formation about nematode morphology and 
anatomy is necessary for understanding the in- 
teraction of the nematode with its environment, 
and also provides insight into the intricate 
relationship between the nematode and the host 
(7,8,9,10,18). Furthermore, the host-parasite in- 
teraction is thought to have had a direct in- 
fluence on the morphology of the nematode (11). 

The morphology of root-knot nematodes 
changes during their life cycle (22,46). The first- 
stage juvenile, formed a t  the end of em- 
bryogenesis, immediately molts while still in 
the egg, becoming a second-stage juvenile 
(21,44). After the establishment of a host- 
parasite relationship and an initial feeding 
period of 3-8 weeks, the second-stage juvenile 
rapidly molts three times and develops into an 
adult male or female (6,37,50). This chapter 
describes the morphology that  is considered 
characteristic for these three longest lived 
stages-second-stage juveniles, males, and 
females-of the genus Meloidogyne.  Body 
shapes and overall dimensions of the three 
stages are compared in Fig. 1. 

Second-stage juveniles (Figs. 2-15) are in- 
itially motile and vermiform, but later become 

sedentary and saccate during the parasitic mode 
of their life cycle. Although the juveniles 
sometimes remain in the egg and overwinter 
under a diapause (22), they generally hatch and 
migrate through the soil to find a suitable host. 

Fig. I.  Diagram of the general body shapes and dimen- 
sions of second-stage juveniles, males, and 
females, respectively, of the genus Meloido- 
gyne. 
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The preparasitic juveniles penetrate the host, 
move through the tissue to a preferred feeding 
site, and establish a complex host-parasite 
relationship with the plant. Several body 
systems, the body wall, nervous, digestive, and 
excretory systems, must work together to allow 
such a tiny organism to accomplish these dif- 
ficult tasks. The reproductive system remains 
small in the preparasitic juvenile but begins to 
develop shortly after feeding is initiated (42). 

Males (Figs. 16-29) are vermiform and motile 
and do not feed. Shortly after the fourth molt, 
they leave the root and move freely through the 
soil. Even though males are not necessary for 
reproduction in the four most common species, 
many Meloidogyne species reproduce by cross- 
f e r t i l i z a t i o n  o r  f a c u l t a t i v e  m e i o t i c  
parthenogenesis (49). In populations which 
reproduce by amphimixis, the ability of the 
male to find a suitable mate is critical for sur- 
vival of the species. Also, males within 
meiotically parthenogenetic populations assure 
genetic diversity through recombination. The 
p r o d u c t i o n  of m a l e s  i n  m i t o t i c a l l y  
parthenogenetic populations is a survival 
mechanism as well. In plants that  are under 
stress, juveniles develop into males rather than 
females. Because males do not feed or produce 
additional offspring that require nutrition, the 
pressure on a heavily stressed plant would be 
reduced (47). 

The body wall and the nervous and reproduc- 
tive systems are important to the male for 
mobility, finding a mate, and reproduction. The 
digestive and excretory systems, in comparison, 
are probably less important because feeding 
may not occur. All of the energy available to the 
male for movement and reproduction is incor- 
porated and stored within the digestive system 
during the second juvenile stage. 

The saccate and sedentary females (Figs. 30- 
38) resume feeding shortly after the fourth molt 
and continue feeding for the remainder of their 
life. The digestive system is specialized for the 
maintenance of the host-parasite relationship, 
extraction of nutrients from the plant, and 
enhancement of the reproductive capacity of the 
nematode. Most of the nutrients obtained from 
the plant are utilized by the reproductive 
system. 

BODY WALL 
Movement of preparasitic juveniles and males 

through the soil is primarily dependent upon 
the body wall which is composed of cuticle, 
hypodermis, and somatic muscles. 

Female 
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w 1 . l  Laysr 
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Fig. 2. Diagram of cross-sections of the cuticle of 
second-stage juveniles, males, and females of 
the genus Meloidogyne [After Bird (14)l. 

Cuticle 
The cuticle is the outermost layer of the body 

wall which covers the entire nematode a s  well 
a s  invaginations of all of the body systems 
(Figs. 2,3,16,30). It  is noncellular, elastic, and 
triple-layered and interfaces the nematode with 
i ts  environment. The cuticle protects the 
organism from many brutal physical, chemical, 
and biological forces, and selectively regulates 
the flow of fluids through the body wall. The 
rigidity of the cuticle in opposition to the turgor 
pressure inside the body acts as  an exoskeleton; 
yet the flexibility of the cuticle allows freedom 
of movement. 

Externally, the markings of the cuticle in the 
head region of second-stage juveniles, males, 
and females are similar in occurrence, but the 
expression of the characters is considerably dif- 
ferent (Figs. 4,5,17,18,31,32). The anteriormost 
portion of the cuticle is marked by a slit-like 
stomata1 opening that  is located in an ovoid 
depression on the prestoma and surrounded by 
the small pore-like openings of the inner labial 
sensilla. The prestoma of juveniles is oval 
shaped, and in the adult stages it is either oval 
shaped or hexagonal, depending on the location 
of the inner labial sensilla. If the sensilla open 
out on the labial disc, the prestoma is oval 
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Fig. 3. Gross morphology and anatomy of anterior and posterior body regions of a second-stage juvenile 
root-knot nematode as revealed by light microscopy. 
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shaped, but if they open into the prestoma, it is 
hexagonal. The labial disc is small and rounded 
in second-stage juveniles, large and rounded in 
males, and small and rectangular in females. In 
a face view, the labial disc slightly covers the 
amphidial apertures in juveniles and females, 
but in males, the openings are completely 
obscured by the large, rounded labial disc. The 
labial disc may be slightly elevated above the 
medial lips, or fused with them to form one 
smooth, continuous structure-the head cap. 
The subdorsal and subventral lip pairs are 
generally fused and form one dorsal and one 
ventral lip. They are termed medial lips because 
dorsal and ventral orientations are difficult to 
establish in scanning electron microscopy 
(SEM) (26,27,28,30). 

Each medial lip is larger than the labial disc 
in second-stage juveniles and females, but in 
males, each medial lip is less than half the size 
of the labial disc. Each medial lip contains a 
pair of cephalic sensilla which may be expressed 
externally in some species as  small, rounded 
cuticular depressions (27,28,30). 

The lateral lips are usually smaller than the 
medial lips. In juveniles and males, they are 
lower than the head cap, in contour with the 
head region, but in females, they are raised 
above the head region, level with the medial lips 
and labial disc. The lateral lips often fuse with 
the medial lips in juveniles and females and 
with the head region of males and juveniles; 
however, some juveniles and most males do not 
have lateral lips. When present, they are 
marked off on the head region by deep grooves 
in the cuticle, beginning near the lateral edges 
of the medial lips, and extending posteriorly 
onto the head region. Sometimes the two 
grooves completely encircle the lateral lip, but 
generally they disappear and the lateral lip 
fuses with the head region posteriorly. In 
juveniles and females, the lateral lips can be 
long and narrow, triangular, or partially fused 
with the head region (27,28,30). 

The amphidial apertures are located between 
the labial disc and medial lips. The amphid 
openings in juveniles and females appear as 
elongate ovals, but in males they are more slit- 
like. They are often obscured by an amphidial 
exudate in SEM. Posterior to the head cap and 
lateral lips, the head region can be completely 
smooth or marked by 1-4 complete or incom- 
plete and irregular head annulations. The head 
region is generally large and easily dis- 
tinguished from regular body annules in 
juveniles and males, but in females, i t  is smaller 
and sometimes resembles regular body annula- 
tions (27,28,30). 

Regular body annulations mark the remain- 
der of the body posterior to the head region in 
juveniles and males. They are approximately 
0.8-1.0 pm apart in second-stage juveniles and 
2.0-2.5 pm apart in males. Annulations near the 
head region may be closer together, whereas an- 
nulations in the tail region may be farther 
apar t .  Body annulations a re  interrupted 
laterally by the ridge-like projection of the 
lateral fields and ventrally by the insertions of 
the excretory pore and anus or cloacal opening 
(27,28). 

The lateral field begins a s  a single ridge near 
the base of the stylet, 8-15 annules from the 
head region where body annulations may 
become disrupted (Figs. 6,19). At a short dis- 
tance along the lateral field posteriorly, two in- 
cisures develop separately or from a single in- 
cisure, and subdivide the ridge longitudinally 
into three ridges which run the entire length of 
the nematode (27,28). 

The lateral field narrows in the tail region of 
juveniles (Fig. 7), and the two inner incisures 
fuse into one near the middle of the tail. Shortly 
thereafter, this single incisure disappears and 
the lateral field ends near the tail terminus, 
where the two outer incisures merge. In com- 
parison, the lateral field of males either wraps 
completely around the tail or spreads out and 
merges with the tail tip (Fig. 21). The two inner 
incisures extend nearly to the tail tip or disap- 
pear near the cloacal opening. The entire lateral 
field is areolated, and the areolation often 
corresponds to body annulations but sometimes 
becomes irregular and incomplete (27,28). 

Body annulations in females mark the an- 
terior portion of the body, including all of the 
neck. As they proceed posteriorly, the annula- 
tions become shallower and farther apart until 
they disappear completely. These annulations 
gradually reappear on the posterior portion of 
the body and become closer together and deeper 
(unpublished, J. D. Eisenback). The annulations 
form a cuticular fingerprint-like perineal pat- 
tern around the anus and vulva (Figs. 37,38). 

Regular body annulations are interrupted 
laterally by remnants of the lateral fields, 
which begin 10-15 annulations from the head 
region near the base of the stylet (Fig. 33). The 
number of lines in the lateral field is difficult to 
discern because they are irregular and incom- 
plete. The lateral field usually disappears before 
the regular body annules become shallow and 
reappears posteriorly after the annulations 
become distinct. The lateral field generally does 
not form a ridge, except posteriorly within the 
perineal patterns of a few species (unpublished, 
J. D. Eisenback). 



The openings of the phasmids of second-stage 
juveniles and females are not visible externally 
but may be hidden by annulations or areola- 
tions within the lateral field. The phasmidial 
apertures in males are located within the inner 
ridge of the lateral field and appear as small 
slit-like openings near the level of the cloacal 
opening (Fig. 21) (27,28,30). 

The excretory pore is a simple round to oval- 
shaped opening located in a depression within 
the cuticle; however, sometimes in the male, a 
depression may not ocur (Fig. 20). The body an- 
nulations usually are interrupted or deviate 
slightly from their course as  they pass around 
the pore; this disruption is most severe in 
females. The anal opening in juveniles and 
females is a small, round hole in the cuticle and 
may be covered by a cuticular flap in the 
female. The hole is so small in the juvenile that 
normal body annules are not affected. The 
cloacal opening in the male is transversely 
elongate, and annulations on the ventral side of 
the tail anterior and posterior to the opening are 
generally indistinct or absent (27,28,30). 

The cuticle is approximately 0.3-0.4 pm thick 
in second-stage juveniles, 1.5 Fm in males, and 
4-6pm in females. Cuticle thickness of females 
varies according to age and body region, and the 
cuticle is generally thickest in the perineal 
region (5). 

Internally, the cuticle consists of cortical, me- 
dian, and basal layers or zones common to most 

nematodes (Fig. 2) (12,14). The basic layers can 
be subdivided into sublayers, or some of the 
layers may be missing. Thus, the cortical layer 
is divided into the external and internal cortical 
layers. The external cortical layer is made up of 
a thin electron-translucent layer sandwiched 
between two thin osmiophilic layers and is ap- 
proximately 35-40 nm thick in second-stage 
juveniles, 100 nm in males, and 100-125 nm in 
females (2,14,39). 

The internal cortical layer is fibrillar and 
varies in thickness because of indentations of 
the body annulations. This layer varies from 50- 
100 nm in juveniles, from 400-500 nm in males, 
and from 700-900 nm in females (2,14,39). 

In the living nematode, the medial layer may 
be filled with fluids. It contains electron-dense 
globules within a less dense substrate that may 
be continuous with the internal cortical layer. 
The medial layer in juveniles is approximately 
100 nm thick under the annules, but disappears 
completely under the annulations. The medial 
layer in males occurs under the annules a s  well 
as  the annulations but varies from 300-400 nm 
thick, and the globules appear more dense 
beneath the annules and the anterior portion of 
the lateral fields. The medial layer is missing in 
the cuticle of females (2,14,39). 

The basal layer is approximately 100-125 nm 
thick in juveniles, 400-500 nm in males, and 
3000-4000 nm in females. In preparasitic 
juveniles and males, the basal layer is striated 

Fig. 8. Scanning electron micrograph of the external 
morphology of the excretory pore of a second- 
stage juvenile of a Meloidogyne spp. [After 
Eisenback & Hirschmann (27)]. 

Fig. 9. Scanning electron micrograph of the external 
morphology of the anus of a root-knot nematode 
second-stage juvenile. 



Fig. 10. Diagrams of cross-sections of the anterior portion of a second-stage juvenile of a root-knot nematode as 
revealed by transmission electron microscopy [A-C after Wergin & Endo (52); D-E after Bird ( I d ) ] .  



by two sets of laminae oriented a t  right angles 
to each other (43). The parallel striae are  
regularly spaced approximately 22 nm apar t ,  
and the crystalline nature of these laminae in- 
dicates a possible importance in protection of 
the nematodes from the environment or in ser- 
vice a s  a skeletal component. Interestingly, 
these laminae degenerate a couple of days after 
penetration by second-stage juveniles. They a re  
not present in the basal layer of sedentary 
females, but reappear in motile, free-living 
males (11 ). These laminae a re  not present in the 
cuticle anterior to the body annulations, and 
they alter their form beneath the lateral fields. 
At  the edge of the lateral field, the striae fork 
and a re  replaced by obliquely oriented fibrillar 

layers (2,14,16,39). They become quite dis- 
organized near the tail t ip of second-stage 
juveniles (15). 

Hypodermis 
The plasma-membrane-bound hypodermis is 

a living syncyt ium t h a t  lies beneath and  
secretes the cuticle (Figs. 10,11,36). Anteriorly, 
somatic hypodermis extends between the ele- 
ments of the stylet protractor muscles and is 
continuous with the hypodermis t h a t  surrounds 
the stomata1 cavity, cephalic framework, sen- 
sory structures, and stylet shaf t  (2,32,39,53). 
Posterior t o  the  cephalic f ramework ,  t h e  
hypodermis expands in between the  rows of 
somatic muscles and forms four hypodermal 
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Fig. 11 .  Diagrams of cross-sections of the posterior portion of a root-knot second-stage juvenile as revealed by 
transmission electron microscopy [After Bird (15)l. 
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chords. The lateral chords are  thick and wide, 
correspond to the lateral fields, and contain 
nerves, nerve cells, and the excretory duct. The 
dorsal and ventral chords are  smaller and con- 
ta in  nerves and  nerve cells. The chordal 
hypodermis possesses many nuclei, mitochon- 
dria, ribosomes, Golgi bodies, smooth and rough 
endoplasmic reticulum, lipid globules, and 
various other organelles (2,23,32,39,53). In- 
terchordal hypodermis lacks cell organelles and 
contains only nerve processes and numerous 
hemidesmosomes. The hemidesmosomes are  
modifications of the plasma membrane and 
function as  attachment points for the cuticle 
and somatic muscles (2,14). The interchordal 
hypodermis is approximately 100 n m  thick in 
juveniles and males, and of varying thickness in 
females (2,14,32). 

Somatic Muscles 
The somatic musculature is necessary to 

second-stage juveniles for hatching (81, move- 
ment through the soil, and penetration and 
migration within the host plant. All of the mus- 
cles, except those in the anterior end tha t  move 
the head from one giant cell to another, quickly 
degenerate after the establishment of a host- 
parasite relationship (7,111. 

The somatic muscles enable males to leave 
the root tissue, progress freely through the soil, 
and move toward a suitable mate.  The restora- 
tion of mobility in adult males is necessary for 
successful reproduction in the amphimictic 
species. Females remain saccate and sedentary, 
and somatic muscles that  allow the female to 
turn her head to feed on several different giant 
cells are  limited to the anterior portion of the 
neck (14,32). 

The anterior portion of second-stage juveniles 
and males contains eight longitudinally orient- 
ed, spindle-shaped muscles tha t  are  grouped 
into four ro\vs between the hypodermal chords 
in cross-section. The number of cells between 
the hypodermal chords increases along the body 
posteriorly. There are two cells between the 
chords in the head region, 3-4 a t  the base of the 
stylet and 4-5 in the esophageal region and 
throughout the remainder of the body (2). The 
total  number  of somatic muscle cells in 
juveniles has been estimated to be around 50- 
100. They begin a t  the cephalic framework of 
juveniles and males, running the entire length 
of the nematode, and end a t  the level of the anus 
and cloaca1 opening (15), but in females, they 
end near the posterior portion of the median 
bulb. 

In cross-section, the obliquely striated con- 
tractile portion of the muscle lies next to the 

hypodermis, and the noncontractile portion pro- 
jects into the pseudocoelom. The tips of the 
spindle-shaped muscle cells contain only fine 
filaments, but the medial portion contains 5-6 
cycles of I, A, H, A, and I bands. I bands possess 
only fine filaments; A bands are  made up of 
thick filaments surrounded by 10-15 fine fila- 
ments arranged in a hexagonal pattern; and H 
bands contain only thick filaments. The thick 
filaments of myosin are 22-24 nm in diameter, 
and the thin filaments of actin a re  6 nm in 
diameter. Contraction of the muscle is powered 
by the myosin-splitting high-energy phosphate 
bonds, and the muscle is shortened by the action 
of the actin filaments sliding past the  myosin 
filaments (2,14). 

The noncontractile portion of a muscle cell 
contains the nucleus, gycogen, lipid globules, 
smooth endoplasmic reticulum, and numerous 
mitochondria and is usually distinctly marked 
off from the contractile por,ion of the muscle. 
The muscles are  innervated by processes located 
near the broadest area  of the noncontractile 
portion of muscle. The innervation processes 
merge with the nerves extending from major 
bundles of longitudinal nerves (1). 

NERVOUS SYSTEM 
The function of the  nervous system is 

t~vofold: motor control and sensory capacity. I t  
controls the precise coordination of the somatic 
muscles tha t  enable second-stage juveniles to 
move through the soil to find a suitable host, the  
males to find mates, and females to move their 
heads to feed on different giant cells. 

The sensory function of the nervous system 
interfaces the nematode with the environment 
to give the movement direction. A sense of 
direction is needed by juveniles to find a root, 
recognize it a s  a host, and penetrate and 
migrate to a preferred feeding site. Males need a 
sense of direction to locate and copulate with 
females, and females need some sensory func- 
tion to assist them in feeding. 

Most of the available specific information 
a b o u t  t h e  nervous  s y s t e m  of roo t -kno t  
nematodes is confined to the anterior and 
posterior ends of second-stage juveniles and the 
anterior end of males. Very little is known 
about the nerves of the male tail, even though 
numerous nerves and sensory structures have 
been described. Also, detailed information on 
the nervous system of the female is missing. 
Generally, however, it is probably very similar 
to that  described for juveniles and males. The 
nervous system has been estimated to contain 
approximately 300 cells (14). 



In the  light microscope, the most obvious 
parts of the nervous system are the nerve ring 
and hemizonid (Figs. 3,16), although some 
features of the amphids and phasmids may also 
be visible. The nerve ring, the central coor- 
dinating center, encircles the esophagus just 
posterior to the median bulb and consists 
mainly of nerve processes. The cell bodies and 
nuclei of the nerve processes lie anteriorly and 
posteriorly to t h e  nerve r ing  (12,18). The 
hemizonid appears as  a transparent semicircle 
on the ventral side of juveniles and males and is 
probablv a major lateroventral commissure 
(141. 

lnner Labial Sensilla 

Amphidial Canal 

lnner Accessory Cilia 

Outer Accessory Cilia 

lnner Labial Sansilla Cilium 

Cilia Rootlets 

Lamellar Membranes 

Somatic Muscles 

Stylet Protractor Muscles 

A number of longitudinal nerves extend both 
anteriorly and posteriorly from the nerve ring. 
Four nerves have been detected to proceed 
posteriorly in juveniles and males, but more 
may occur. They run obliquely away from the 
esophagus and migrate into the hypodermal 
chords, one nerve in each chord. All four nerx7es 
are  interconnected by transverse commissures. 
The ventral and dorsal nerves probably function 
primarily for motor control, whereas the lateral 
nerves are  probably related to sensory function 
(14). Six nerves, primarily sensory in function, 
proceed anteriorly from the nerve ring: two sub- 
ventrals, two subdorsals, and two laterals 
(2,331. 

Cephalic Sensory Structures 
Cephalic sensory structures of root-knot 

nematodes include inner labial sensilla, cephalic 
sensilla, accessory sense s t ructures ,  a n d  
amphids (1,3,33,53). Each of the sensory struc- 
tures is innervated by axons tha t  proceed an- 
teriorly from the nerve ring. 

Externally, the pore-like openings of the six 
inner labial sensilla surround the slit-like 
stomata1 opening on the labial disc (Figs. 
1,5,17,18,31,32). Internally, each pore is lined 
with cuticle and surrounded by hypodermal 
tissue, and contains two receptor cilia of dif- 

Fig. 12. D iagram o f  a longitudinal-section through the ferent lengths (Figs. 10A, 12). Because these 
head a secOnd-stage juvenile a sensilla have direct contact with the  environ- 
Meloidogyne spp. i l lus t ra t ing the morphology 
of the sense organs located in the anterior par- merit, are probably chemorece~tors and 
t ion o f  the nematode as revealed bv transmis- m a s  have some secretory function (33). 
sion electron microscopy [ ~ f t e " r  Endo & The four cephalic sensilla appear a s  pairs of 
Wergin (33)l. small ovoid depressions on the medial lips (Figs. 
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4,17,18,31). They are  similar to the inner labial 
sensilla in many respects, except each is inner- 
vated by only a single ciliary receptor which 
ends beneath the cuticle (Figs. lOA,lOB,12). The 
absence of a cuticular opening indicates tha t  the 
cephalic sensilla are  probably tactoreceptors 
11,33). 

Several other accessory sensilla that  are  not 
clearly defined are  contained in the anterior 
region of the head. These sensilla are  not sur- 
rounded by cuticle, end beneath the cuticle, and 
are  probably tactoreceptors. Accessory sensilla 
occur in the two subdorsal and subventral sec- 
tors of the head region, are  associated with the 
amphidial canals, and are  closely related to the 
two lateral inner labial sensilla (Figs. 10A,12,13) 
r 1,331. 

The amphids are  paired organs tha t  are  
marked externally on the nematode by long slit- 
like openings betiveen the labial disc and lateral 
lips (Figs. 4,5,17,18,31,32). An exudate secreted 
by the gland and plugging the opening is often 
visible by SEM (Fig. 5). The amphids are  made 
up of support cells, nerve cells, and secretory 
cells (Figs. 10,13,22). The cuticular amphidial 
canals are  surrounded by a support cell (socket 
cell) that  extends from the anterior portion of 
the canal to the amphidial gland. The canal is 
filled with seven modified cilia which innervate 
the amphid and end near the amphidial aper- 
ture. Several accessory cilia lie outside the canal 
and terminate beneath the cuticle in the lateral 
sec to rs  of t h e  cephal ic  f r a m e w o r k .  T h e  
amphidial gland is a large, irregularly shaped 
cell (sheath cell) composed of numerous 
mitochondria, microvilli, and intercellular space 
filled with granules and ducts. Each of the 
amphids are  innervated by axons that  proceed 
anteriorly from the nerve ring. Morphological 
e i ~ i d e n c e  s u g g e s t s  t h a t  t h e  a m p h i d s  a r e  
secretory and chemoreceptors have a possible 
tactoreceptor function (1,53). 

Caudal Sensory Structures 
Phasmids are  located within the lateral fields 

of second-stage juveniles, males, and females. 
They occur mid\vay between the anal opening 
and tail t ip of juveniles; in males, they are  
located near the level of the cloaca1 opening; and 
in females, they are  anterior to the tail ter- 
minus. Morphological details of phasmids of 
males and females are  not known, but they are  
probably similar to  those of second-stage 
juveniles. Each phasmid of juveniles is com- 
posed of a gland cell, nerve process, and a duct 
(Fig. 11C). The hypodermis that  surrounds the 
phasmidial gland cell is filled with nerve tissue, 

and nerve processes extend from the nerve 
tissue into the basal layer of the cuticle in the 
lateral field. A single cilium extends into the 
phasmidial duct. Because the cilia have direct 
contact with the  external environment, they 
probably function as  secretory chemoreceptors 
and may have some tactile function (15). 

The juvenile also has a specialized caudal sen- 
sory organ located posterior to  the phasmids, 
directly anterior to the hyaline tail terminus 
(Figs. 3 , l l D ) .  The caudal sensory organ is 5-10 
pm long and consists of many branched nerve 
processes that  originate from axons of the me- 
dian caudal nerve. Since the caudal sensory 
organ is completely contained within t h e  
hypodermal tissue, i t  probably functions a s  a 
tactoreceptor (15). 

The male has some specialized sensory struc- 
t u r e s  associated with the  male accessory 
organs. Two pore-like openings of spicular sen- 
sory structures are located a t  the t ip of each 
spicule (Fig. 28) (unpublished, Eisenback). 
Details of their anatomy and function are  not 
known, but perhaps they play a role in mate 
finding or copulation and insemination. They 
are  probably chemoreceptors since they open 
into the environment. 

DIGESTIVE SYSTEM 
The  digest ive  s y s t e m  of second-stage 

juveniles aids in hatching from the egg shell, 
penetration of the plant root, establishment and 
maintenance of the host-parasite relationship, 
and nutrition of the nematode (7,8,9,10,18). If 
the juvenile develops into a female, i t  must  
store enough energy for the three molts without 
further feeding. The digestive system of the 
adu l t  female maintains  the  host-parasite 
relationship and obtains nutrients for the 
benefit and  operation of the  reproductive 
system. If the juvenile develops into a male, it 
must store enough energy for three molts, a s  
well a s  the entire life span of the adult, because 
males apparently do not feed (50). 

The digestive system is composed of stoma, 
esophagus, intestine, and rectum. The es- 
ophagus is the main driving unit of the digestive 
system; the intestine serves as  a storage organ; 
and the rectum is modified by specialized rectal 
glands that  are  related to reproductive capacity. 

Stoma and Esophagus 
The slit-like stomatal opening is located 

within an ovoid prestomatal depression on the 
labial disc (Figs. 4,5,17,18,31,32). The hollow, 
protrusible stylet lies within the stomatal 
cavity surrounded by the heavily cuticularized 



h e x a r a d i a t e  c e p h a l i c  f r a m e w o r k  ( F i g s .  
10A,14,23,34). The cephalic framework includes 
the vestibule, six frame\vork blades, and a basal 
ring. The vestibule evtends posterior to the 
cephalic frame\vork a s  the vestibule extension. 
The lining of the vestibule and extension is con- 
tinuous with the external layer of cuticle of the 
body jvall. The blades of the cephalic framework 
a re  slightly arched posteriorly and extend from 
the vestibule to the body wall. One blade is 
located dorsally, two subdorsally, two subven- 
trally, and one ventrally, and the lateral sectors 
a re  larger than the  subdorsal or subventral sec- 
tors. The basal ring of the cephalic framework 
and the basal layer of the cuticle of the body 
wall are  continuous (Fig. 23) (3,33,53). 

The stylet is held in place by the vestibule ex- 
tension which attaches near the junction of the 
cone and shaft ,  and by three stylet protractor 
nluscles. The muscles attach to the cephalic 
framework and body wall anteriorly and the 
stylet knobs posteriorly (13). The stylet consists 
of a cone, shaft ,  and three knobs. The cone is 
pointed and gradually widens posteriorly. In 
second-stage juveniles and females, the opening 
of the stylet is located near the tip on the  ven- 
t ra l  side of the cone (25,29), but in males it is 2-3 
pnl posterior to the tip. The opening is often 
marked by a slight posterior protuberance 
(23,29,30), and in some males the opening may 
be absent (25). The nearly cylindrical stglet 
shaft  extends anteriorly into the cone. One dor- 
sal and two subventral knobs a re  either set off 
from the shaf t  or merge with i t  in varying 
degrees. The shaft  and knobs a re  homogeneous 
but less electron dense than the cone (3). 

The stylet functions much like a two-way 
hypodermic needle. Contraction of the stylet 
protractor muscles forces the t ip of the stylet 
out through the stomata1 opening and into the 
substrate.  The hollow stylet is then used to in- 
ject substances into the plant cells and to ingest 
nutrients from the giant cells (7,8,9,10,18). Dur- 
ing protraction of the stylet, the vestibule exten- 
sion folds backward, and  t h e  hypodermal  
tissues surrounding the shaft  a re  flexible and 
allow the stylet to  move. The elasticity of the 
folded vestibule extension, hypodermal tissues 
surrounding the shaft ,  and the esophagus are  
p1-obably responsible for the  retraction of the 
stylet, because retractor muscles are  absent (3). 

Immediately posterior to  the  stylet, the 
procorpus contains the  noncontractile portions 
of the  stylet protractor muscles (3,4). The 
cuticular lumen lining of the procorpus is round 
in cross-section, and the dorsal esophageal 
gland orifice branches into several channels a 

short  distance (2-8 pm) from the base of the 
stylet (Figs. 14,15,24,25,33,35) (4,25,29,30j. 

At  the base of the procorpus in second-stage 
juveniles and females, the enlarged metacorpus 
functions a s  the pumping mechanism of the 
digestive system (Figs. 3,15,34,35). The lumen 
lining changes from round in the anterior por- 
tion of the bulb into a heavily sclerotized, 
tr iradiate structure. The outside edges of the 
enlarged lumen lining a re  thick and rigid, and 
the inner portions are  thin and flexible (25,303. 
The suction that  is needed for feeding is 
produced by the muscles pulling apar t  the thin 
inner portions of the lumen lining. The thick 
outer edges of the lining support  the metacor- 
p o r e a l  p u m p .  Musc le  ce l l s  w i t h i n  t h e  

Fig. 11. Light micrograph of the anterior portion of a 
second-stage juvenile of a Meloidogyne spp. 
[After Eisenback (25)l. 



Fig. 15. Scanning electron micrograph of an excised 
stylet and attached cuticular lumen lining of 
the esophagus of a second-stage juvenile of a 
Meloidogyne spp. [After Eisenback (25)l. 

metacorpus are  attached to the  basement mem- 
brane of the lumen lining, and the  myofila- 
ments a re  dispersed r a d i a l l ~  (14). The branched 
orifices of the  subventral esophageal glands a re  
located ventrally, immediately posterior to the 
triradiate lumen lining. Posterior to the median 
bulb, the lumen lining of the  isthmus is very 
thin (25,301. 

The basic morphology of the procorpus, 
metacorpus, and isthmus of males is very 
similar to tha t  of second-stage juveniles and 
females (Figs. 16,251. The metacorpus of males, 
however, appears to be functionally degenerate. 
The triradiate lumen lining is thin throughout 
(29), and the  radial muscles of the  metacorpus 
a re  sparse, poorly developed, and  disorganized 
(4).  Posterior to  the  median bulb, the  lumen lin- 
ing of the  isthmus is very thin, and the  lumen 
ends a s  a series of folded membranes. The mem- 
branes a re  surrounded by 2 o r  3 esophago- 
intestinal cells which lead to the  intestine (4). 

The digestive glands are  located a t  the  base of 
the  isthmus and overlap the  intestine ventrally 
(Figs. 3,16,30). In second-stage juveniles and  

females, the dorsal gland cell is uninucleate and 
lies anterior to the  two uninucleate subventral 
gland cells. A process of the dorsal esophageal 
gland extends anteriorly where i t  forms a dis- 
tinct ampulla which empties into the  esophageal 
lumen near the  base of the  stylet. The subven- 
t ra l  glands form distinct ampullae in the  
posterior portion of the  metacorpus adjacent to 
the  orifices tha t  open into the  lumen of the 
metacorpus. 

The three  gland cells are  located in a series on 
the ventral side of the  body and overlap and 
wrap around the  intestine in second-stage 
juveniles. The esophageal glands in females con- 
sist of one large dorsal gland lobe and  two 
smaller subventral gland lobes that  a re  variable 
in position, shape, and  size (37). In males, the  
dorsal esophageal gland is often reduced to  a n  
indistinct ampulla and a small gland process 
near the  dorsal esophageal gland orifice. Only 
processes of the  subventral glands a r e  located in 
the  metacorpus, isthmus, and gland lobe. The 
two uninucleated gland lobes a re  placed in a 
series. One gland lobe becomes dorsal to the  
other,  and the  ventral gland extends posteriorly. 
The gland lobes overlap and  wrap around the  in- 
testine ventrally (4). The morphology and  
chemical n a t u r e  of t h e  esophageal g lands  
change a s  the  parasitic s ta tus  of the  nematode 
changqs (7,8,9,10,11,13,18). 

Two specialized esophago-intestinal cells are  
loe'ated in the isthmus a t  the  junction of the  es- 
ophagus and  intestine. Although they are  not 
visible by light microscopy in the  preparasitic 
juvenile, they enlarge enough to be seen af ter  
10-12 days of active feeding. They appear a s  two 
small, rounded uninucleated cells a t  the  dorsal 
base of the  isthmus, and remain visible in all of 
the stages following the  second-stage juvenile 
(32,37) (Fig.30). These cells are  completely con- 
tained within the  isthmus of the male (4). 

Intestine 
The intestinal cells of Meloidoyyrw species a r e  

not distinct, and few details of their  fine struc- 
t u r e  h a v e  been  r e s o l v e d .  M o s t  of t h e  
morphology is obscured by numerous lipid 
globules tha t  pack the  intestine. A clearly 
defined lumen with microvilli is apparently ab- 
sent in second-stage juveniles (11,151. Males and 
young adult  females may have a partially 
defined lumen (32). Males have a distinct in- 
testinal caecum, which is syncytial like the in- 
testine and has  no lumen. The caecum is located 
dorsally a t  the base of the isthmus and evtends 
anteriorly, sometimes nearly to the base of the  
metacorpus (Fig. 161 (3). In mature  females, the  



Lobe  

Fig. 16. Gross morphology and anatomy of a male root-knot nematode as 
revealed by light microscopy. 
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intestine becomes syncytial without a clearly 
defined lumen, the connection between the in- 
testine and rectum is absent (40), and the in- 

nner Labial Sens~lla testine probably functions as  a storage organ 
rather than a n  active digestive organ (14,23). 

Labial  Disc Rectum 
In second-stage juveniles, the anal opening is 

Labial Disc - T p S t o m a  

Stylet Lumen 

Lateral  F ie ld 

Fig. 17. Diagrams of the anterior portion of a male 
root-knot nematode in face and lateral views, 
respectively, a s  revealed by light and scan- 
ning electron microscopy [After Eisenback & 
Hirschmann (29)l. 

a small, round pore located ventrally a n d  con- 
tained within a body annule (Fig. 9) (27). The 
rectum is lined with cuticle which thins an- 
teriorly and merges with the plasma membrane 
surrounding the lumen lining of the rectum. 
The rectum is often filled with a matrix 
material and can have a diameter of 6 pm in 
cross-section. The diameter of the  tail a t  this 
level is only 8 pm (15). 

Rectal gland cells surround the rectal lumen. 
Perhaps, a s  in the female, the occurrence of 
these gland cells closely associated with the 
lumen may indicate t h a t  the intestine does not 
connect with the anal opening (7,15). These rec- 
tal  gland cells enlarge into six distinct cells soon 
after the  second-stage juvenile actively feeds 
(37). Depressor ani muscles a re  attached to the 
dorsal surface of the rectum and to  the dorsal 
body wall and allow the matrix to be extruded 
upon contraction (15). 

The intestine empties into a short  cloaca in 
males (32). The cloaca1 opening is located ven- 
trally approximately 6-8 pm from the tail t ip 
(Figs. 21,26) (28). Most of the details on the 

Fig. 18. Scanning electron micrographs of the head of a male root-knot nematode in A) face and B) lateral views. 
[After Eisenback & Hirschmann (28)l. 
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morphology of the tail of Meloidogyne males are  
not known (14). 

The anal opening of the female is located be- 
tween the tail terminus and the vulva (Figs. 
37,38). The rectal lumen is large in the young 
adult ,  but becomes smaller with maturity (Fig. 
36). There a re  six rectal glands that  a re  con- 
nected to the rectum: two subdorsal, two 
lateral, and two subventral. The two subventral 
glands a re  separated by the uterus (Fig. 36B), 
and generally the six glands a re  equally dis- 
tributed around the body. They a re  closely op- 
pressed to  the hypodermis and nearly touch 
each other laterally (40). 

Each of the gland cells is pyriform and ap- 
proximately 100 pm long and 25pm in diameter. 
A large nucleus is located in the anterior portion 
of each gland. The nuclei a re  the largest found 
in the adult  female, approximately 25 pm long 
with nucleoli about 15 pm in diameter. The 
cytoplasm of the rectal gland cells is dense and 
contains many Golgi bodies, mitochondria, 
anastomosing endoplasmic reticulum with  
many ribosomes, and multivesicular lamellar 
bodies. The lamellae of the multivesicular 
lgmellar bodies repeat with a periodicity of 75 
A. Apparently, these organelles and the Golgi 
bodies play a major role in the secretion of the 
gelatinous matrix. Sinus canals a re  visible 
throughout each gland. They merge and form a 
single long duct that  opens into the anterior end 
of the rectal lumen. Depressor ani muscles a re  
attached to the rectum and aid in the deposition 
of the gelatinous matrix through the anus  
(17,40). 

The rectal gland cells produce a very large 
amount  of gelatinous matrix. The matrix is a n  
i r r e g u l a r  mesh- l ike  s u b s t r a t e  c o n t a i n i n g  
proteins, a mucopolysaccharide, and various en- 
zymes. Gelatinous matrix material is produced 
before and during egg production, and the eggs 
a re  laid within and surrounded by i t  (5,17). The 
matrix protects the eggs from predators and 
dehydration and is an important survival 
mechanism to  the  sedentary Meloidogy7ie 
nematodes (11,19,24). 

EXCRETORY SYSTEM 
The excretory pore is a n  oval-shaped opening 

located ventrally in a depression in the cuticle 
(Figs. 8,20,33). Usually, the  body annules  
deviate slightly a s  they pass the opening or  a re  
interrupted. The excretory pore is located 
posterior to the metacorpus in second-stage 
juveniles and males, usually 2-8 pm below the 
hemizonid (Figs. 3,16). In females, however, i t  is 
located anterior to  the median bulb, often near 

Fig. 29. Scanning electron micrograph of an excised 
sperm from a Meloidogyne male nematode. 

the base of the stylet (Fig. 30). The cuticular ex- 
cretory duct of second-stage juveniles is approx- 
imately 0.3 pm in diameter with a lumen less 
than 0.2 pm in diameter, and i t  is 1 pm in 
diarneter with a lumen of approximately 0.6 pm 
in diameter in females (14). The duct extends 
pos te r io r ly  t h r o u g h  t h e  h y p o d e r m i s  a n d  
changes into a noncuticular canal. The anterior 
end of the duct of the female is surrounded by 
numerous vesicles (14), and the posterior end of 
the  excretory canal in all three stages is closely 
associated with  a large s inus  gland cell 
(14,32,37). The function of the excretory system 
is not clearly understood, but i t  is assumed tha t  
i t  removes toxic wastes from the body of the 
nematode (12,14). 

REPRODUCTIVE SYSTEM 
The reproductive system is directly responsi- 

ble for the production of new individuals to en- 
sure  the survival of the species. In preparasitic 
second-stage juveniles, i t  is  small, but af ter  
feeding begins, i t  grows rapidly and differen- 
tiates into either testes or ovaries 142). The 
pyriform female shape in Meloidogyne species 
allows for  the development of a n  enlarged 
female reproductive system tha t  greatly in- 
creases the reproductive capacity of the species; 
however, mobility is lost. The male, in com- 
parison, stays vermiform and motile, and the 
reproductive system remains of normal size 
(32). 
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Fig. 30. Gross morphology and anatomy of a female root-knot nematode as  revealed by light microscopy [Ovary af- 
ter Triantaphyllou (47)l. 
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Second-Stage Juveniles 
The genital primordium of the preparasitic 

juvenile is parallel with the body wall and 
located about 65% of the body length from the 
head. I t  is made up of four cells: two small, flat, 
somatic cells surrounding two large, spherical, 
germinal cells. Several days after penetration 
and feeding, the primordium begins to develop 
into ovaries o r  testes, depending mainly upon 
the  influence of the environment (42). 

Males 
Normally, Meloidogyne males have one testis. 

Many root-knot males,  however, a r e  sex- 
reversed females and have two testes. The num- 
ber of testes varies according to the period of 
gonadal development a t  which the reversal oc- 
curs. If it is early, the male will have only one 
testis, and if reversal occurs later, two testes 
will develop (42). 

The male gonad is a n  elongate, tubular struc- 
ture  located in the posterior two-thirds to  one- 
half of the body (Fig. 16). Approximately one- 
half of the anterior portion of the gonad is 
testis. One of the original somatic cells, present 
in the undifferentiated genital primordium, 
forms the cap cell on the anterior portion of the 
testis. The germinal zone occupies a short  an- 
terior region of the testis, and the remaining 
posterior portion forms the growth zone. Sper- 
matozoa a re  stored in the seminal vesicle im- 
mediately posterior to the testis. The vas 
deferens is glandular (45) and empties into the 
cloaca ventrally near the cloaca1 opening. A 
single lager of thin epithelial cells covers the en- 
tire gonad (32). 

Spicules a re  located within a cuticular in- 
vagination of the cloaca. They are  paired, 
cuticularized structures that  a re  inserted into 
the vagina during copulation and form a tube to 
assist in the efficient transfer of spermatozoa 
into the female (Figs. 16,27,28). Each spicule 
consists of a head, shaft ,  and blade. The head 
and shaf t  have a cylindrical cytoplasmic core, 
and the blade is flattened with incurved edges. 
Nerve endings enter through the base of each 
spicule and open out  through two small pores on 
the spicule tip (Fig. 28). The gubernaculum is 
located within a n  invagination of the cloaca, 
dorsally to the spicules. Several spicule protrac- 
tor and retractor muscles attach to  the base of 
the spicules and the body wall (14). 

Mature spermatozoa tha t  a re  stored in the 
seminal vesicle a re  approximately 6 pm in 
diameter and 12 pm long. One par t  of the sper- 
matozoon contains the nucleus which is sur- 
rounded by most of the mitochondria and 

fibrillar bodies. The other pa r t  contains most of 
the cytoplasm and forms a large pseudopodium 
(Fig.  29). Microtubule-like s t ruc tu res  a r e  
numerous in both regions covering the surface. 
Very long, sometimes branched, and abundant  
filopodia emerge from the region of the sper- 
matozoon tha t  contains the nucleus (38,45; un- 
published, J. D. Eisenback). 

Females 
In the female, a large portion of the body 

cavity is filled by a pair of tubular,  highly con- 
voluted gonads (Fig. 30). Approximately 60% of 
the gonad is occupied by the ovaries. A cap cell 
marks the anterior end of each ovary. The germ- 
inal zone occupies a short  anterior portion of the  
ovary. The developing oogonia a re  attached 
radially to a rachis by cytoplasmic bridges. The 
remaining posterior portion of the ovary is the 
growth zone. The rachis disappears, and the  cell 
boundaries between oocytes become more dis- 
tinct. The oocytes gradually accumulate lipid 
globules, refringent bodies, and glycogen as  
they pass through the growth zone and into the 
oviduct in single file (32,41,48). 

The oviduct consists of two staggered rows of 
cells. Each row contains four tightly packed 
cells with large, irregularly shaped nuclei with 
large cytoplasmic invaginations. The lumen in 
the valve is very narrow and oocytes stretch and 
flatten these cells a s  they pass through. The 
oocytes become ovoid in this pa r t  of the  gonad 
(32,41,48). 

The spermatotheca is located immediately 
posterior to the  oviduct and consists of 14 
rounded, lobe-like cells with deeply invaginated 
plasmalemma. Numerous microtubules extend 
from densely vesiculated bodies tha t  a re  located 
between the  lobes of the spermatothecal wall. 
The tubules project into the lumen, contact the  
developing egg, and aid in the formation of the  
protein membrane of the egg shell (41). 

Posterior to the spermatotheca, the uterus 
can be differentiated into distinct regions. Cells 
in the ovarial end of the uterus possess large in- 
tracytoplasmic spaces lined with endoplasmic 
reticulum. They function in the formation of the  
chitin layer of the egg shell. Cells in the middle 
of the uterus form the glycolipid layer. Cells in 
the posterior end of the uterus consist of dense 
cytoplasm with large areas  of compact en- 
doplasmic reticulum (41). 

The two uteri of the  female reproductive t ract  
fuse and form one common duct. In the normal 
position, the lumen is flattened and folded. Mus- 
cle fibers radiate outward from the vagina 
which aid in the dilation of the duct during egg 



Cephalic Sensilla 

Inner Labial Sensilla 

Fig. 31. External head morphology of a female root-knot nematode in A) face and B) lateral views as  revealed by 
scanning electron microscopy [After Eisenback et al. (30)l. 

Fig. 32. Scanning electron micrographs of the head of a female of Meloidogyne hapla in A) face and B )  lateral 
views [After Eisenback et al. (30)l. 

laying. The vagina is lined with thick cuticle. 
Muscles are  attached to the vagina and the body 
wall. The vulva is transversely located on the 
posterior portion of the body wall and is sur- 
rounded by two cuticular lips tha t  are  slightly 
elevated (32 ) .  

The eggs of J f ~ ~ l o i d o g ! j ) ~ r .  species are approx- 
imately 93 pnl long and 40 pm wide. The egg 
shell consists of a n  outer vitelline layer, a mid- 
dle chitinous layer, and an inner glycolipid 
layer. The vitelline layer is approxin~ately 30 

nnl thick. The chitinous layer is about 400 n m  
thick, and the glycolipid layer is thickest a t  the 
poles. The glycolipid layer makes the eggs of 
root-knot nematodes very resistant to chemicals 
(20). 

CONCLUSIONS 
The overall morphology and anatomy of 

.\fllrloirlogyne species has  been adequately 
described with a few exceptions. Detailed 
morphological studies utilizing transmission 
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Fig. 33. A) Light and B) scanning electron micrographs of the anterior portion of a female root-knot nematode [Af- 
ter Eisenback et al. (30)l. 

electron microscopy (TEM) a r e  needed to  described species are  generally limited to the 
visualize the  structure of the female head, male original description. All of the species need to be 
tail, and esophagus of second-stage juveniles. examined in detail by light microscopy and 
Also, most of the ultrastructural studies have SEM and, in some cases, by TEM so tha t  the 
ut i l izedoneofthefourmostcommonspeciesof  taxon.omic p o s i t i o n  a n d  p h y l o g e n e t i c  
root-knot  nematodes ,  a n d  t h e  ava i lab le  relationships of members of the  gerius can be 
morphological  de ta i l s  of t h e  r e m a i n i n g  clarified. 

Literature Cited 

1. Baldwin, J. G. and H. Hirschmann. 1973. 
Fine structure of the cephalic sense organs 
in A\fe~loidogyrle t j~co~t i r  to  males. J .  Nematol. 
5:285-302. 

2 .  Baldwin, J. G. and H. Hirschmann. 1975. 
Body wall fine structure of the anterior 
region of . I l e l o i d o y ~ t / c  it~cogtlitcr a n d  
Heto*otlrt.tl glycitles males. J .  Nematol. 
7:175-193. 

3. Baldwin, J. G. and H. Hirschmann. 1976. 
Comparative fine structure of the  stomata1 
region of males of i~Ieloidoyyne incoguittr 
and Hetrt,odr).c~ glyciws.  J. Kematol. 8:l-17. 

4. Baldwin, J. G., H. Hirschmann and A. C. 
Triantaphyllou. 1977. Comparative fine 
structure of the esophagus of males of 
Htltet.oclet.cr ylycitles and :%Ieloidogyne 
itrcoytzi tu. Nematologica 23:239-252. 

5. Bird, A. F. 1958. The adult  female cuticle 

and egg sac of the genus Me1oidoyy)~c 
Goeldi, 1887. Nematologica 3:205-212. 

6. Bird, A. F. 1959. Development of the  root- 
knot nematodes  Meloidoggne juz~crniccr 
(Treub) and M~loi(loyyt1e lrc~pla Chitwood in 
the tomato. Nematologica 4:31-42. 

7 .  Bird, A. F. 1967. Changes associated with 
parasitism in nematodes. I. Morphology and 
physiology of p r e p a r a s i t i c  l a rvae  of 
.l.Ieloirlo~~yrre ja ctrtlica. J .  Parasitol. 53:768- 
776. 

8. Bird, A. F. 1968. Changes associated with 
parasitism in nematodes 111. Ultrastruc- 
ture of the  egg shell, larval cuticle, and con- 
tents of the subventral esophageal glands in 
Meloidoyyrle jrctlur~icu, with some observa- 
tions on hatching. J. Parasitol. 54:475-489. 

9. Bird, A .  F. 1968. Changes associated with 
parasitism in nematodes. IV. Cytochemical 



Fig. 31. Diagram of the anterior portion of a female of a Meloidogyne species as revealed by light microscopy. 

studies on the ampulla of the dorsal esoph- 
ageal gland of ,l.leloirlo,yytle $ui*rrrriccl and on 
exudations of the  buccal stylet. J. Parasitol. 
34 5379-890. 

10. Bird, A. F. 1969. Changes associated with 
parasitism in nematodes. V. Ultrastructure 
of the  stplet  exudation and dorsal esopha- 
geal gland contents of female ,lleloiclogytre 
j tr  ~ t c  tlic~r. J .  Parasitol. 55337-345. 

11. 'Bird, A. F. 1971. Specialized adaptations of 
nematodes to parasitism, pp. 35-49 It1 Plant 
parasitic nenlatodes, Vol. II., ed. B. M. 
Zuckerman, W. F. Mai, and R. A. Rohde. 
Academic Press, New York. 347 pp. 

12. B i r d ,  A. F. 1971. T h e  s t r u c t u r e  of 

nematodes. Academic Press, New York. 318 
PP. 

13. Bird,  A. F. 1979. Histopathology a n d  
physiology of syncytia, pp. 155-171 1)) Root- 
knot  nematodes  ( M ~ l o i c l o g y t r ~  species) 
systematics, biology, and control, ed. F. 
Lamberti and C. E. Taylor. Academic Press, 
New York. 477 pp. 

14. Bird ,  A. F. 1979. Morphology a n d  ul- 
t r a s t r u c t u r e ,  pp.  59-84 It1 Root -kno t  
n e m a t o d e s  ( 1 M e l o i t l o g y n e  s p e c i e s )  
systematics, biology and control, ed. F. 
Lamberti  and C. E. Taylor. Academic I'ress, 
New York. 477 pp. 

15. Bird. A. F. 1979. Ultrastructure of the  tail 



74 i l fc~loidoyy)~e itfor-phology aud Ana tomy  

Fig. 35. (left) Scanning electron micrograph of an ex- 
cised stylet and attached cuticular lumen lin- 
ing of the esophagus of a female of a 
Meloidogyne spp. [After Eisenback et al. (30)]. 

region of the second-stage preparasitic larva 
of the root-knot nematode. Int .  J. Parasitol. 
9:357-370. 
Bird, A. F. and G. E. Rogers. 1965. The ul- 
trastructure of the cuticle and its formation 
,Weloitlogytle juuanicu. Nematologica 11224- 
230. 
Bird, A. F. and G. E. Rogers. 1965. U1- 
trastructural  and histochemical studies of 
the cells producing the gelatinous matrix in 
Meloidog~71e. Nematologica 11:231-238. 
Bird, A. F. and W. Saurer.  1967. Changes 
associated with parasitism in nernatodes. 11. 
Histochemical and  microspectrophoto- 
m e t r i c  a n a l y s e s  of p r e p a r a s i t i c  a n d  
parasitic larvae of ,tfc>loidogy)le ju ~lu)licu. J .  
Parasitol. 53:1262-1269. 
Bird, A. F. and A. Soeffky. 1972. Changes in 
the ultrastructure of the gelatinous matrix 
of Meloidoyy)/e jtr our~ica during dehydra- 
tion. J. Nematol. 4:166-169. 
Bird, A. F. and M.A. McClure. 1976. The 
tylenchoid (Nematoda) egg shell: structure,  
composition and permeability. Parasitology 
72:19-28. 
Christie, J. R. and G. S. Cobb. 19-11. Notes 
on the life history of the root-knot nematode 
Het~r.oderu nlui-iotli. Proc. Helminthol. Soc. 
Wash. 8:24-26. 
de Guiran, G. and M. Ritter. 1979. Life cycle 
of M~loidogyrte species and factors influenc- 
ing their development, pp. 172-191 In Root- 
knot  nematodes  (Meloidoyyrlc species) 
systematics, biology and control, ed. F. 
Lamberti and C. E. Taylor. Academic Press, 
New York. 477 pp. 
Dropkin, V. H. and J. Acedo. 19'71. An elec- 
tron microscopic study of the  glycogen and 
lipid in female Melo idogyn~  itlcogtlitu (root- 
knot nematode). J. Parasitol. 60:1013-1021. 
Dropkin, V. H. and A. F. Bird. 1978. 
Physiological and morphological studies on 
secretion of a protein-carbohydrate com- 
plex by a nematode. Int. J. Parasitol. 8:225- 
232. 
Eisenback, J. D. 1982. Morphological com- 
p a r i s o n  of  h e a d  s h a p e  a n d  s t y l e t  
morphology of second-stage juveniles of 
hleloidogytle species. J. Nematol. 14:339- 
343. 



R e c t a l  G l a n d s  

Fig. 36. Diagrams of cross-sections of the posterior end of a female root-knot nematode as  revealed by light 
microscopy [After Maggenti & Allen (40)l. 

26. Eisenback, J. D. and H. Hirschmann. 1979. 
hlorphological comparison of second-stage 
juveniles of several 1%leloi(loyyt1e species 
(root-knot nematodes) by scanning electron 
microscopy. Scanning Electron Microsc. 
III:223-230. 

2'7. Eisenback, J. D. and H.  Hirschmann. 1979. 
Morphological comparison of second-stage 
juveniles of six populations of h l~ lo idoyyne  
irtrj)l(r by SEM. J .  Nematol. 11:s-16. 

28. Eisenback, J. D. and H. Hirschmann. 1980. 
Morphological comparison of ;2leloidoyy ~ l e  
males by scanning electron microscopy. J. 
Nematol. 12:23-32. 

29. Eisenback, J. D. and H. Hirschmann. 1981. 
Identification of ~llt i loidog~tre species on the 

basis of head shape and stylet morphology. 
J. Nematol. 13:513-521. 

30. Eisenback, J. D., H. Hirschmann, and A. C. 
Triantaphyllou. 1980. Morphological com- 
parison of Meloidoyyne female head struc- 
tures, perineal patterns, and stylets. J. 
Nematol. 12:300-313. 

31. Eisenback, J. D., H. Hirschmann, J. N. 
Sasser, and A. C. Triantaphyllou. 1981. A 
guide to the four most common species of 
root-knot nematodes (Meloidoyy)le species), 
with a pictorial key. Coop. Publ. Deps. Plant 
Pathol. and Genet., North Carolina State 
Univ., and U.S. Agency Int. Dev. Raleigh, 
N.C. 48 pp. 

32. Elsea, J. R. 1951.The histological anatomy 



76 ;IIeloidog~?ie Molphology u?ld A ?la torn y 

TAIL TERMINUS 

A N U S  

V U L V A  

STRIAE 

Zuckermann, W. F. Mai, and R. A. Rohde. 
O Academic Press, New York. 345 pp. 

36. Franklin, M. T. 1978. Meloidog!yne-root- 
E 

knot  eelworms,  pp. 98-124 I n  P l a n t  
nematology, ed. J .  F .  Southey. Minist. 
Agric., Fish., and Food Tech. Bull. 7. Her 

< Majesty's Stationery Office, London. 440 pp. 
"I 

2 37. Garcia-Martinez, R. 1982. Post-infection 
F d e v e l o p m e n t  a n d  m o r p h o l o g y  of  

,Ileloirloyyrie crucicl)ii. J .  Nematol. 14:332- 
338. 

Fig. 37.  Diagram of a perineal pattern of a 38. Goldstein, P .  and A. C. Triantaphyllou. 
Meloidogyne female. 1980. The ultrastructure of sperrn develop- 

ment  in the  plant-parasit ic nematode 
1Ileloitlogy)ie h(Ip1c1. J. Ultrastruc. Res. 
71:143-153. 

39. Johnson, P.  W. and W. G. Graham. 1976. U1- 
trastructural studies on the cuticle of the 
second-stage larvae of four  root-knot 
nematodes: Meloidogy?re huplu, M. jcrz!tl)ticrr, 
dl. i?rcognt tic, and M. c~rellcct.icl. Can. J .  Zool. 
54196-100. 

40. Maggenti, A. R. and M. W. Allen. 1960. The 
o r i g i n  of t h e  g e l a t i n o u s  n i a t r i x  in  
,lleloidogytre. Proc. Helminthol. Soc. Wash. 
27:4-10. 

41. McClure, M. A. and A. F. Bird. 1976. The 
tylenchoid (Nematoda) egg shell: formation 
of the egg shell in M e l o ~ d o g y ~ ~ ~ ~  jazltr jtzcc~. 
Parasitology 7229-39. 

42. Papadopoulou, J .  and A. C. Triantaphyllou. 
1982. Sex differentiation in L21tr/oidogytie 
it/t,ogtritcl and anatomical evidence of sex 
reversal. J .  Nematol. 14:549-566. 

43. Popham, J .  D. and J .  M. Webster. 1978. An 
alternative interpretation of the fine struc- 
ture of the basal zone of the cuticle of the 
dauerlarva of the nematode Ccret~orhabdifis 

Fig. 38. Light micrograph of a perineal pattern of elegtr trs (Nematoda). Can. J .   ZOO^. 56:1556- 
Meloidogyne jauanica. 1363. 

44. Saigusa, T. 1957. On the egg development 
and its morphological observations of the 
root knot nematode, Alleloidogylre spp. Jpn.  

of t h e  nematode  , l feloidogy)le h n p l t ~  J. Appl. Entomol. Zool. 1:238-243. 
(Heteroderidae). Proc. Helminthol. Soc. 45. Shepherd, A. M. and S. A. Clark. 1983. Sper- 
\Flash. 18:53-63. matogenesis and sperm structure in some 

33. Endo, B. Y. and W. P. Wergin. 1977. U1- J l e l o ~ d o ~ j ~ t i e  species  (Hete rodero idea ,  
trastructure of anterior sensory organs of Meloidogynidae) and a comparison ~ v i t h  
t h e  root-knot  n e m a t o d e ,  ,Ileloidogyt/e t h o s e  i n  s o m e  c y s t  n e m a t o d e s  
~)lcoytrittr. J .  Ultrastruc. Res. 59:231-249. (Heteroderoidea, Heteroderidae).  Rev. 

34. Esser, R. P., V. G. Perry, and A. L. Taylor. Nematol. 637-32. 
1976. A diagnostic compendium of the genus 46. Taylor, A. L. and J. N. Sasser. 1978. Biology, 
. l l ~ l o t t l o y ~ t r e  ( N e m a t o d a :  He te roder i -  identification and control of root-knot 
dae).Proc. Helminthol.Soc. Wash. 43:138- nematodes (Meloitluygtle species). Coop. 
150. Publ. Dep. Plant Pathol., North Carolina 

33. F r a n k l i n ,  M. T. 1971. Taxonomy of State Univ., and the U.S. Agency Int. Dev. 
He te roder idae ,  pp.  139-162 I11 P l a n t  Raleigh, N.C. 111 pp. 
parasitic nematodes, Vol. I., ed. B. M. 47. Triantaphyllou, A. C. 1960. Sex determina- 



tion in hleloidogyne incogrlitu Chitwood, 
1949 and intersexuality in M. jazlurlicu 
(Treub, 1885) Chitwood, 1949. Ann. Inst. 
Phytopathol., Benaki 3:12-31. 

48. Triantaphyllou, A. C. 1962. Oogenesis in the  
root-knot nematode M~loidoyyrze jauanica. 
Sematologica 7:105-113. 

49. Triantaphyllou, A. C. 1979. Cytogenetics of 
root-knot nematodes, pp. 85-109 In Root- 
knot  nematodes (1Weloidogytre species) 
systematics, biology and control, ed. F. 
Lamberti and C. E. Taylor. Academic Press, 
New York. 477 pp. 

50. Triantaphyllou, A. C. and H.  Hirschmann. 
1960. P o s t  infect ion deve lopment  of 
dleloidogyne incogr~itu Chitwood, 1949. 
Ann. Inst. Phytopathol., Benaki 3:l-11. 

51. Viglierchio, D. R. 1979. Selected aspects of 
root-knot nematode physiology, pp. 115-154 
I n  Root-knot nematodes (Meloidogyne 
species) systematics, biology, and control, 
ed. F. Lamberti and C. E .  Taylor. Academic 
Press, New York. 477 pp. 

52. Wergin, W. P. 1981. Scanning electron 
microscopic techniques and applications for 
use in nematology, pp. 175-204 172 Plant 
parasitic nematodes, Vol. 111, ed. B. M. 
Zuckerman and R. A. Rhode. Academic 
Press, New York 508 pp. 

53. Wergin, W. P. and B. Y. Endo. 1976. Ul- 
t ras t ructure  of a neurosensory organ in a 
root-knot nematode. J. Ultrastruc. Res. 
56:258-276. 

54. Whitehead, A. G. 1968. Taxonomy of 
,Ileloidogyne (Nematodea: Heteroderidae 
with descriptions of four new species. 
Trans. Zool. Soc., London 31:263-401. 

55. Wouts, W. M. 1979. Characterization of the  
family Meloidogynidae with a discussion on 
i ts  relationship to other families of the sub- 
o r d e r  T y l e n c h i n a  b a s e d  o n  g o n a d  
morphology,  pp .  21-35 In Root -kno t  
n e m a t o d e s  ( M e l o i d o g y ? ~ e  s p e c i e s )  
systematics, biology, and control, ed. F. 
Lamberti  and C. E. Taylor. Academic Press,  
New York. 477 pp. 



C H A P T E R  7 

THE GENUS MELOIDOGYNE AND MORPHOLOGICAL 
CHARACTERS DIFFERENTIATING ITS SPECIES 

Hedwig Hirschmann 
Department of Plant Pathology 
North Carolina State University 
Rnl~igh,  North Carolina, USA 

THE GENUS MELOIDOGYNE 
Root-knot nematodes were first named by 

Cornu, 1879 (3), in France. He found nematodes 
in galls on sainfoin (Onobrychis sp.) and 
believed them to be similar to Heterodera 
schachtii but named them Anguillula marioni to 
avoid subsequent misidentification. In 1884, 
Miiller (24) found worms in galls on the roots of 
Dodartia orie?~talis and recognized that they 
were related to the genus Heterodera. He mis- 
takenly took them to be Angl~illulina radicicola 
which had been described from the same host by 
Greeff in 1872 (19), and, therefore, called them 
Heterodera radicicola. During that time, other 
investigators described additional root-knot 
nematodes either under the genus Heterodera 
or Arzguillula (e.g. H. javanica, A. arenaria). 
None of these workers mentioned a paper by 
Goldi, first published in 1887 and reprinted in 
1892 (17), in which this author described a root- 
kno t  nema tode  f r o m  coffee n a m i n g  i t  
Meloidogyne exigua. Although Cobb, 1924 (2), 
claimed that  there were morphological dif- 
ferences between root-knot nematodes and the 
cyst-forming Heterodera species and erected 
the genus or subgenus Caconema for the root- 
knot nematodes, the name H .  radicicolu 
continued to be used during the early part of the 
20th century. I t  was not until 1932 that  Goodey 
(18) reviewed the nomenclature of these 
nematodes and resolved Miiller's earlier error. 
Goodey pointed out that  Greeff's Anguillulina 
radicicola was not related to either Heterodera 
or Meloidogyne but was what is now known as  
Subangztina radicicola. With respect to the root- 
knot nematodes, he used Cornu's earlier specific 
name and renamed the root-knot nematodes 
Heterodera marioni. Goodey felt it unjustified 
to erect a new genus to separate root-knot 
nematodes from the existing Heterodera 

species. In 1949, Chitwood (1) re-erected the 
genus Meloidogyne Goldi, 1887, to receive all 
root-knot nematodes and synonymized Cobb's 
genus Caconerna. He redescribed the type 
species M. exigua GSldi, 1887, and the three 
other species that had been named earlier: M. 
juvanica (Treub, 1885), M. incognitu (Kofoid & 
White, 1919) and M. arenaria (Neal, 1889). 
Chitwood also described the new species M. 
hapla and a new variety, M. incognita var. 
ucritu. H e  gave a generic diagnosis  for  
Meloidogyne and  different iated i t  f rom 
Heterodera A. Schmidt, 1871. Whitehead, 1968 
(25), in his comprehensive review redefined the 
genus and confirmed the morphological dis- 
tinctness of 23 species of Meloidogyne. In her 
1972 review, Franklin (15) included 32 species 
and treated critically the most recent develop- 
ments of the systematics of Meloidogyne with 
emphasis on the distinguishing characters of 
the various life stages. Esser, Perry and Taylor, 
1976 (14), in their compendium of Meloidogyne 
presented morphometric and morphological 
data and illustrations to facilitate the iden- 
tification of 32 species of the genus. Franklin, 
1979 (16), listed 36 valid Meloidogyne species 
and summarized the historical background of 
the genus and the means of identification based 
on females, juveniles and males. By June 1984, 
54 species and 2 subspecies were included in the 
genus (Table 1). 

DIFFERENTIATING CHARACTERS 
OF SPECIES OF MELOIDOGYNE 

Females (Table 2) 
Aside from slight differences in general body 

shape, good differentiating characters of 
females are present either in the anterior or 
pasterior body regions. 
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Table 1 .  Species of Meloidogyne. 29. M. javanica (Treub, 1885) Chitwood, 1949 

1. Meloidogyne acronea Coetzee, 1956 
2. M. africana Whitehead, 1960 
3. M. aquatilis Ebsary and Eveleigh, 1983 
4. M. ardenensis Santos, 1968 
5. M. arenaria (Neal, 1889) Chitwood, 1949 
6. M. artiellia Franklin, 1961 
7. M. baurue~zsis (Lordello, 1956) Esser, Perry 

and Taylor, 1976 
8. M. brevicauda Loos, 1953 
9. M. camelliae Golden, 1979 

10. M. carolinensis Eisenback, 1982 
11. M. chitwoodi Golden, O'Bannon, Santo and 

Finley, 1980 
12. M. coffeicola Lordello and Zamith, 1960 
13. M. cruciani Garcia-Martinez, 1982 
14. M. decalineata Whitehead, 1968 
15. M. deconincki Elmiligy, 1968 
16. M. elegans da  Ponte, 1977 
17. M. enterolobii Yang and Eisenback, 1983 
18. M. ethiupica Whitehead, 1968 
19. M. exigua Goldi, 1887 
20. M. grahami Golden and Slana, 1978 
21. M. graminicola Golden and Birchfield, 1965 
22. M. graminis (Sledge and Golden, 1964) 

Whitehead, 1968 
23. M. hapla Chitwood, 1949 
24. 1M. incognita (Kofoid and White, 1919) 

Chitwood, 1949 
25. M. incognita acrita Chitwood, 1949 
26. M. i n c o g n i t u  w a r t e l l e i  Golden a n d  

Birchfield, 1978 
27. M. indica Whitehead, 1968 
28. M. inornata Lordello, 1956 

30. M. kikuyer~sis de Grisse, 1960 
31. M. kirjanouae Terentyeva, 1965 
32. M. kralli Jepson, 1983 
33. M. litoralis Elmiligy, 1968 
34. M. lordelloi da Ponte, 1969 
35. M. lucknowica Singh, 1969 
36. M. nzali Itoh, Ohshima and Ichinohe, 1969 
37. M. nzegadora Whitehead, 1968 
38. M. megatylu. Baldwin and Sasser, 1979 
39. M. megriensis (Poghossian, 1971) Esser, 

Perry and Taylor, 1976 
40. M. microcephala Cliff and Hirschmann, 

1984 
41. M, microtyla Mulvey, Townshend and Pot- 

ter, 1975 
42. M. nnasi Franklin, 1965 
43. M. nataliei Golden, Rose and Bird, 1981 
44. M. oryxae Maas, Sanders and Dede, 1978 
45. M. oteifae Elmiligy, 1968 
46. M. ottersoni (Thorne, 1969) Franklin, 1971 
47. M. ovalis Riffle, 1963 
48. M. platani Hirschmann, 1982 
49. M. poghossianae Kirjanova, 1963 = species 

inquirenda 
50. M. propora Spaull, 1977 
51. M. querciana Golden, 1979 
52. M. sewelli Mulvey and Anderson, 1980 
53. M. spartinae (Rau and Fassuliotis, 1965) 

Whitehead, 1968 
54. M. subarctica Bernard, 1981 
55. M, tadshikistanica Kirjanova and Ivanova, 

1965 
56. M. thamesi (Chitwood in Chitwood, Specht 

and Havis, 1952) Goodey, 1963 

BODY SHAPE The pyriform body shape is typical 
for most species, and the neck and perineal 
region are in line with the longitudinal axis. In 
some species, the females become more oval; a 
pronounced posterior protuberance is present; 
and the neck is a t  an  angle to the longitudinal 
body axis (14). 

PERINEAL PATTERN The most characteristic fea- 
ture of females of most iVeloidogyne species 
is the perineal pattern in the posterior body 
region. This area comprises the tail terminus, 
phasmids, lateral lines, anus and vulva surroun- 
ded by cuticular folds or striae (see Eisenback, 

Chapter 6, Fig. 37). The perineal patterns of in- 
dividuals and populations within species vary, 
but basic species characteristics do not change 
significantly over an  extended period of cultur- 
ing, and in no case do pattern characteristics 
change from one species to those of another (25). 
These characters include overall shape of the 
perineal pattern (circular, oval, pear-shaped, 
hourglass-shaped); the presence or absence of 
markings in the lateral-line areas and of 
punctations on the tail terminus; the form of 
the striae (smooth, unbroken, broken, wavy, zig- 
zag); or whether or not the striae form wings on 
one or both sides of the pattern. Significant dif- 



Table 2. Differentiating characters of females of Meloidogyne. 

Morphometric (quantitative) Morphologic (qualitative) 

Perineal pattern a 
Stylet lengtha 
Stylet knob width/height 

Distance of DEGO to base of stylet 
Size of metacorpus "valve plates" 
Position of excretory pore 

Body shape 
Head structures in SEM 
Shape of stylet cone, 

shaft and knobs a 
Perineal patterna 

aMost reliable features. 

ferences between species and populations may 
also occur with respect to the relative positions 
of the vulva, anus, tail terminus, and phasmids. 
These features can be expressed morpho- 
metrically as interphasmidial distance, distance 
of anus to tail terminus, and anus to center of 
vulva. The characteristic features of the 
perineal patterns are well demonstrated in light 
micrographs (Fig. 1). In the scanning electron 
microscope (SEM), the cuticular features of the 
p a t t e r n s  a r e  emphas ized  a n d  a t h ree -  
dimensional impression results (Fig. 2). Aside 
from the considerable overall variation, it is of- 
ten difficult to describe the various features of 
perineal patterns precisely. In order to analyze 
the pattern characteristics better, Esser e t  al., 
1976 (14), found it useful to divide the perineal 
pattern into four definite zones. Improved 
methods for assessing pattern morphology, 
however, will be necessary in order for it to con- 
tinue to be a good differentiating character in 
the future. 

EXCRETORY PORE The position of the excretory 
pore may be helpful in differentiating some 
species, although this character is quite variable 
within populations and species. The number of 
annules between the excretory pore and head 
end has frequently been used, but annule num- 
ber is often difficult to determine precisely, and 
this feature appears unreliable. The position of 
the excretory pore from the head end as related 
to stylet length (14) may be of use in some 
species and subspecies, although it is variable in 

with too much overlap between species to be 
helpful diagnostically. 

HEAD CAP AND HEAD REGION Some differences are 
present in the head morphology of females. 
These differences are usually too obscure to be 
detected with the light microscope (LM) and can 
be observed more clearly in the SEM (Eisen- 
back, Chapter 6, Figs. 31, 32). Differences be- 
tween populations and species are present in the 
symmetry of the labial disc and medial lips, 
size and shape of medial and lateral lips, the ex- 
pression of sensilla and head annulations (Fig. 
3). However, for practical identification, the 
female head structures are not very useful 
because the head morphology can be influenced 
by age, environmental factors, and the method 
of specimen preparation (12). 
STYLET The morphology of the stylet including 
the shape of cone, shaft and knobs is reliable 
and appears to be species specific in many cases 
(12, 22; Eisenback, Chapter 8, Fig. 4). This dis- 
tinction can be demonstrated in the LM, but dif- 
ferences become more obvious in the SEM (Fig. 
4). Intraspecific variation of stylet length was 
found to be low among 16 species studied (22). 
The stylet length and also the cone length in 
relation to stylet length are, therefore, impor- 
tant  morphometric features. Stylet knob height 
and width and the ratio width/height may also 
be useful as they determine the shape of the 
s tylet  knobs. In general,  female s ty le t  
morphology can be used as a good supplemental 
character for s~ec ie s  identification. 

others. 
DORSAL ESOPHAGEAL GLAND ORIFICE The range of 

METACORPUS Some differences occur between the distance between the stylet knob base and 
species in length and width of the metacorpus dorsal esophageal gland orifice (DEGO) is broad 
and length of the metacorpus "valve plates" and seems variable within populations, but this 
(=feeding pump lining). From our studies it ap- character may have limited use in identification 
pears that "valve plate" size may be a useful of species groups (22) when preparations are 
character, but bulb size seems to be too variable made in a standard manner. 
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Fig. 4. SEM photographs of excised stylets of females of different species of Meloidogyne. A) M. megatyla [from 
Eisenback et al. (13)l. B) Meloidogyne sp. (courtesy of A. Rammah). C) Meloidogyne sp. (courtesy of A. 
Rammah). D) M. carolinemis [from Eisenback (6)]. E) M. pini [from Eisenback et al. (13)]. Bar = 2 pm. 

specimens of some populations that show a dis- 
tinct bulge in this region. 

CEPHALIUS AND HEMIZONIU These are structures 
difficult to observe in the LM. Differences were 
reported in the location of the cephalids in some 
species (25). The hemizonid is located anterior to 
the  excretory pore in most species, but in a few, 
it  is posterior to it and may thus be helpful in 
identification. 

~IETACOHPUS AS in the female, there seem to be 
differences in the length of the "valve plates" of 
the metacorpus (23). 

HEAD CAP AND HEAD REGION AS in the other life 
stages, qualitative morphological differences 
are expressed mainly in the head characters of 
males. In the SEM, males have the same basic 
head characters as second-stage juveniles and 
females, only the morphological expression of 
these characters differs slightly (Eisenback, 
Chapter 6, Figs. 17, 18, 19). The expression of 
labial and cephalic sensilla, shape and propor- 
tion of labial disc and lips, and presence or ab- 
sence of annulations in the head region can be 
used to distinguish species and populations 
within species (Fig. 5). Some of these cephalic 
features can also be seen clearly in the LM. The 

head morphology differs in size, height, shape, 
and slope of the head cap, the number of head 
annulations and width of the head region 
relative to the first body annule, or the way the 
head region fuses with the body region, i.e., 
whether it is set off or not set off (Fig. 6). 

STYLET In addition to head morphology. stylet 
morphology can be considered an excellent sup- 
porting character that is distinct enough in the 
LM to be useful in species identification. Dif- 
ferences in stylets occur in size and shape of the 
cone, shaft and knobs (10). These features can 
be seen clearly in the LM (Fig. 6) but become 
more distinct in the SEM (Fig. 7). Stylet length 
was found to be the best differentiating charac- 
ter because of its broad range within the genus 
(16-27 ~ m )  and low coefficient of variability 
(4%) (23). Stylet cone length, which is correlated 
with stylet length and usually is approximately 
half of the stylet length, can be helpful in some 
species which have a much shorter cone. Stylet 
knob width and length are variable and only 
useful in  those species with larger knobs. 

UOHSAL ESOPHAGEAL GLAND ORIFICE The distance 
between the stylet knob base and the dorsal es- 
ophageal gland orifice (DEGO) exhibits much 
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Fig. 7. SEM photographs of excised stylets of males of different species of Meloidogyne. A) M. exigua [from Eisen- 
back & Hirschmann ( l l ) ] .  B)  M. microtyla [from Eisenback & Hirschmann ( l l ) ] .  C) M. carolinensis [from 
Eisenback & Hirschmann ( l l ) ] .  D) Meloidogyne sp. (Courtesy of A. Rammah). E) M. megatyla [from Eisen- 
back & Hirschmann ( l l ) ] .  Bar = 2 Fm. 

variation in general, although some species can 
be distinguished on the basis of DEGO distance 
(23). 
SPICULES ANL) GUBEHNACULUM There seem to be 
slight differences in structure of the spicules 
between some of the species but no detailed 
comparative data are available. With respect to 
size of these structures, specimens have to be in 
exact lateral view for accurate measurement 
which is not always possible because male tails 
are twisted through 90". Morphometric dif- 
ferences may occur between some species, but 
there is also considerable overlap. 

Second-Stage Juveniles (Table 4) 

BODY LENWH There is considerable variation 
among species with respect to body length. The 
range of the genus is narrow (except for M. 
sptrr-titme), and the measurements obviously 
overlap in many species, although the extreme 
values can be different, and differences in body 
length may occur also between populations of 
the same species. Body length of second-stage 

juveniles is, therefore, inadequate for species 
differentiation. 
LA'rEHAL FIELD The lateral fields are different in 
some species with respect to number of in- 
cisures and type of areolation. In the four most 
common Meloidogyne species, however, the 
lateral fields are very similar and not. useful for 
identification (8). 
CEPHALlUS ANU HEMIZONIU AS in the males, the 
location of the hemizonid is considered a fairly 
useful character. Although in most species it is 
located near or just anterior to the excretory 
pore, in some species (e.g., M. ardenensis, M. 
grunzinis), it is posterior to the excretory pore. 

The cephalids are so small in second-stage 
juveniles that they can hardly be observed in 
the LM. They are not useful as diagnostic 
characters. 
HEAD CAP AND HEAD REGION Qualitative mor- 
phological differences are expressed mainly 
in the head characters which can be observed 
best with the SEM. Juveniles possess the same 
basic head characters as  females , only their ex- 



Table 3. Differentiating characters of males of Meloidogyne. 

Morphometric (quantitative) 

Number of head annulations 
Stylet lengtha 
Distance of DEGOa 

Position of cephalids 
Spicule and gubernaculum length 
Size of metacorpus "valve plates" 

Morphologic (qualitative) 

Head structures in SEMa 
Shape of head cap in LMa 
Shape of stylet cone, 

shaft and knobsa 
Lateral field 
Excretory pore 
Spicule and gubernaculum 

structure 

aMost reliable features. 

Table 4. Uifferentiating characters of second-stage juveniles of Meloidogyne. 

Morphometric (quantitative) Morphologic (qualitative) 

Number of head annulations 
Stylet length a 
Distance of DEGOa 
Position of hemizonid 
Tail length a 
Hyaline tail terminus length 
c and d ratios 

Head structures in SEMa 
Shape of head cap in LMa 
Shape of stylet knobsa 
Lateral field 
Tail shapea 

- 

aMost reliable features. 

pression is different morphologically (Eisen- 
back, Chapter 6, Figs. 4, 5). Head morphology 
including shape and  proportion of the  labial 
disc, lateral and medial lips, expression of labial 
and cephalic sensilla, and annulations on the 
head region is distinctly different among species 
(8) (Fig. 8). I t  is more difficult for the various 
external head characters seen in the SEM to be 
observed in the LM because the juveniles are 
very small (Eisenback, Chapter 8, Figs. 11, 13). 
Slight differences may occur in general head 
shape. The head may appear squarish or more 
rounded, and the head cap may vary in size. An- 
nulations in the head region may be present in 
some species and absent in others, but the num- 
ber of annules cannot be easily determined since 
they are usually broken and cannot be counted 
precise1 y. 

STYLET Stylet morphology is quite distinctive. 
Differences between species and populations oc- 
cur especially in size and shape of the stylet 
knobs and in the way the knobs join the stylet 

shaft (set off, gradually merging). The stylet 
knobs may be rounded, back-sloped, flat an- 
teriorly o r  d rawn  out  laterally (Eisenback, 
Chapter 8, Figs. 11, 13). These features of stylet 
morphology are more clearly defined on excised 
stylets as  seen in the SEM (7; Eisenback, Chap- 
ter 8, Fig. 12). Although the diagnostic value of 
stylet length is limited among the four most 
common species, i t  may be quite valuable in 
characterizing exotic and less common species 
since, in general, its variability is low (23). 
However, stylet length in juveniles is difficult to 
measure in fixed specimens because the very 
fine distal end of the cone cannot be seen easily. 
Measurements from the stylet knob base to the 
head end are more reliable when the specimens 
are properly prepared for measuring. 
DORSAL ESOPHAGEAL GLAND OHIFICE The distance 
of the DEGO to the stylet base is an important 
distinguishing character, and groups of species 
may be differentiated by this measurement 
(23). 
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TAIL AND HYALINE TAIL TERMINUS Tail length is 
one of the most useful measurements because it 
varies considerably among species and has little 
intraspecific variation (21). Some species are 
clearly distinct from each other in overall range 
(e.g., M. granzinicola with long tail vs. M. 
acronea with short tail). Length of the hyaline 
tail terminus is often very variable, although in 
some species it is clearly short and in others 
always long. C ratio (body lengthhail length), 
body width a t  anus, and the ratio of tail 
length/body width a t  anus ( d )  are also impor- 
tant  characters. Whitehead, 1968 (25), divided 
the juveniles into groups of species by tail 
length: a very short-tailed group; a short-tailed 
group; an intermediate group; and a longer- 
tailed group. 

Tail shape is the most useful qualitative 
character, and intraspecific variation is limited 
(Fig. 9). Jepson, 1983 (21), classified 33 species of 
Meloidogyne into 12 groups on the basis of 
similarities in tail shape. The combined use of 
tail shape and tail measurements were con- 
sidered good differentiating characters to aid in 
species differentiation. 

CONCLUSIONS 
Each life stage of Meloidogyne has a number 

of helpful morphologic and morphometric 
characters. Good differentiating features are 
present mainly in the anterior and posterior 
body regions. In females, the most charac- 
teristic and useful characters include the 
general appearance of the perineal pattern and 
the morphology of the stylet (shape of cone, 
shaft and knobs), as  well as the length of the 
stylet. In males, the structures in the head 
region, including particularly the size, height 
and shape of the head cap, the number of an- 
nulations, and the width of the head region as  
compared to  t he  f i r s t  body annule ,  a r e  
diagnostically important. Stylet morphology 
and stylet length are stable and thus can be ex- 
cellent supporting characters. In second-stage 
juveniles, head characters a re  less useful 
because of the small size of the juveniles, but 
tail length and tail shape are good characters 
exhibiting small intraspecific variation. 

It  should be emphasized here again that  
reliable identification of taxa should include all 
the life stages and should be based on as many 
characters as possible. In addition, the accuracy 
of identification incre~ses when morphological 
features are supplemented by other kinds of 
taxonomic characters such a s  cytological, 
biochemical and physiological data. 
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C H A P T E R  8 

DIAGNOSTIC CHARACTERS USEFUL IN THE IDENTIFICATION 
OF THE FOUR MOST COMMON SPECIES OF ROOT-KNOT 
NEMATODES (MELOIDOGYNE SPP.) 

J. D. Eisenback 
Department of Plant Pathology 
h'orth Carolina State University 
Raleigh, North Carolina, U S A  

Accurate identification of populations of root- 
knot nematodes to species and host races is the 
underlying basis for their effective control and 
m u c h  p r e c i s e  r e s e a r c h .  M a n y  of t h e  
Meloidogyne species are  easily identified, either 
by their restricted host ranges, or by certain dis- 
tinct morphological characters. The majority of 
these species are  also geographically isolated 
and of minor economic importance (27). Certain 
other species are  very difficult to identify: some 
because they are poorly described, and others 
because they are  very similar to the four most 
c o m m o n  r o o t - k n o t  n e m a t o d e  s p e c i e s ,  
iMeloidogyne incognita (Kofoid and White) 
Chitwood, M. javanica (Treub) Chitwood, M. 
aretlaria (Neal) Chitwood, and M. hapla 
Chitwood (17,20). In general, most of the un- 
identified populations eventually will be shown 
to belong to one of these four most common 
species (28). 

Difficulty in identification of the four most 
common species depends upon the particular 
population. Some populations are  easily identi- 
fied because they possess many characters that  
are  typical for the species. Identification of 
other populations is difficult due to variant 
forms or aberrant individuals. Sometimes an 
identification is further complicated by the 
widespread occurrence of mixtures of two or 
more species in the same field, especially when 
some of the characters overlap among species as  
often is the case with perineal patterns (24). 
Because of the present difficulty and confusion 
about the taxonomy of this group (20,25), the 
present chapter discusses in detail the diagnosis 
of the four most common species of root-knot 
nematodes based on morphological characters. 

CHITWOOD'S DIAGNOSIS 

When the root-knot nematodes were con- 
sidered as  a single species, the literature con- 
tained many conflicting reports on the suscep- 
tibility or resistance of particular plant species 
to the root-knot nematodes (26,30). Christie and 
Albin (3) showed that  populations of root-knot 
nematodes isolated from various plants had dif- 
ferent host ranges. By studying the morphology 
of several populations with different host re- 
sponses, Chitwood (2) recognized and clearly 
described the four most widespread and com- 
mon Meloidogyne species. 

Chitwood's descriptions were outstanding and 
worthy of minute scrutinization. He described 
and illustrated many morphological differences 
among the species utilizing details of all major 
life stages. Initially, the perineal pattern of the 
adul t  female became the most important  
morphological feature used for species iden- 
tifications, and most of the other taxonomic 
characters pointed out by Chitwood remained 
unused until recently (16). 

The perineal pattern became the dominant 
diagnostic character for several reasons. For 
many populations, i t  is quite stable and useful 
for species identifications (6,26). Also, shortly 
after the description of the four common 
Meloidogyne species, the vulval cyst cones of 
Heterodera species were emphasized as useful 
taxonomic characters (23). Since the two genera 
seemed closely related, perineal patterns were 
thought to be analogous to vulval cyst cones, 
and thus important taxonomic features. 

Compared to other useful characters, perineal 
patterns are  relatively easy to prepare for light 

PREVIOUS PAGE BLANK 
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microscopic examination because they are 
relatively large and two-dimensional. Males and 
second-stage juveniles, however, are smaller, 
vermiform, and difficult to prepare for observa- 
tion. Females are used more for identifications, 
also, because they are more numerous than 
males and easier to find in infected tissues. 

Probably an equally important reason for 
perineal patterns being the most predominant 
character used for routine identifications is the 
nature of the illustrations in the original 
description (2). Although large, excellent light 
micrographs of perineal patterns were present- 
ed, all other characters were illustrafed with 
simple line drawings. The drawings were well 
done with unbelievable precision, but they were 
too small in the description to point out effec- 
tively the differences among the species. 

In the diagnosis that follows, Chitwood's 
original illustrations have been copied from the 
publication, enlarged many times, and repro- 
duced here for a comparison of characters that 
are  useful in the identification of the four most 
common Meloidogyne species. 

CURRENT DIAGNOSIS 
Various approaches to the taxonomy of 

Meloidogyne include host response (16,24,26,27), 
cytology (16,29), biochemistry (4,5,16), and 
morphology (16,17,18,22,28,30). Host-response 
tests require adequate quantities of nematode 
inoculum and much greenhouse space and time 
for culture growth. Cytological and biochemical 
tests, in contrast, are  fast but require sophisti- 
cated equipment and technical expertise. Iden- 
tifications based on morphology, however, are  
rapid and practical. A light microscope (LM) of 
moderate quality and a little experience allows 
an accurate and confident identification of most 
populations. 

All of the taxonomic approaches have sup- 
ported the validity of the four most common 
species, even though no single approach can ac- 
count for the variability within the genus. 
Within each species there are cytological races 
(29), host races (27), biochemical enzymatic 
phenotypes (4), and morphological variants 
(1,12). The populations that are extremely 
variable need to be examined in more detail 
rather than lumped into a species complex and 
forgotten. Perhaps some of the variable popula- 
tions are new species or mixtures of species 
which behave differently together than they 
would separately (8). 

Although it  is possible for a population to be 
ident i f ied  on t h e  bas is  of one  or  t w o  
morphological characters of a few specimens, 
confidence in the accuracy of an identification 

increases as more kinds of taxonomic characters 
are  examined. Therefore, the more critical the 
identification, the more kinds of information 
and numbers of specimens should be used. 
Within certain species, widespread host races 
have been described (27), and because these 
races are apparently morphologically similar, 
they can be identified only with a differential 
host test (16,27). 

The diagnosis that  follows is based entirely 
upon morphological features. Characters that  
are valuable in the identification of the four 
common Meloidogyne species include perineal 
patterns; female stylets; male heads and stylets; 
and heads and stylets of second-stage juveniles. 
Although a scanning electron microscope (SEM) 
is not available to many investigators, scan- 
ning electron micrographs are included because 
they help interpret the images seen in the LM. 

Perineal Patterns 
The morphology of perineal patterns will 

p r o b a b l y  r e m a i n  t h e  m o s t  i m p o r t a n t  
morphological character used for tentative 
species identifications. Because a certain 
amount of variability occurs within a particular 
population or species, many identifications are 
inconclusive. Characters that overlap among 
species make the identification of mixed popula- 
tions especially difficult. For these populations, 
additional taxonomic characters must  be 
utilized for the final identification. Preparing 
perineal patterns for observation is not dif- 
ficult, but it is tedious and time consuming. Im- 
portant diagnostic characters of perineal pat- 
terns of the four most common species are sum- 
marized in Table 1. 

MELOIDOCYNE INCOGNITA The perineal patterns 
of M. incognita (Figs. 1A,2A) are characterized 
by the presence of a high, squarish dorsal arch 
that often contains a distinct whorl in the tail 
terminal area. The striae are smooth to wavy, 
sometimes zigzagged. Distinct lateral lines are 
absent, but the lateral field may be marked by 
breaks and forks in the striae. Often some striae 
bend toward the vulva1 edges. 

MELOIDOCYNE JA VANICA The perineal patterns of 
M. javanicu (Figs. 1B,2B) are unique because 
they contain lateral ridges that divide the dorsal 
and ventral striae. Generally, the ridges run the 
entire width of the pattern, but gradually disap- 
pear near the tail terminus. The dorsal arch is 
low and rounded to high and squarish and often 
contains a whorl in the tail terminal area. The 
striae are smooth to slightly wavy, and some 
striae may bend toward the vulval'edges. 



Table 1. Summary of important diagnostic characters of perineal patterns of the four most 
common Meloidogyne species. 

Dorsal arch Lateral field Striae Tail terminus 

M. incognita high, squarish lateral ridges coarse, smooth often with distinct whorl 

M. javanica 

M. arenaria 

absent, marked to wavy, some- 
by breaks and times zigzaggy 
forks in striae 

low, rounded distinct lateral coarse, smooth often with distinct whorl 
ridges to slightly 

wavy 

low, rounded, lateral ridges coarse, smooth usually without distinct 
indented near absent, marked to slightly whorl 
lateral fields by short, wavy 

irregular and 
forked striae 

M. hapla low, rounded lateral ridges fine, smooth whorl absent, marked by 
absent to slightly subcuticular punctations 

wavy 

MELOIDOGYNE ARENARIA The perineal patterns 
of M. a.rena.ria (Figs. 1C,2C) are distinguished 
by a low dorsal arch that  is slightly indented 
near  t he  la te ra l  fields t o  form rounded 
shoulders. The dorsal and ventral striae often 
meet a t  an angle. Distinct lateral lines are ab- 
sent, but short, irregular, and forked striae 
mark the lateral fields. The striae are smooth to 
slightly wavy, and some may bend toward the 
vulva. Sometimes the patterns are extended 
laterally and form one or two wings. 

MELOIDOGYNE HAPLA Perineal patterns of M. 
hapla (Figs. 1D,2D) are characterized by their 
overall rounded hexagonal to flattened ovoidal 
shape, very fine striae, and subcuticular puncta- 
tions in the smooth tail terminal area. The dor- 
sal arch is usually low and rounded, but may be 
high and squarish. Lateral ridges are absent but 
the lateral fields are marked by irregularities in 
the striae. The dorsal and ventral striae often 
meet a t  an angle, and the striae are smooth to 
slightly wavy. Some patterns may form wings 
on one or both lateral sides. 

11 populations of M. hapla with different 
chromosome numbers and geographical origins, 
there were no qualitative differences in stylets 
of females, whereas all of the other characters 
examined showed a wide range of variability 
(15). The usefulness of stylets of females for 
routine identifications is limited only by the dif- 
ficulty of specimen preparation for examination 
with the LM. The specimens must be lateral and 
level to be of value. Important diagnostic 
characters of stylets of females of the four most 
common species are summarized in Table 2. 

MELOIDOGYNE INCOGNITA The stylets of fe- 
males of M. incognita (Figs. 3A,4A,5A) charac- 
teristically are curved dorsally. The anterior 
half of the cone is cylindrical and the posterior 
half is conical. The shaft is slightly wider 
posteriorly. The knobs are set off from the 
shaft, anteriorly indented, and transversely 
elongate. In some specimens, the knobs are 
deeply indented, and each knob appears as  if it 
were two. The average stylet length is 16 pm, 
and the range is 15-17 pm. 

Stylets of Females MELOIDOGYNE JAVANICA The stylets of females 
of M. javanica (Figs. 3B,4B,5B) are similar to 

The of the of is a those of M. incognita, except the cone is only 
species-specific character (14,211. Chitwood (2) slightly curved dorsally and the shaft is more 
also considered it a useful feature (Fig. 31, and cylindrical. The knobs are also transversely recent studies of excised stylets observed with elongate, but they are not deeply indented an- 
the SEM confirmed and clarified the differences teriorly. The stylet length varies from 14-18 pm, that  occur among the four most common species with a mean of 16 pm. 
(Fig. 4) (14). Most of the details elucidated by 
the SEM are clearly visible by the LM (Fig. 5). MELOIDOGYNE ARENARIA Female stylets of M. 

The morphology of stylets of females is very a.ren,aria populations are very characteristic 
stable among populations. In a recent study of (Figs. 3C,4C,5C). The whole stylet is broad and 
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Fig. 1 A-D. Drawings of perineal patterns taken from the original description. A) Meloidogyne incognita. B) M. 
javanica. C) M. arenaria. D) M. hapla. [After B. G. Chitwood (Z)]. 

robust, and the wide, rounded, backward-slop- 
ing knobs gradually merge with the shaft. 
Stylet lengths range from 13-17 pm, with a 
mean of 15.5 pm. 

MELOIDOGYNE HAPLA The stylets of females of 
M. hupla (Figs. 3D,4D,5D) are narrow and 
delicate compared to the other three species. 
The cone is only slightly curved dorsally, and 
the shaft is a little broader posteriorly. The 
knobs are small, round, and set-off from the 

shaft. Stylet lengths vary from 13-17 pm with a 
mean of 15.5 pm. 
Heads and Stylets of Males 

The shapes of the male head and stylet are ex- 
tremely useful characters in the identification 
of Meloidogyne species (11,12,13,16). Chitwood 
placed much emphasis on the morphology of the 
male (Fig. 6) (2), and Whitehead (30) also con- 
sidered heads of males to be good taxonomic 
features too. Unfortunately, the shape of the 
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Fig. 3 A-D. Drawings of  female heads and stylets taken from the original description. A)  Meloidogyne incognita. 
B )  M. jauanica. C )  M. arenaria. D )  M. h p l a .  [After B. G. Chitwood (2)]. 

Table 2. Summary of important diagnostic characters of stylets of females of the four most 
common Meloidogyne species. 

Stylet cone Stylet shaft Stylet knobs Stylet length 

!M. incogwitcl anterior half slightly wider set off, rounded 16 pm, mean 
cylindrical, posteriorly to transversely 15-17 pm, range 
dorsally elongate, some- 
curved times indented 

anteriorly 

M. juvn P I  ica slightly curved cylindrical set  off, 16 pm, mean 
dorsally transversely 14-18 pm, range 

elongate 

M. a r e m r i n  straight,  broad wider not se t  off, 15.5 pm, mean 
and robust posteriorly backward sloping, 13-17 pin, range 

merging with 
shaft  

M. hapln slightly curved slightly wider set  off, small 15.5 pm, mean 
dorsally, narrow posteriorly and round 13-17 pin, range 
and delicate 

The factors that limit the usefulness of male 
heads and stylets are  the availability of 
specimens and adequate specimen preparation. 
Generally, many males can be obtained when 
infected plant tissue is placed in a mist chamber 
or moist chamber. Specimens can be collected in 
the runoff water each day for several days. 
Sometimes, however, populations do not 

produce males and other characters must be 
used. Also, dwarf males are extremely variable 
and different in their morphology and should 
not be considered in a species identification. 

Specimens that are mounted in an exact 
lateral and level position are the easiest to be 
identified. Much of the reported variability 
among specimens is probably due to differences 



Fig. 4 A-D. Scanning electron micrographs of excised stylets of root-knot females. A )  Meloidogyne incognita. B) 
M. javanica. C )  M. arenuria. D) M. hapla. [After J .  D. Eisenback et al. (16)l. 

in the orientation of specimens. With ex- 
perience, however, the position of the specimen 
becomes less important. I t  is important tha t  the 
extent of variation be understood and the least 
variable characters determined. Generally, for 
instance, stylet morphology is more stable than 
head shape. Important diagnostic characters of 
male head shape and stylet morphology of the  
four most common species are  summarized in 
Table 3. 

MELOIDOGYNE INCOGNITA The shape of the male 
head of M. incognita (Figs. 6A,8A,9A) is charac- 
terized by a large, round labial disc tha t  is 
raised above the medial lips. The labial disc is 
concave to flat, and the high head cap is nearly 
as  wide as  the head region in lateral view. The 
head region is usually marked by 2-3 incomplete 
annulations but  may be completely smooth. The 

head region is not distinctly set  off from the rest 
of the  body. 

The stylet of males of M. incognita (Figs. 
6A,7A79A) is distinguished by a blunt, blade- 
like t ip which is wider than the medial portion 
of the cone. The opening is often marked 
posteriorly by a pronounced projection. The 
shaft  is usually cylindrical and often narrows 
near the  knobs. The knobs are  large, rounded to 
transverselv ovoid. sometimes anteriorlv in- 
dented, and set  dff from the shaft. Stylet 
lengths vary from 23-25 pm, with a mean of 24 
pm. Generally, the  distance from the dorsal es- 
ophageal gland orifice (D.E.G.O.) to the stylet 
base is relatively short, 2-4 pm, with a mean of 3 
Pm. 

MELOIDOGYNE JAVANICA Male heads of M. 
ja~lnnica (Figs. 6B,8B,9B) a re  distinguished by a 
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Fig. 5 A-D. Light micrographs o f  heads and stylets o f  females of Meloidogyne species. A) M. incognita. B) M. 
javanica. C) M. arenaria. D) M. luapla. [After J .  D. Eisenback et al.  (16)] .  

high, rounded head cap tha t  is distinctly set  off 
from the head region. The labial disc and medial 
lips are  fused and form one smooth, continuous 
structure which is almost a s  wide a s  the  head 
region in a lateral view. The head region may be 
smooth or marked by 2-3 incomplete head an- 
nulations. The head region is not distinctly set  
off from the rest of the body. 

The stylet of M. javarica males is character- 
ized by very broadly elongate stylet knobs (Figs. 
6B,7B,9B). The anterior two-thirds of the cone 
g r a d u a l l y  inc reases  in wid th ,  whi le  t h e  
posterior one-third rapidly widens. The shaf t  is 
cylindrical. The knobs a r e  low a n d  wide, 
sometimes anteriorly indented, and always set  
off from the shaft. Stylet lengths range from 18- 
22 pm and average 20 pm. The distance from the 

D.E.G.O. to the  base of the  stylet is relatively 
short, 2-4 pm, with a mean of 3 pm. 

Some populations of M. javanicn produce 
male intersexes tha t  a re  very characteristic for 
the species (Fig. 10) (2,16,18). Male intersexes 
possess different degrees of secondary female 
characteristics ranging from a small ventral 
protuberance to a large protuberance with a 
rudimentary vagina. The protuberance usually 
is slightly anterior to the  base of the spicules. 
Many populations produce a large proportion of 
intersexes, whereas others have only normal 
males. 

MELOIDOGYNE ARENARIA Male heads of M. 
arerlum'a (Figs. 6C,8C,9C) a re  characterized by a 
low head cap tha t  slopes posteriorly. The labial 



Fig. 6 A-D. Drawings of heads and stylets of Meloidogyne males taken from the original description. A) M. in- 
cognita. B) M. javanica. C) M. arenaria. D) M. hapla. [After B. G .  Chitwood (2)]. 
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Fig. 7 A-D. Scanning electron micrographs of excised stylets of males of root-knot species. A) Meloidogyne 
incognita. B) M. javanica. C )  M. arenaria. D) M.  hapla. [After J .  D. Eisenback et al. (16)]. 

disc and medial lips form one smooth, con- 
tinuous structure tha t  is nearly a s  wide a s  the 
head region in a lateral view. The head region 
may be smooth or  marked by 1-3 incomplete an- 
nulations. The head region is not distinctly set  
off from the  rest of the  body. 

Style ts  of males of M. urenaria (Figs. 
6C,7C,9C) a re  relatively straight,  broad, and 
robust. The posterior two-thirds of the cone 
gradually increase in width and the  posterior 
one-third widens rapidly. The posterior portion 
of the  cone is much broader than the  anterior 
portion of the  shaft .  The shaf t  is cylindrical, but 
sometimes widens near its junction with the  
knobs. The knobs a r e  large, posteriorly round- 
ed, and gradually merge with the shaft .  Stylet 
lengths vary from 20-25 pm, but average around 
22 pm. The distance from the D.E.G.O. to  the  
base of the  stylet is relatively long, 4-7 pm, and 
averages around 5.5 pm. 

MELOIDOGYNE HAPLA Heads of males of M. 
Irccplu (Figs. 6D,8D,9D) are characterized by a 
high and narrow head cap and a set-off head 
region. The labial disc and medial lips a re  fused 
and form one smooth, continuous structure tha t  
is much narrower than the  head region. The 
head region is without annulations and dis- 
tinctly set  off from the body annulations. The 
body annules increase in width and diameter 
posteriorly. One variant of M. hapla with a uni- 
que head morphology has been described (11). 

The stylets of males of M. hapla (Figs. 
6DJ7D,9D) a re  very narrow and delicate com- 
pared to the  other three common species. The 
cone gradually increases in width, and the  base 
of the  cone is only slightly wider than the  an- 
terior portion of the  shaft .  In populations of 
cytological race A, the shaf t  tends to be wider a t  
its base, and in those of cytological race B pop- 
ulations, the shaf t  is generally narrower a t  i ts  
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Table 3. Summary of important diagnostic characters of male head shape and stylet 
morphology of the four most common Meloidogyne species. 

Head Head Stylet Stylet Stylet Stylet D.E.G.0.a 
cap region cone shaft knobs length 

,If. iincoyrr 1 t r t  flat to not set off, tip blunt, usually set off, 24 pm short, 
concave, usually blade-like cylindrical, rounded mean, 3 pm mean, 
labial disc marked by often to trans- 23-25 pm 2-4 pm 
raised 2-3 incom- narrows versely range range 
above the plete annu- near knobs elongate, 
medial lips lations sometimes 

indented 
anteriorly 

.If. j f l  ~ Y I  j 1  iru high, not set off, tip pointed, usually set off, low 20 pm short, 
rounded, smooth or cone cylindrical & very mean, 3 pm mean, 
set off marked by straight wide 18-22 pm 2-4 pm 
from head 2-3 incom- range range 
region plete annu- 

lations 

Jf. (I rc t m  :-if! low, not set off, tip pointed, usually not set off, 22 pm long, 
sloping smooth or cone broad cylindrical, backward mean, 5.5 pm 
posteriorly marked by and robust often sloping, 20-25 pm mean, 

2-3 incom- broadens merging range 4-7 pm 
plete annu- near knobs with shaft range 
lations 

.\I. /1(11)/(1 high and set off, tip pointed, cylindrical, set off, 20 pm moderately 
narrow smooth, cone often wider small and mean, long, 5 pm 

larger narrow and or narrower round 18-22pm mean, 
diameter delicate a t  its base range 4-6 pm 
than first range 
bodv annule 

a Distance from the dorsal esophageal gland orifice (D.E.G.O.) to the base of the stylet. 

served in t h e  scanning electron microscope has  
been described (9). The labial disc a n d  medial 
lips a r e  fused t o  form one smooth,  continuous, 
elongate structure.  The head region may be 
smooth o r  marked by 1-3 incomplete to  com- 
plete annulations.  In the  LM, the  differential 
details  cannot be seen clearly (Figs. l lA,13A) 
(7). The head cap appears  anteriorly f lat tened,  
and the  head region is rounded posteriorly. 

The stylet  (Figs. l lA,12A,13A) is charac- 
terized by prominent knobs t h a t  a r e  posteriorly 
rounded and  distinctly se t  off f rom the  shaf t .  
The cone a n d  sha f t  gradually increase in width 
posteriorly. The distance f rom the  D.E.G.O. to 
t h e  base of t h e  stylet  is relatively shor t ,  2-3 pm,  
with a mean of 2.5 pm. 

MELOIDOGYNE JAVANICA The shape of the  head 
of M. jja17a)lica second-stage juveniles (Figs. 
l lB,13B) is very similar t o  t h a t  of M. il2cog?zita, 
a n d  is not diagnostic for  the  species. The head 
cap is anteriorly flattened, b u t  posteriorly 

rounded. The labial disc and  medial lips a r e  
fused a n d  f o r m  one smooth ,  cont inuous ,  
elongate s t ructure .  The head region is usually 
smooth,  but  i t  may be marked wi th  1-3 incom- 
plete annulations.  

The  s t y l e t  of M. jaiwrricu second-stage 
juveniles (Figs. 11B,12B,13B) is characterized 
by transversely elongate knobs. Otherwise, t he  
stylet  is very similar t o  t h a t  of M. itzcoyttita. The 
distance f rom the  D.E.G.O. t o  the  base of t h e  
stylet  is relatively moderate, 3-4 pm,  with a 
mean of 3.5 pm. 

MELOIDOGYNE ARENARIA The shape of the  head 
of second-stage juveniles of M. nrentrria in the  
LM (Figs. llC,13C) is very similar to  t h a t  of M. 
i?rcognita and  M. jaca)~ictr. The head cap is an- 
teriorly f lat tened bu t  posteriorly rounded. The 
labial disc and  medial lips a r e  fused to  form one 
smooth,  continuous, elongate structure.  The 
head region is generally smooth, bu t  it may  be 
marked by 1-3 incomplete annulations.  
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The s tyle t  of M. a renar ia  second-stage 
juveniles (Figs. llC,12C,13C) is characteristic 
because the cone and shaf t  are  very wide and 
robust. The knobs are  very broad, posteriorly 
rounded, sloping backward, and gradually 
merge with the  shaft. The distance from the 
D.E.G.O. to  the  base of the  shaf t  is moderately 
long, 3-4 pm, with a mean of 3.5 pm. 

MELOIDOGYNE HAPLA The shape of the head of 
second-stage juveniles of M. hapla (Figs.  
llD,13D) is characterized by a narrow head cap 
and a rounded head region. I t  is quite different 
from the other three common species. The labial 
disc and medial lips are  fused and form one 
smooth, continuous, narrow head cap. The head 
region is anteriorly rounded and free of annula- 
tions. 

The stylet of M. hapla second-stage juveniles 
(Figs. llD,12D,13D) is distinguished by a 
narrow cone and shaft;  and minute, rounded 
knobs tha t  are  set off from the shaft.. The dis- 
tance from the D.E.G.O. to the base of the  stylet 
is relatively long, 4-5 pm, with a mean of 4.5 pm. 

CONCLUSIONS 
Morphological characters useful in the iden- 

tification o f t h e  four most common species of 
Fig. 10. Drawing of the tail of a male intersex of root-knot include perineal patterns Meloidogyne javanica taken from the original 

description o f  the four most common species of and stylet m o r ~ h O 1 o g ~  females, head shape 
root-knot nematodes. [After B. G .  Chitwood and stylet morphology of males, and head shape 
(2)l. a n d  s t y l e t  m o r p h o l o g y  of s e c o n d - s t a g e  

Fig. 11 A-D. Drawings o f  heads and stylets of second-stage juveniles of Meloidogyne species taken from the 
original description. A)  M.  incognita. B) M. javanica. C )  M. arenaria. D) M. h p l a .  [After B.  G .  
Chitwood (2)l. 
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juveliiles. When u-vailakile, jn3,ie lrearfs a r~d  
s ip ie t~  procide it rapid and accnt.a!,e ;~lethr:)d fnr 
identificiitio~ of populztii;~~s. I1 rrbalss are at:$-. 
s c ~ i t  :f-rom thc infected n'iwt tissue, perinmi pat- 
terns of females are also ust.f:il, partieuiasly 
when se;yic.i. rr~orpholsgy i s  examined RR p ell, 
j: re<.&';$? *, s t y k f  :norphc>loa? appears to be yuit.e 
.i;B:iI:[u arnruig popt~lal:ii>fi~ (21). (7tlaractem i?f 
~i.cor:d-sisg? j:;i~snilt?s are usekl supplerne-litai 
c.hrrragt.rl:s, but canl-iot Sc urje<'l zlonc in r<rui;ine 
sjxcierr, itjerliificatiuns. The n~c);re characters ex- 
atnini.l:l, chr: mure jir.el>ise url4 acrl~rynte t.he iden- 

i.ifi<ication. Poprilations that :ire used fcr re- 
seerrctl purposes s:?~:~uld be ot:rsr?r.c;ed fur al! 
useful ::iorphologicsi ctlasactctru, tested nlr tiie 
st.;tnclzrd hi?si: clifferentials (271, and, if possible, 
examined cytologieall;; a x l  biu~:ljerr~icaily i'16'j. 

%n the fuiure, new species descriptions s!?o;tid 
include rtrcurate, detailed drawings and, high 
quslity :r-lir:.rc~graplts cf tlre a:ost: ircrpor.i;ar\ t 
inarpholugical f ea tu res  of p ~ e p a r a s i t i c  
juveniles, nxa1t.s. and femities. Wlzere j;>ossibie, 
thr:- SEX 5j3.d oi:"t.r sophisticated techniques 
sktlui4:l he rrtiiizcd as well. 
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Fig. 13 A-D. Light micrographs of the head and stylets of second-stage juveniles of Meloidogyne species. A) M. in- 
cognita. B) M. jauanica. C) M. arenaria. D) M. hapla. [After J .  D. Eisenback (7)]. 

Table 4. Summary of important diagnostic characters of second-stage juvenile head shape and 
stylet morphology of the four most common Meloidogyne species. 

Head cap Head region Stylet width Stylet knobs D.E.G.0.a 

,&I. irirlcogrlita anteriorly usually marked moderately sized set  off, pos- short,  
flattened, by 1-3 incom- cone and shaft  teriorly rounded 3 ~m mean, 
elongate plete annulations sloping backward 2-3 Fm range 

M. jurluriiccl anteriorly smooth or moderately sized set  off, pos- moderately long, 
flattened, marked by 1-3 cone and shaft  teriorly, rounded, 3.5 ~m mean, 
elongate incomplete sloping backward, 3-4 Fm range 

annulations transversely 
elongate 

~1% ctrenclt-ia anteriorly smooth or  
flattened, marked by 1-3 
elongate incomplete 

annulations 

broad cone 
and shaft  

not set  off, moderately long, 
posteriorly 3.5 ~m mean, 
rounded, merging 3-4 Fm range 
with shaft 

M. i/uplu rounded and rounded, usually narrow cone set off small long, 
narrow smooth and shaft  and rounded 4.5 ~m mean, 

4-5 Fm range 

a Distance from the dorsal esophageal gland orifice (D.E.G.O.) to the base of the stylet. 
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CYTOGENETICS, CYTOTAXONOMY AND PHYLOGENY 
OF ROOT-KNOT NEMATODES 

A. C. Triantaphyllou 
Departmetlt of Genetics 
North Carolina State U~tiversity 
Raleigh, North Carolina, USA  

About 600 populations of Meloidogyne from 
85 countries have been studied cytogenetically 
during the last 8 years in collaboration with the 
International Meloidogyne Project. These pop- 
ulations represent 24 of the 54 described species 
of Meloidogylze. Investigations on such a large 
number of populations have demonstrated that 
root-knot nematodes have undergone extensive 
cytogenetic diversification, probably un- 
paralleled by that of any other animal group. 
Characteristic features are the establishment of 
meiotic and mitotic parthenogenesis in associa- 
tion with various degrees of polyploidy and 
aneuploidy. Obligatory cross-fertilization also 
occurs in some diploid and polyploid forms, 
whereas facultative meiotic and obligatory 
mitotic parthenogenesis prevails in most 
polyploid and aneuploid forms. This extensive 
cytogenetic diversification must have played an 
important role in the overall biological and 
genetic evolution of these nematodes. The 
cytogenetic status of each species may be in- 
structive in the interpretation of its phyletic 
and, consequently, its taxonomic relationship to 
the other species of root-knot nematodes. 

Cytogenetic features that can be used as tax- 
onomic characters for species identification and 
can be useful in the interpretation of phyletic 
relationships of root-knot nematodes include 
the following: 

1) Method of reproduction (cross-fertiliza- 
t ion ,  meiot ic  pa r thenogenes i s ,  m i to t i c  
parthenogenesis,  combination of various 
methods); 

2) Chromosome number (haploid number in 
forms undergoing meiosis, diploid or somatic 
number of mitotic forms, variations due to 
polyploidy or aneuploidy existing within a given 
species); 

3) Chromosome size and general morphology; 

4) Chromosome behavior during maturation 
of oocytes; and 

5) Amount of DNA per haploid or diploid 
nucleus. 

The first two features are the most useful for 
taxonomic purposes and have been studied most 
extensively. A limited cytological study of 
adult, egg-laying females is sufficient for obser- 
vation of these features. The cytological tech- 
niques required for such a study are described 
elsewhere (Vol. 11, Chapter 7). In order to 
facilitate cytological investigations and to help 
in their interpretation, a brief account of the 
process of oogenesis and mode of reproduction 
of root-knot nematodes is given prior to that of 
cytogenetic characterization of the major 
species. 

Studies of spermatogenesis have also been 
conducted with some Meloidogyne species, but 
they have been more difficult and less fruitful. 
Invariably, the chromosomes observed during 
spermatogenesis in males are similar to those 
observed during oogenesis (3). 

OOGENESIS 
The reproductive system of females of all 

Meloidogyne species studied thus far consists of 
two ovaries (gonads), each connected to the 
vagina via separate gonoducts (Fig. 1). Each 
gonoduct consists of a short, glandular oviduct; 
a spherical, glandular spermatotheca; and a 
long, cylindrical uterus. 

Oogenesis is a two-step process, involving: 
1) multiplication of oogonia and, 
2) growth and maturation of oocytes. 
The oogonial cells are direct descendents of 

the two germinal (propagation) cells of the 
genital primordium seen in second stage 
juveniles. Oogonia occupy the apical portion 
(germinal zone) of the ovary (Figs. 1-3). In 



C!jtoye?letics, Cy totclso?~o r~ y, r r ) t d  Phy loyew y 

z 

SYN. Z 

D 

SPT 

Fig. 2. General view a t  low magnification (10X objec- 
tive) of a cytological preparation, showing the 
anterior half of one ovary and part of the 
gonoducts of the female reproductive system of 
M. arenaria (propionic orcein stain). GE.Z = 
germinal zone; GR.Z = growth zone; OC = 
oocyte; OG = oogonium; S P T  = sper-  
matotheca; SYN.Z = synapsis zone. 

young females, the oogonia undergo several 
mitotic divisions which result in the production 
of a larger number of oogonia, all of which have 
the  somatic (2n) chromosome number.  At late 
prophase or  early metaphase of such oogonial 
divisions, the  chromosomes a r e  discrete,  
spherical or, most often, rod-shaped, but  they 
a r e  small and can be counted precisely only in 
exceptionally favorable cytological preparations 
(Fig. 4). Although differences in chromosome 
size and morphology have been detected among 
i l l ( ~ l o i t l o q ! j ~ ~ ~  species, differences in chronlosome 
numbers a re  the only characters which have a 
practical use for taxonomic purposes. 

Fig. 1. Female reproductive system of M. javanica At  the end of the germinal zone, the  oogonia 
showing the various regions of one gonad and stor, dividing and enter a new developmental 
the process of oogenesis (diagrammatic). EG = The chromatin inside their nuclei con- 
egg; GE.2 = germinal zone; GR.2 = growth 
zone; OC = oocyte; OG = oogonium; OVD = denses and  becomes heavily s ta ined wi th  
oviduct; SPT = spermatotheca; SYN.Z = syn- nuclear dyes (Figs. 2,5). Gonial cells a t  this 
apsis zone; UT = uterus; Bar = 0.2mm. stage a re  called oocytes. They occupy a short ,  
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Fig. 4. Dividing oogonia in the germinal zone of the 

Fig. 3. Apical part of the ovary (germinal zone) of M. ovary of M. incognita at metaphase (two in side 
incognita with a distinct apical, epithelial cell view and one in polar view). Bar = 3pm. 
(cap cell), many oogonia at interphase, and one 
at metaphase (side view). 

distinct zone (synapsis zone) which is stained 
heavier than the rest  of the  ovary (Fig. 2). This 
chromatin condensation and the  increased 
stainability of the  nuclei of the  young oocytes 
probably a r e  related to  pairing of homologous 
chromosomes and their subsequent contraction 
(pachytene stage), which normally occurs in 
dlt.loirlogy,le species tha t  undergo meiosis. 
However, a similar distinct zone is observed 
also in ameiotic (mitotic) parthenogenetic 
species. The presence of a zone with condensed 
chromatin, therefore, does not reveal the  type of 
maturation of oocytes of a particular species 
and,  for this reason, has no taxonomic value. 

As the  oocytes migrate from the zone of syn- 
apsis toward the  posterior par t  of the  ovary, 
they increase progressively in size. Their 
chromosomes are  not clearly visible during this 

period (diffuse stage). They become sufficiently 
condensed and can be seen again in more advan- 
c e d  o o c y t e s  a p p r o a c h i n g  t h e  o v i d u c t -  
spermatotheca region (Fig. 6). Such oocytes a re  
a t  diplotene or diakinesis stage. Fully grown 
oocytes migrate into the  spermatotheca and the  
uterus, and advance to prophase or metaphase 
of t h e  f i r s t  m a t u r a t i o n  divis ion.  T h e i r  
chromosomes can be recognized a s  univalent or 
bivalent. 

Univalent chromosomes appear a s  dyads (Fig. 
7); each one consists of two chromatids lying 
close and parallel to each other. 

Bivalent chromosomes appear a s  tetrads (Fig. 
8); each one is formed by the close association of 
two homologous univalent chromosomes which 
usually a re  connected end-to-end. 
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The Cytological Pathway Toward Mitotic 
Parthenogenesis 

The presence of univalent chromosomes a t ,  or 
shortly before metaphase I, indicates that  pair- 
ing of homologous chromosomes did not take 
place when the oocytes were in the zone of syn- 
a p s i s .  Also ,  t h e  n u m b e r  of u n i v a l e n t  
chromosomes a t  this stage is the same a s  the 
number observed in the oogonia of the germinal 
zone of the ovary. Therefore, there has been no 
reduction in the  chromosome number  (no 
meiosis) during maturation of the oocytes. In 
m o r e  a d v a n c e d  o o c y t e s ,  t h e  u n i v a l e n t  
chromosomes divide mitotically, i.e. the two 
chromatids migrate toward the opposite poles. 
At  the completion of this division, a polar 
nucleus and the egg pronucleus are  formed, 
each one with the somatic chromosome number. 
The oocyte has become a mature  egg, ready to 
undergo the first  cleavage division. Oogenesis is 
conipleted, and embryogenesis is initiated a t  
t h i s  s t a g e .  T h i s  p a t t e r n  of oogenesis  is 
associated with parthenogenetic reproduction of 
the mitotic type (mitotic parthenogenesis or  
apomixis) and is common in many root-knot 
nematode species, including most of the major 
species, i.e. M. incoglzita, M. javanica, and M. 
arerran'a. 

The Cytological Pathway Toward Cross- 
Fertilization and Meiotic Parthenogenesis 

The presence of bivalent chromosomes in 
oocytes located in the spematotheca o r  the an- 
terior pa r t  of the uterus indicates tha t  synapsis 
of homologous chromosomes occurred while the 
oocytes were in the zone of synapsis. The 
r e m a i n i n g  s t a g e s  of meiosis  (pachy tene ,  
diplotene, diakinesis) and  ch iasmata  ter-  
minalization have occurred progressively dur- 
ing migration of the oocytes toward the end of 
the ovary. The bivalent chromosomes a re  one- 
half the number of the somatic chromosomes 
observed in oogonia, and this reduced number is 
maintained in mature  eggs. Two maturation 
divisions a r e  completed while the  oocytes 
migrate down the uterus or  shortly after egg 
laying. They result in the formation of two polar 
nuclei and an egg pronucleus with the haploid 
(nr chromosomal complement. The somatic 
chromosome number  will have to  be re- 
established before such an oocyte proceeds with 
cleavage. This is done in two different ways 
l e a d i n g  t o  t w o  d i f f e r e n t  m e t h o d s  of 
reproduction. 

1. A sperm nucleus fuses with the egg 
pronucleus to form the zygote nucleus with the 
diploid chromosomal complement (Fig.  9). 

Fig. 9. Mature oocyte of M. hupla (race A) with the 
sperm and egg pronuclei about to fuse and form 
the zygote nucleus of a fertilized egg. 

Reproduc t ion  in t h i s  case  i s  by cross-  
fertilization (amphimixis). I t  occurs obligatorily 
in some Meloidogyne species (M. carolinensis, 
M. megatyla, M. microtyla), which usually have 
a large proportion of males. In such species, 
sperm is stored in the spermatothecae of in- 
seminated females, and subsequently, single 
spermatozoa enter the oocytes a s  the  latter pass 
through the spermatothecae. 

2. The second polar nucleus fuses with the 
egg pronucleus to form the egg nucleus with the  
diploid (2111 chromosomal complement. The egg, 
then, proceeds with cleavage. Reproduction is 
by meiot ic  pa r thenogenes i s  ( au tomic t i c  
parthenogenesis). 

Meiotic parthenogenesis in Meloidogyne is 
facultative, in tha t  species which reproduce by 
meiotic parthenogenesis can also reproduce by 
cross-fertilization. In fact, a single population 
can reproduce by cross-fertilization when males 
a re  present or  by meiotic parthenogenesis when 
males a re  absent. Furthermore,  an inseminated 
female with a limited number of spermatozoa 
may produce some eggs a s  the result of cross- 
fertilization and still continue producing eggs 
by meiotic parthenogenesis when the sperm in 
i ts  spermatothecae is used up (3). 

CYTOGENETIC FEATURES OF MAJOR 
MELOIDOGYNE SPECIES 
Meloidogyne incognita 

This species reproduces exclusively by 
m i t o t i c  p a r t h e n o g e n e s i s  a n d  h a s  t w o  
chromosomal forms: a rare  diploid with about 
36 chromosomes and a prevalent triploid, or 
hypo t r ip lo id ,  w i t h  a p p r o x i m a t e l y  42-44 
chromosomes (Table 1). 

An extensive study of a t  least 220 populations 
from 60 countries has  revealed t h a t  M. incognita 
is cytogenetically distinct and can be easily dif- 
ferent ia ted f rom o ther  species by var ious  
cytological characteristics. Many oogonial divi- 
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Table 1. Summary of cytogenetic information related to root-knot nematodes. 
-- -- 

Meloidogyne Populations Countries Chromosome Mode of 
species studied of origin Number Reproduction 

(Number) (Number) n 2n 

M. caroline?~sis 
M. rrlegatylu 
M. micro tyla 
M. sli barc tica 

2 1 18 
1 1 18 Amphimixis 
2 1 18-19 
1 1 18 

:If. exigua 6 1 18 
,TI. gru rninicola 1 1 18 
M. granzinis 10 5 18 Facultative 
,M. rlawsi 1 1 18 
M. otterso~ci 1 1 18 Meiotic 
,M. chitrcloodi 6 3 14-18 
,If, hapla (Race A) 48 24 13-17 Parthenogenesis 

(Polyploid) 1 1 28 
(Polyploid) 2 2 34 

M. urbeni~ni~  18 13 30-38 
34 21 40-48 
68 32 51-56 

M. crclciar~i 1 1 42-44 
M. e~c terolobzi 1 1 -46 
,If. hicpla 6 3 30-32 

11 8 43-48 Obligatory 
M. h ispa r~ iciia 4 4 33-36 
,M. irlcognita 6 6 32-38 

215 64 41-46 Mitotic 
,If. j a~~ar~ i ca  126 45 42-48 
*\I. n1 icrocephnlu 3 2 36-38 
.If. or yzcce 2 1 51-55 Parthenogenesis 
.If. pplutani 1 1 42-44 
.If. qquerciuna 1 1 30-32 
.If. spp. (from coffee) 6 3 50-56 

(from rice) 2 2 36 
Unidentified 5 3 36 

11 7 40-46 

Total 602 

a To be described by H. Hirschmann. 

sions take place in the germinal zone of the 
ovary of young, egg-laying females (Fig. 4). This 
feature is consistent with the relatively high 
reproductive potent ial  of M. incogni ta .  
Metaphase of oogonial divisions is the best stage 
for obtaining an acceptable estimate of the 
somatic chromosome number of M. irccognita. 
Populations with 32 to 38 chromosomes are con- 
sidered to be representing a diploid form (n = 16 
to  18),  a n d  those  wi th  more  t h a n  41 
chromosomes are assumed to be triploid or to 

have been derived from triploid forms through 
loss of chromosomes (hypotriploids). The dis- 
tinction between the two chromosomal forms, 
however,is not very clear because of the absence 
of a distinct gap between them. More than 95% 
of the populations of M.incognita studied have 
2n=42-44 chromosomes, suggesting that this 
chromosomal form is, by far,  the most impor- 
tant agronomically. 

The most characteristic cytogenetic feature of 
M. incognita, and one of high taxonomic value, 



is provided by the behavior of its chromosomes 
at prophase of the first maturation division (5). 
Thus, contrary to the prophase figures of other 
Meloidogyne species in which the chromosomes 
are discrete, the prophase chromosomes of M. 
irtcog~litcc are crowded together in a small 
spherical area and are not discrete (Fig. 10A). 
Furthermore, the prophase in M.incognita is 
much more extended in time, compared to that 
of the other species. As a result of this behavior, 
most of the oocytes in the uterus of M. incognitu 
females are a t  prophase and their chromosome 
number cannot be determined. Only a few 
oocytes, located a t  the end of the uterus, close to 
the vagina, may be a t  metaphase I. In these 
oocytes, the chromosomes are discrete and can 
be counted precisely only when the metaphase 

Fig. 10. The chromosomes of M. incognita during 
maturation of the oocytes. A) Prophase 
chromosomes in an oocyte located in the an- 
terior part of the uterus. The chromosomes are 
crowded together in a small area and cannot 
be counted. B) Metaphase chromosomes 
(polar view) in an oocyte located in the 
posterior part of the uterus. Bar = 3pm. 

plates are in perfect polar view (Fig. 10B). The 
chromosomes in such metaphase figures are 
univalent and occur in the same number 
(somatic) as in oogonial cells. The eggs usually 
are deposited in the egg mass while they are a t  
metaphase I or telophase I and complete the 
first maturation division subsequently. They do 
not undergo a second maturation division but 
proceed directly with the first cleavage division. 
In very old females, some eggs may remain in 
the uterus for a longer period of time and un- 
dergo one or more cleavage divisions before they 
are deposited in the egg mass. 

Meloidogyne javanica 
Like M. i~zcognitu, M. java?~ica reproduces ex- 

clusively by mitotic parthenogenesis. Among 
the 126 populations studied thus far, the 
chromosome number varied from 2n=42 to 2n 
= 48 (Table I),  but most populations had 2n = 
45-46. Chromosomal races have not been 
recognized in M. jcruu~ziccc, and the behavior of 
the chromosomes during oogenesis is uniform 
throughout the species. 

Oogonial divisions are identical with those of 
M. irlcogltita in frequency of occurrence and 
behavior of the chromosomes. The chromosome 
number cannot be determined easily in oogonial 
divisions, but an acceptable estimate can be ob- 
tained from many metaphase figures. 

Oocytes are a t  late prophase or early 
metaphase I as they pass from the sper- 
matotheca into the uterus. Their chromosomes 
are quite discrete and spread over a large area. 
They are univalent, appearing as dyads (Fig. 
11A) and can be counted precisely, especially 
during early metaphase I (Fig. 11B). The 
oocytes advance to anaphase and telophase I as 
they migrate toward the posterior part of the 
uterus. Counting the chromosomes during these 
stages becomes more difficult. Occasionally, 
determination of the chromosome number can 
be made in one or both of the anaphase or 
telophase plates (Fig. 11C). 

Meloidogyue javauica is the most favorable 
species of Meloidogy~re for cytological studies. 
Its chromosomes stain well in young oocytes a t  
prophase or metaphase I and are widely 
separa ted  f rom one another .  Also, t he  
chromosomes of M. javunica appear to be 
slightly larger than those of M. arenuriu (diploid 
and hypotriploid forms) and M. haplu (race B). 
However, this size difference cannot be used in 
differentiating these species. A wide variation 
in size is usually observed, even when standard 
staining procedures are employed. 
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Fig. 1 1 .  The chromosomes of M. javanica during maturation of the oocytes. A) Prometaphase figure with 46 uni- 
valent~ (dyads) in an oocyte that has just entered the uterus. B) Metaphase or anaphase figure (polar 
view). C) Telophase figure in an advanced oocyte located in the posterior part of the uterus. Bar = 3pm. 

Meloidogyne arenaria 
Meloidoyyr~e urer~uriu reproduces exclusively 

by mitotic parthenogenesis. Cytologically, it is a 
very complex species in tha t  it includes popula- 
tions with chromosome numbers varying from 
2n = 30 to 2n = 56 (Table 1). A triploid form 
with somatic chromosome numbers larger than 
50 is the most common and, consequently, 
typical of the species (Fig. 12A). However, 
diploid populations with 2n = 30 - 38 (Fig. 12B) 
and hypotriploid ones with 2n = 40 - 48 chro- 
mosomes (Fig. 12C) have been found in many 
parts of the  world and are  provisionally iden- 
tified a s  M. urer~uria, or variants of it. 

More than 100 populations of M. arenuria 
originating from 40 countries have been studied 
recently (Table 1). Multiplication of oogonia and 
maturation of oocytes follow approximately t h e  

same pattern, a s  in M. iucognita and M. 
j u ~ ~ u r ~ i c a .  The triploid form of M. arenaviu can 
be differentiated from the other major species 
of Meloidoyyrte on the  basis of i t s  high 
chromosome numbers (more than 50, versus 
smaller numbers for the other species). The 
diploid form, which is very rare,  cannot be dif- 
ferentiated from some diploid populations of M. 
hupl(1, and the hypotriploid form, which is more 
common than the diploid, cannot be differen- 
t i a t e d  f r o m  M. javanica a n d  f r o m  t h e  
hypotriploid form of M. Izupla. However, iden- 
tification of these forms of M. arenaria (diploid 
and hypotriploid) is also difficult even on the 
basis of morphological and other criteria, and 
their taxonomic s ta tus  is presently ra ther  
uncertain. 



Fig. 12. The chromosomes of M. arenuria in oocytes at prometaphase. A) Triploid form with 54 chromosomes. B)  
Diploid form with 36 chromosomes. C) Hypotriploid form with 42 chromosomes. Bar = 3pm. 

Meloidogyne hapla 
Cytogenetically, M. h,apla is the most diver- 

sified species of root-knot nematodes (2,3). Most 
populations reproduce by facultative meiotic 
parthenogenesis (race A), i.e. usually by meiotic 
parthenogenesis and less frequently by cross- 
fertilization. Most have a haploid chromosomal 
complement of 17; some have n = 16; and a few 
have n = 15, 14 or 13 (Tables 1 ,2;  Fig. 13). Some 
polyploid females with n = 28 - 34 also occur in 
low frequency within diploid populations which 
have one half as  many chromosomes (6). Other 

populations of M. h,apla reproduce obligatorily 
by mitotic parthenogenesis (race B). Most of 
them have a somatic chromosome number vary- 
ing from 43 to 48, but some have only 30 to 32 
chromosomes (Tables 1, 2; Fig. 14). 

Race A of M. h,apla is easily distinguished 
cytogenetically from the other three major 
species of Meloidogyne by the presence of 
bivalent chromosomes (tetrads) in oocytes 
located in the spermatotheca or in the anterior 
pa r t  of the uterus. This feature cannot be used 
in the differentiation of M. h,apla from minor 
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Table 2. Distribution of various cytogenetic forms of Meloidogyne hapla. 

Mode of Reproduction and Chromosome Numbera 

Continent Meiotic parthenogenesis Mitotic parthenogenesis 
n=13-14 n=15 n=16 n= 17 2n =30-32 2n = 43-45 2n = 48 

North USA-Minn USA-NC USA-NC (3) USA-Va USA-Iowa USA-NC USA-FL 
America Canada (2) Canada (3) USA-Tenn USA-MD 

USA-Ohio 
USA-NC (3) 
USA-SD 
USA-Mich 
USA-Minn 
Canada 

Central Mexico Equador Costa Rica (2) Argentina 
and South Colombia Equador Chile (3) 
America Chile 

Europe Holland France France (2) England 
Italy Germany France 

Portugal 
Holland 

Africa Libya Kenya (2) 
Kenya 

Asia Taiwan Korea Korea (3) Korea (5) Korea (2) 
China China China 

Total 3 6 15 27 2 6 5 

a Numbers in parentheses indicate the  number of populations studied. 

species (see next section) tha t  also undergo 
meiosis and have bivalent chromosomes in 
primary oocytes a t  prometaphase or  metaphase 
I. However, with the exception of some popula- 
tions of M. chitzoodi, which have chromosome 
numbers similar to those of M. hupla, all other 
meiotic species have n = 18 and, therefore, can 
be distinguished from M. hapla on this basis. 

Race B of M. hapln with 30 to 32 univalent 
chromosomes (dyads) in oocytes a t  metaphase I 
is similar to the diploid form of M. ure?zuria 
which most often has a somatic chromosome 
number of 34 to 36. Other race B populations of 
M. hnpl(r with 2n = 43-48 a re  indistinguishable 
from the hypotriploid form of M. arenaricl with 
the  same number of chromosomes. Similarly, 
they cannot be differentiated from M. jnvanicn 
which shows the same range of chromosome 
n u m b e r s  in s p i t e  of t h e  f a c t  t h a t  t h e  
chromosomes of M. jnvwzicaare usually slightly 
larger than those of M. hapla, race B. 

CYTOGENETIC FEATURES OF MINOR 
MELOIDOGYNE SPECIES 

Aside from the four major species discussed 
in the previous section, the remaining species of 
Meloidogyt~e a re  referred to a s  minor species 
because they a re  encountered much less fre- 
quent ly  and  a r e  less impor tan t  a s  plant  
pathogens on a worldwide basis. 

Two of the minor species studied thus  far,  M. 
cc~rolirze?lsis and M. n2egutyla, are  similar 
c y t o g e n e t i c a l l y  in t h a t  t h e y  r e p r o d u c e  
obligatorily by cross-fertilization and have a 
haploid chromosome complement of 18. 
M. rtlicrotgla is cytogenetically similar to the  

previous species, but only a few females of the 
population studied had n = 18 chromosomes. The 
m a j o r i t y  of t h e  f e m a l e s  h a d  n = 1 9  
chromosomes .  Th is  species  is t h e  only 
Meloidoyyne species with a chromosome num- 
ber larger than 18, not including the cases of 
reported polyploidy in M. htrplu (6). 



Fig. 13. Prometaphase figures in primary oocytes of 
M. hapla (race A). A) With 17, and B) with 14 
bivalent chromosomes. Bar = 3pm. 

-11. si(b(ircfic(~ also has n=18 chromosomes (I ) ,  
but its mode of reproduction is not known and is 
onlv s u s ~ e c t e d  t o  be cross-fertilization. 

Another group of minor species includes M. 
e.rigiu~, '11. gr[~rr~irtis, ,$I. grarni)iicola, A!. tr(lasi, 
a n d  JI. o t t e r so t r i  w h i c h  h a v e  n = 18 
chromosomes but reproduce by facultative 
meiotic parthenogenesis (7). 

The remainder of the minor species tha t  have 
been studied cytogenetically do not undergo 
meiosis and reproduce exclusively by mitotic 
parthenogenesis. (Table 1). Some of them are  
diploid with about 30 to 36 chromosomes [hI. 
Itisptr)lici~ ( to  be described by H. Hirschmann), 
M. rrr io.occjphulu, M. querciurla, and several un- 
described forms], some a re  triploid with 50 to 56 
chromosomes (111. oryxue and an  undescribed 
species from coffee), and most are  hypotriploid 
with intermediate chromosome numbers (41. 
crttcia)li. M. utterolobii, M. platani, and 8 un- 
described forms). 

Fig. 14. Prometaphase figures in oocytes of M. hapla 
(race B). A) With 45, and B) with 32 univalent 
chromosomes. Bar = 3pm. 

EVOLUTIONARY RELATIONSHIPS OF 
ROOT-KNOT NEMATODES 

Cytogenetic information about  root-knot 
nematodes has been very useful in elucidating 
biological relationships and in suggesting a 
number of possible pathways of evolution of the  
present forms of these nematodes (6).  Still, in- 
terpretation of the interrelationships of the  
various species is difficult. The fact tha t  most 
root-knot nematode species reproduce by 
mitotic parthenogenesis and have variable 
chromosome numbers complicates the concept 
of what  constitutes a biological species in these 
organisms. With the exception of M. i?tcogrtitu 
and M. juccr?liccl which appear to represent uni- 
f o r m  b i o l o g i c a l  u n i t s  w i t h  d i s t i n c t  
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Table 3. Cytogenetic relationships of root-knot nematodes. 

morphological, cytological and biochemical 
features (see Chapter l l ) ,  the biological s ta tus  
of all o ther  obligatorily parthenogenetic 
(mitotic) species is not clear. How they are 
related to one another or to the facultatively 
parthenogenetic (meiotic) species from which 
supposedly they have been derived is a mat ter  
of speculation. 

The s ta tus  of the facultatively partheno- 
genetic species is also doubtful, although, for all 
practical purposes, such species could be regar- 
ded as  equivalent to amphimictic species. Con- 
ceptually they can be considered a s  t r u e  
biological species if they are  really reproduc- 
tively isolated from each other. However, tests 
for demonstrating reproductive isolation are  
technicallv verv difficult because of t h e  

AMPHIMIXIS 

b 5 
MEIOTIC ' PARTHENOGENESIS 

4 

M. carolinensis 
+ 3 minor species 

facultative' nature of parthenogenetic reproduc- 
tion and the lack of genetic markers tha t  would 
verifv intercrossing.. 

n = 18 

oil\- the  obl ig~tor i ly  amphimictic species 
could be regarded a s  true biological species, but 
even these have not been tested for reproductive 
isolat ion a n d  t h e i r  high degree  of h o s t  
s~ecialization renders such tests auite difficult. 

+ 6 minor species 

M. hapla (Race B) 
M. arenaria 
M. incognita 
M. javanica 

, +  7 minor species t--------------------------- 
M. arenaria I + 2 minor species 

_I 

Based on available cytogenetic information, 
t h e  fol lowing a s s u m p t i o n s  can  be m a d e  
regarding the cytogenetic evolution of root-knot 
nematodes: 

........................................ 0 

(Hypotriploid) 
24 45 N MITOTIC 

215 
131 

PARTHENOGENESIS 
k 

----------- h 

7 7 (Triploid) 
(51-56) 

M. exigua 
+ 3 minor species 

M. hapla (Race A) 
M. chitwoodi 

M. hapla (Race B) 
M. arenaria 
M. incognita 

a )  The ancestral root-knot nematodes were 
amphimictic animals, like most other animals 
we know today; 

b) Parthenogenetic fo rms  evolved from 
amphimictic ones; 

C)  Since the presently amphimictic forms 
have a haploid chromosome number of 18, this 
number may represent the basic number from 
which all o ther  chromosomal fo rms  have 
evolved; 

d)  High chromosome numbers represent 
states of polyploidy; 

e) Chromosome numbers which are  not multi- 
ples of 18 may represent various states of 
aneuploidy resulting through loss of individual 
chromosomes (in polyploid forms) or through 
chromosomal fusions. 

These assumptions lead to the  following in- 
terpretation regarding the pathway of evolution 
of r o o t - k n o t  n e m a t o d e s  ( T a b l e  3 ) .  T h e  
obligatorily amphimictic species (M. nlegatylu, 
M. cnroli?le?lsis, and M. nlicrotylu) are  the  
closest relatives of the assumed ancestral root- 
knot nematode. Facultatively parthenogenetic 
species, like M. exiguu, M. nausi, hI. grunzinis, 
etc., with n=18, probably have evolved from an 
a m p h i m i c t i c  a n c e s t o r  w i t h  t h e  s a m e  
chromosome number ,  following evolution 
toward meiotic parthenogenesis. Some forms 

n = 18 

55 1 14-17 
14-18 

(Diploid) 
36 

(30-38) 



within this group, like M. huplu (race A) and M. 
chitlc,oodi, may have evolved fur ther  by ad- 
ditional modifications of their chromosomal 
complement tha t  resulted in the reduction of 
the haploid chromosome number from 18 to 17, 
16, 14, and 13. 

All t h e  mi to t i c  pa r thenogene t i c  f o r m s  
p r o b a b l y  h a v e  e v o l v e d  f r o m  m e i o t i c  
parthenogenetic ancestors, or less likely, from 
amphimictic ones, following suppression of the 
meiotic process dur ing  matura t ion  of the  
oocytes. The variation in chromosome numbers 
observed among the mitotic parthenogenetic 
forms suggests several pathways of derivation. 
Species with about 36 chromosomes, apparently 
a re  diploid and may have evolved from diploid 
meiotic forms without any  change in the degree 
of ploidy. Species with about 54 chromosomes 
could be considered a s  triploids, and most likely 
they have been derived following hybridization 
of meiotic parthenogenetic forms involving, e.g., 
fertilization of a n  unreduced egg with 36 
(18+18) chromosomes with a normal sperm 
having 18 chromosomes. Species with inter- 
m e d i a t e  n u m b e r s  o f  c h r o m o s o m e s  
(hypotriploid) may have been derived from the 
triploid forms through actual loss or  fusions of a 
number of chromosomes. Most likely, however, 
they may have evolved from meiotic diploid 
f o r m s  with  reduced chromosome numbers  
follo\ving fusion of unequal gametes. Thus, a 
hgpotriploid form with 45 chromosomes may 
have been derived from the fusion of an un- 
reduced egg with 30 chromosomes with a nor- 
mal sperm with 15 chromosomes. 

This  pa thway  of evolution of root-knot 
nematodes is similar to  the pathways of evolu- 
tion proposed for other parthenogenetic animals 
and represents the prevailing thought on evolu- 
t ion  of pa r thenogenes i s ,  polyploidy a n d  
aneuploidy 18). However, recent studies of the 
behavior of tetraploid forms of ,+I. hupla (6) and 
fur ther  consideration of the chromosomal com- 
plement of nematodes in general have offered 
alternative explanations about the possible 

pathways of evolution of root-knot nematodes. 
Since all nematodes, with the exception of some 
ascarids and a few other polyploid forms, have 
small chromosome numbers, ranging between 5 
and 9 (n), the n=18  chromosomes of the genus 
M e l o i d o y y ~ r e  m a y  r e p r e s e n t  a s t a t e  of 
polyploidy (tetraploidy ?). The existence of 
Hypsoper i ) l e  (Meloidogyne?) sl~urti lzcte,  a 
species very closely related to  root-knot 
nematodes, with only 7 chromosomes a s  the 
haploid number, provides additional support  to 
this assumption. Furthermore,  polyploidy is 
k n o w n  t o  b e  v e r y  c o m m o n  o n l y  i n  
parthenogenetic animals, whereas i t  is very rare  
in amphimictic animals. Therefore, if the 
present-day forms of Meloidogyue a re  truly 
polyploid, one may have to assume tha t  such 
polyploid f o r m s  have  evolved d u r i n g  a 
parthenogenetic phase in the evolution of the 
g e n u s .  C o n s e q u e n t l y ,  t h e  m e i o t i c  
parthenogenetic forms, such a s  M. grurrli)~is. M. 
)~ctrrsi and others, with n=18, a s  well a s  those 
with reduced chromosome numbers (M.  hul~lu 
and M. ch~trc-oodi) may hold a position closer to 
the ancestral forms of root-knot nematodes and 
may have played a significant role in the evolu- 
tion of all the  other forms. The amphimictic 
forms, M. cc~roli)let~sis, M. ttlegrityla and ,+I. 
))ricr.otglrr, may have evolved to polyploidg while 
they were meiotically parthenogenetic and con- 
verted to obligatory amphimixis later on. These 
assumptions a re  very tentative a t  the present 
time. Further cytogenetic analysis of additional 
rare  Meloidogyne species and other forms 
related to the root-knot nematodes, a s  well a s  
consideration of other sources of information 
( m o r p h o l o g y ,  a n a t o m y ,  p h y s i o l o g y ,  
biochemistry),  will be needed for  a more 
realistic evaluation of the pathways of evolution 
of these nematodes. 
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BIOCHEMISTRY AS A TOOL IN IDENTIFICATION 
AND ITS PROBABLE USEFULNESS IN UNDERSTANDING 
THE NATURE O F  PARASITISM 

Depu't ttr r tr t of Pkr tc t Ptr tholo,qy, 
l i ~  icersif y oj'Georgia 
d t1~etl.s. Gc'c~r.yjitr. C'S.4 

Biochemical approaches to characterizing 
A\I~~loido~j!jtrc~ species are  providing new and 
u s e f u l  i n f o r m a t i o n  f o r  t a x o n o m i c  a n d  
phylogenetic investigations of these nematodes. 
Data obtained by these new approaches will 
c o m r ~ l e m e n t  a n d  ex tend  t h e  in format ion  
provided by classical nematode systematics. 
Through the application of technology currently 
being developed in biochemistry, biochemical 
techniques may soon become a valuable and 
routine approach to characterizing and identify- 
ing JIe!oidogynt. species. 

The problems associated with taxonomy of 
J l ~ ~ l o i t l o ~ j ~ t r c ~  species include the variability of 
morphological characters ie.g. the posterior 
cuticular patterns of adult females) and the oc- 
currence of physiological races (e.g. iti- 
co!lttiffc and J l .  trt.t.tltrt.ici) differentiable only by 
their reproduction on certain plants (33,39). 
These problems have caused investigators to 
search for means other than morphological and 
anatomical characters to assist in the identifica- 
tion and classification of species and races of 
this nematode genus. 

In the past decade, because of the worldwide 
importance of .llc~loirlo!/yttt. species as plant 
pathogens (38) and the difficulty frequently en- 
countered in identifying species, attention has 
been focused on cytogenetic and biochemical 
analyses as tools for identification and for in- 
vestigation of systematics of these nematodes 
(16). These studies make it apparent tha t  
problems encountered in the separation of 
.\lc~loitlo!j~t/c. species and in elucidation of their 
phylogenetic relationships \\Jill be best resolved 
by combining information obtained from 
morphological, cytological, and biochemical in- 
vestigations,  thereby characterizing these 

nematodes more completely than they have 
been previously. The application of biochemical 
systematics to nematodes has been reviewed by 
Hansen & Buecher (20), Hussey (22), and Plat- 
zer (3'7). This paper contains a brief review of 
the biochemical approaches being used in study- 
ing the taxonomy and phylogeny of species of 
.Weloitlo,q!jt/t.. 

BIOCHEMICAL ANALYSES 
Biochemical systematics depends on iden- 

tification of the subtle molecular differences 
which underlie taxonomic variation (20). A 
primary problem is determining which chemical 
characters will be valuable in providing infor- 
mation for taxonomy. A good chemical tax- 
onomic character (i)  should remain constant 
within samples being studied, ( i i )  should be un- 
responsive to environmental influence, and ( i i i )  
should correlate with existing classifications 
constructed using other characters. (7). 

The ultimate goal in taxonomy should be to 
classify the genotypes of organisms; however, a 
practical method for t h e  analysis of the  
sequence of nucleotides in a gene is unavailable. 
DNA nucleotide differences in organisms can be 
es t imated by DNA hybridization studies,  
although this has not been used to any extent 
with nematodes (37). Proteins, however, are  a 
manifestation of the sequence of nucleotides in 
a gene, and analysis of these macromolecules 
provides a reliable approach for comparing the 
genotypes of organisms (1). Protein sequencing 
is not presently feasible with nematodes, and 
biochemical systematics of these organisms has 
relied on conlparisons of the amino acid com- 
position of proteins via gel electrophoresis and 
serology. 



Biochemistry - A Tool in Ide7lti'cution 

Asenic cul ture  is the ideal method of 
p ropaga t ing  nematodes  fo r  biochemical 
analyses because the influence of a host plant on 
the nematode's proteins is removed and culture 
techniques can be s tandardized.  However, 
,Il~loirlogy)~c' species are  obligate parasites and 
cannot be cultured axenically. Due to their 
highly specialized host-parasite relationships, 
these nematodes are  most easily cultured 
xenically on greenhouse-gro~vn plants, although 
they can be cultured on escised roots growing on 
a sterile agar substrate (35). 

An important problem to  overcome once 
nematodes are  in culture is separating the 
developmental stages. I t  has been well es- 
tahlished that  certain chemical characters in 
nematodes are  age dependent. Dickson e t  al. 
(12) demonstrated the occurrence of stage- 
specific electrophoretic enzyme patterns in M. 
i;rcof/;riftr. Four isozymes of malate dehydro- 
genase were detected in the  second-stage 
juvenile and egg stages n~hereas  only three were 
found in the adult female stage. Esterase 
profiles also differed among the three stages. 
Similar differences were found anlong the life 
stages of P(r~cclgrcjll/rs sillrsioc~ (9). These studies 
clearly illustrate the importance of utilizing 
nematodes in a single developmental stage 
\\-hen biochemical systematic investigations are  
being conducted. 

Mr~loirlofj!y)rc species a re  particularly suitable 
for biochemical analyses because living globose 
adult females, second-stage juveniles, or eggs 
can be readily separated from each other 
(23,251. This permits analyses to be carried out 
on nematodes all in a single developmental 
stage, thereby eliminating most age-dependent 
variation. In fact, pre-parasitic second-stage 
juveniles of Globo(ler*tr rosfochio1si.s provided a 
more reliable source of proteins for analyses 
than did adult females because the juveniles 
were free of host proteins which can contribute 
to variation in electrophoretic protein profiles of 
adult nematodes (19). This absence would be 
particularly important  if the  Meloido.yy)lt> 
species being studied could not be cultured on a 
common host (e.g. tomato) .  Nevertheless, 
nematodes in the same stage but a t  different 
points of development within that  stage might 
s t i l l  h a v e  s l i g h t l y  d i f f e r e n t  c h e m i c a l  
characteristics. 

GEL ELECTROPHORESIS 
Polyacrylamide-gel electrophoresis (10,36) 

provides a high resolution technique for 
separating protein molecules on the basis of size 
and net charge. The technique is relatively sim- 

ple to use proficiently, and several books have 
been written tha t  describe the procedure in 
de ta i l  (8,31,40). Compara t ive  s t u d i e s  of 
nematode proteins by polyacrylamide-gel elec- 
trophoresis have provided information that  has 
been helpful in characterizing and elucidating 
relationships anlong nematode species (22). 

The first biochemical systematic study with 
,IIelo~(lo.qy,rt> species was conducted by Dickson 
et  al. (13), \\rho compared proteins in buffer ex- 
tracts of adult females by polyacrj'lamide-gel 
electrophoresis. Unique nonenzymatic protein 
profiles were found for females of the four com- 
mon Meloit1ogy)rc. species (M. ivcog)rlttr, M. 
rrrv2)rrrrtcr, M. hhaplrr, and 1CI. jnrlnrticcr). Four pop- 
ulations of M. .j(r~lc~)ric.rr, three populations each 
of Jf. htlrrplrr and ,V. iiltc.og)~itn and one population 
of M. rrr~)~ciritr were compared in this study. 
Two regions of the protein profiles were con- 
sidered to have taxonomic value. One region of 
the profile was considered genus specific, and 
another region contained interspecific dif- 
ferences. Fur thermore ,  populations of ;%I. 
j(r c1tr)rlctr originating in widely separated 
geographic regions of the world had very 
similar protein profiles. 

The sensitivity of polyacrylamide-gel elec- 
trophoresis is greatly enhanced when specific 
enzymatic proteins are  localized in the gels 
through staining techniques. Staining recipes 
for identifying 38 different enzymes in gels a re  
available (40,41). Many enzymes are  known to 
exist in multiple molecular forms which differ 
in electrophoretic mobility. If they share  a com- 
mon substrate, they are  called isozymes; if they 
are  products of a single genetic locus, then they 
are  called allozymes (1). 

Dickson et  al. (12) demonstrated that  elec- 
trophoretic analysis of enzymes had potential in 
the identification of M~lo idoqy) l r  species. Lac- 
t a t e  dehydrogenase and acid a n d  alkaline 
phosphatase were similar for 11 geographic 
isolates of M(~1oirloyyue species. However, elec- 
trophoretic patterns of a-glycerophosphate 
dehydrogenase, malate dehydrogenase, glucose- 
&phosphate dehydrogenase and non-specific es- 
terases varied among the four species. Glucose- 
6-phosphate dehydrogenase was monomorphic 
but differed in electrophoretic mobility anlong 
M. i);cog)/ifrr, M. Iltrpl[r, and ill. j(lotr )lira. Ac- 
tivity for this enzyme was not detected in M. 
rtrbc2)rclrtcr. The three other characterizing en- 
zymes differed in either band number, band 
mobility or both anlong the four species, with 
the exception of malate dehydrogenase which 
was similar for M. ijllco.c~)u'tr~ and M. j(rc~c~)liccl. 
Only esterase profiles exhibited intraspecific 



~ ~ a r i a t i b n .  Esterase profiles varied in one pop- 
ulation each of &\I. iillcogtritcc and M. htrplrr. In- 
terestingly, no dif ference~ were detected in en- 
zyme patterns from two cytological races of M. 
hccl~ltr, one having a reduced chromosome num- 
ber of 15 to 17 and the  other with a somatic 
chromosome number of 45. The results obtained 
f rom th i s  s tudy  were used to  compute  a 
phylogenet ic  c lass i f icat ion of t h e s e  f o u r  
J l~ lo ido f / ! j )~c~  species based on the number of 
nonmatching enzyme bands. 31. 1zccl)lcc had the  
greatest number of nonmatching bands and was 
considered the  most primitive member. 

Hussey et al. (26) continued the studies of 
proteins of Jlt~lr~irlog!ltl~ species, and their 
results supported the earlier work of Dickson e t  
al. (12).  The most striking differences between 
.\I. itlcogttitcc and '1% crrerrcrr-icc were in esterase, 
malate dehydrogenase and a-glycerophosphate 
dehydrogenase patterns. Although differences 
were present in the nonenzymatic protein 
prof i les ,  t h e s e  d i f fe rences  w e r e  not  a s  
diagnostic a s  the  enzyme patterns.  Several ad- 
ditional esterase bands for both species, and two 
more LY-glycerophosphate dehydrogenase bands 
for -11. nt-~trctritr were detected than previously 
reported (12). Very similar protein and enzyme 
profiles were obtained for two populations of 
each species even though the populations exist 
in widely separated geographical regions of the  
world and have slightly different host ranges. 

Results from studies of the influence of a host 
plant on nematode enzyme patterns have been 
variable. Differences have been detected in 
p e r o s i d a s e  a n d  a - g l y c e r o p h o s p h a t e  
dehydrogenase patterns of extracts from Jl.  i t / -  
t.o{]tritfc propagated on differnt hosts (25,27). 
Since patterns of several other enzymes, in- 
cluding esterases, were not influenced by vary- 
ing the  host, the  host plant may influence only 
certain enzymes. Ishihashi (28) also reported 
variation in protein and enzyme patterns of 
.Ilc~loi(lo,qyt species a s  affected by host plants 
and growing conditions of the  host. H e  reported 
variation in esterase profiles a s  did Berg6 & 
Dalmasso ( 4 ) .  The culturing of M c l o i d o y ~ t r ~  
species on four hosts did not affect the  enzyme 
patterns studied by Dickson e t  al. (12). Because 
the  effects of host plants on nematode enzyme 
patterns have been found variable, M~loidoyytrc  
species should be propagated on a common host 
when possible for biochemical studies. 

The most significant development in the 
biochemical systenlatics of Me1oitlo~y)le species 
n as  the  adaptation of polyacrylamide gel elec- 
trophoresis on a microscale in order to separate 
p r o t e i n s  f r o m  i n d i v i d u a l  a d u l t  f e m a l e  

nematodes. Dalmasso & Berg6 (10) were the  
first  to  use n~icroelectrophoresis to separate 
p r o t e i n s  f r o m  s ing le  f e m a l e  spec imens .  
Acrylamide gels are  used a s  thin slabs (0.7 m m  
thick) o r  a s  thin cylinders in microhematocrit 
tubes (1.1 mm i.d.). These exceedingly thin gels 
a re  capable of separating proteins from one 
adult  female specimen of ,Vl~loido.qgrrc species. 
The micro-slab technique allows comparison of 
extracts of 20 individual nematodes on a single 
gel. 

Dalmasso & Berg6 (10) used the  microtech- 
niques to  study enzymes and  nonenzymatic 
proteins from several populations of the  four 
common I11t~loitloy!4ilr~ species and one popula- 
tion each of 121. tlccctsi and an  undescribed 
species. So the  variability a t  each locus studied 
could be assessed, 80 individuals from wild pop- 
ulations and  20 specimens from single egg mass 
cultures were analyzed; a total of 22,000 in- 
dividual specimens were examined. Although 
some differences were apparent in the nonen- 
zymatic protein profiles from individual female 
nematodes, the  greatest  discrimination was ob- 
tained with the enzyme analyses, and  non- 
specific esterase patterns proved to  be the  most 
valuable. The esterases were polymorphic and 
shown to be the  product of multiple genetic loci. 
Two types of esterase, differentiated by their 
activity totvard a-naphthyl acetate, were iden- 
tified in ,21ploido~~!jtte females. Strongly stained 
esterases were designated b esterases and 
weakly stained ones were called /j esterases. The 
b esterase patterns were the most reliable for 
identifying the  common .1/If~loido{j!jt/c~ species. 
Three  b es terases  were identified for  M. 
,jcl~vrtticcl and M. ccrettctr.lcr and one for htrl)lrt 
and J1. itic.ocjc!,/itcl. 

Janati  e t  al. (30) continued the  investigation 
of esterases and studied esterase patterns in 75 
h1cloidof]!jtic populations. The b esterases were 
species specific, and this finding confirmed the  
earlier report (10); however, eleven of the  75 
populations had unusual b-esterase profiles 
which indicated tha t  they might be undescribed 
species. 

Micro-disc electrophoresis of proteins of 
,%16~lortloy!jtrc~ females provides a new dimension 
for characterizing and identifying root-knot 
nematode species. For diagnostic purposes i t  is 
now feasible to conduct enzyme analysis on in- 
dividual females dissected from galled roots of 
plants and compare the esterase profiles ob- 
tained with the known esterase patterns of the  
f o u r  m o s t  common species  of root-knot  
nematodes (14). Though 50 or more AV1eloirlogyri~ 
species have been described, 98% of the popula- 
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tions worldwide tha t  have been identified in the  
International IIIeloidogg~te Project belonged to  
either il% i)lcoynitu (54%), M. j(7 ~ ~ ~ t ~ i c t z  (3OfL), M. 
Iitipltr (7'; ) or JI. to-e)zuritr (7'7~) (38). The 
posterior cuticular pattern,  which is the prin- 
cipal character currently being used for the  
identification of these four root-knot nematode 
species, is variable, and its features are  not 
always diagnostic for M. crt*t.trctriu and :V. in- 
coytrittr. Esterase analysis of adult  females, 
when used in conjunction with morphological 
analysis, facilitates the  identification of these 
four Jlt.loitJogyt/e species. 

Gel electrophoresis has also contributed to 
the  systematics and identification of other 
nematodes. Trudgill & Carpenter (47), during a 
s t u d y  of n o n e n z y m a t i c  prof i les  of c y s t  
nematodes, noted tha t  profiles of pathotype A 
a n d  p a t h o t y p e s  B a n d  E of Hetc~roderu  
rn.stochiensis consistently differed by three 
bands. The electrophoretic data  supported the  
decision to separate the pathotypes into two 
species, G1obotlt.r~ pulli(1u and G. t8os toch retlsis 
(2).  Electrophoresis also proved to  be a reliable 
procedure fo r  identifying Cuer~or*Ittcbditi.s 
species accuratelb,. Four out of five strains 
received a s  putative C. br.igysue were identified 
a s  C. elegtrrls based pr imari ly  on mala te  
dehydrogenase and  nonenzymatic protein 
profiles obtained by gel electrophoresis (16). 
Since these two species are  normally separated 
by bursa1 ray arrangement in males, which a re  
uncommon in cultures, electrophoretic analysis 
of proteins has provided a reliable and accurate 
means of species identification. 

The identification of physiological races of 
Jle loidoy~t le  species and determination of their  
distribution is frequently important in order to  
reduce  c r o p  losses t o  t h e s e  nematodes .  
However, identification of biochemical dif- 
ferences among races of .2lc'loitloyytle species 
remains to  be accomplished. Avise (1) has point- 
ed out that  multi-loci studies of conspecific pop- 
ulations of amphimictic organisms have shown 
tha t  they usually have a high percentage of 
biochemical similarity which makes it very dif- 
ficult for subspecies to be identified by this 
method. Nevertheless, two pathotypes of G. 
rostocltiertsts have been differentiated by 
means of two-dimensional electrophoresis of 
aqueous extracts (2). Pathotype PO5 of G. 
r~o.stochiP)tsi.s had one protein t h a t  was absent in 
the protein pattern of pathotype PO,. The 
nature of this protein is unknown. Differences 
among .Ilt.loidoggttc.. races probably reside in the  
contents of the secretory granules found in the  
dorsal and subventral glands (5,6). The com- 
pounds present in these granules a re  thought to 

be responsible for establishing the  specialized 
h o s t - p a r a s i t e  r e la t ionsh ips  of root-knot  
nematodes and might be responsible for the  dif- 
ferences in host ranges among races. Charac- 
terization of the  compound(s) in the  secretory 
granules and their role in the establishment of 
the  highly specialized host-parasite relationship 
is one of the  most challenging and exciting areas 
for future  research with ,Ileloidoyyr~e species. 

SEROLOGY 
The protein constituents of two organisnls 

can also be compared by serology. Because of 
the  relative specificity of the  antigen-antibody 
reaction, serological techniques are  regarded a s  
very reliable in determining homologies among 
proteins found in di f ferent  species, t h u s  
p rov id ing  ins igh t  in to  t h e  evo lu t ionary  
relationship of the  species in question (17). 
These techniques have been employed to deter- 
mine s imilar i t ies  and  differences among  
nematode antigens (22). 

Serology failed to  demonstrate great dif- 
fernces in antigens between adult  females of M. 
irtcogtrittr and M. trt.er/trt*icc (23). Double diffusion 
(Ouchterlony) t e s t s  showed t h a t  one im- 
munoprecipitate was unique for M. r,rcogriitt~, 
tvhereas another eight, based on band position 
and coalescence, were common to both species. 
The large number of common precipitin bands 
tha t  formed in the  double diffusion tests in- 
dicates a close serological relationship between 
t h e  two A%feloitJoyy)te species. Prel iminary 
results of comparison of ll/I. lhtrl~lo and M. 
jtr c ~ t  rrrctr with ,11. il/coy?titcc and M trrv)/trricc 
suggest tha t  M. jui~u)(iccc is more closely related 
to  lbI. ittc*ofltlittr and -b1. co*etlccr-itr than is M. htrplu 
(22). Fewer precipitin bands were obtained with 
extracts of 1M. htrl~ltt than with those of the other 
three species, and spurs formed on some of the  
precipitin bands tha t  did develop. 

In Ouchterlony tests, immunoprecipitin pat-  
terns resulting from multiple antigen systems 
often a re  difficult to  interpret. Differences in 
precipitin bands can be obscured due to the  com- 
plex nature  of a precipitin pattern or  to diffuse 
precipitin bands. Gel diffusion tests provide the  
most reliable information when single kinds of 
molecules a re  compared to show their struc- 
tural  similarity (17). More striking serological 
differences probably would be obtained with 
purified nematode proteins, e.g. cuticle or mus- 
cle proteins. Multiple antigen systems a re  
p e r h a p s  bes t  ana lyzed  by immunoe lec -  
trophoresis where only the  presence or absence 
of antigens among species is noted. A larger 
number of precipitin bands developed when an- 
tigens of M. i~tcoyrtittr and 111. tozrtu).icc were 



compared by immunodisc electrophoresis 
ra ther  than by Ouchterlony test (27). 

Absorption of antisera for removal of an- 
tibodies tha t  react with similar antigens from 
two J l c ~ l o l o j  species produced a species- 
specific antiserum (23). When M. it/co,iltlittr 
antiserum tha t  had been previously absorbed 
\vith ,11. (cctutltrt-it1 antigens was reacted with 
hon~ologous and  heterologous ant igens ,  a 
precipitin band formed only between the  
homologous antigens and antibodies. 

Misaghi & McClure (32) examined t h e  
serological relationships of three r21eloido,q!j~ce 
species using ant igens  f rom second-stage 
juveniles and eggs. Although a number of 
precipitin bands Lvere common to all species, 
juveniles and eggs of .If. it/co,qtlittr possessed one 
specific antigen not present in ,ZI. j(l(~itlictr or M. 
trt~c~trii~~iii. T\vo precipitin bands were also unique 
to J l .  jcci~citlictr. The species-specific antigens 
\\-ere confirmed by cross-absorption tes ts .  
Baron ( 3 )  also reported a strong serological 
re la t ionship for  second-stage juveniles 31. 
j~ic~citrii~tr, J l .  it/co~lt~ctii and Jl .  trtut/ilricr from 
\Yest Africa. 

The usefulness of serology in distinguishing 
populations or races of ,I leloi t logyt/~ species is 
still uncertain. In tests comparing populations 
of -11. itrcogtlitci from Taiwan and Peru, nine dis- 
tinct precipitin bands formed; however, all 
precipitin bands coalesced, indicating tha t  these 
two populations were serologically similar (23). 
Serology has  been shown to be a reliable method 
for determining similarities in nematode an- 
tigens; hence, these techniques have great  
potential  for elucidating the  phylogenetic 
relationships of root-knot nematodes, and in 
fact, nlay facilitate the identification of species. 

OTHER BIOCHEMICAL ANALYSES 
Compounds other than nucleic acids and 

p r o t e i n s  m a y  have  t axonomic  va lue  f o r  
classification of ,21eloitlogytle species although 
little attention has been given to  investigating 
other chemical characters for this purpose. In a 
study comparing the  lipid and fa t ty  acid com- 
position of adult  females and eggs of 1M. iji- 
t*o!jtrittr and ,If. iir.etlirr*icr, no qualitative dif- 
ferences were detected in the  fa t ty  acids, 

although relative quantities of certain fa t ty  
acids did differ between the two species (29). 

PROSPECTS 
Biochemical approaches to the  taxonomy of 

Jlc~loiclo~j!/ttr, although still being evaluated, 
have considerable potential for assisting in the 
identification and classification of members of 
t h i s  i m p o r t a n t  g e n u s  of p h y t o p a r a s i t i c  
nematodes .  The most  promising approach 
seems to  be the  comparison of enzymes of adult  
females with micro-disc electrophoresis. Dif- 
ferences found in enzyme profiles, most notably 
\vith esterases, already have been shown to be 
useful in separating ~ 1 l e l o i d o y e  species. 

Nonchemical control strategies (crop rotation 
and resistant cultivars) for Meloidoyy~le  species 
a re  becoming more important in agriculture. 
Knowledge of species and even race distrit)ution 
i s  n e c e s s a r y  f o r  m a n a g e m e n t  of t h e s e  
nematodes. Control programs using either resis- 
t a n t  cultivars or  crop rotation a re  usually direc- 
ted a t  specific M~loit loygtte species. Since dif- 
ferent  Meloitlogytle species a r e  impor tan t  
pathogens on different agronomic crops (45), the  
species present in a field mus t  be accurately and 
often rapidly identified. Therefore, the develop- 
m e n t  of a rapid and  reliable biochemical 
procedure for identifying the  species present in 
a field \vould enhance the  ability to  control 
these nematodes. The same speed and reliability 
in the  identification of races would be helpful, 
although a s  noted above, a t tempts  to  separate 
them biochemically have not been successful. 
T\vo-dimensional electrophoresis (34) can 
separate more than one-thousand proteins and 
may allow detection of protein differences 
among races of Meloidogyt/e species. 

Serology has  been shown to have potential for 
elucidating phylogenetic relationships among 
~l/lt~loido.qgtte species and for adaptaion for use 
in species identification. Production of species- 
specific antisera could provide a means of rapid 
identification of !Meloitloygtrc~ species. The new 
technology of monoclonal antibody production 
(15) should facilitate the  production of species- 
specific ant isera ,  and  enzyme-linked im- 
munosorbent assays provide a highly sensitive 
method for detection of Meloidogytle antigens. 
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DIFFERENTIATING CHARACTERS 
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Raleigh, North Carolina, USA 

The use of enzyme phenotypes for species 
identification and for the elucidation of the tax- 
onomic and phyletic relationships of organisms 
has become quite popular during the last 20 
years (16, 17, 21). Enzyme studies of root-knot 
nematodes were initiated in 1971 (8). This early 
work indicated clearly that  phenotypes of some 
enzymes are characteristic of certain species or 
certain populations within a species. Since then, 
about 30 enzymes have been detected in various 
Meloidogyne populations (Table I), but only a 
few of them have been investigated extensively 
and assessed for their usefulness as  taxonomic 
characters (4, 10, 14). Dalmasso and Berg6 (4) 
conducted an extensive survey involving 83 pop- 
ulations of 5 Melddogyne species. These in- 
vestigators used a miniaturized extraction and 
electrophoretic procedure that enabled them to 
determine the enzyme phenotype of individual 
females of root-knot nematodes, thus increasing 
their chances of detecting enzymatic variation 
within populations. In more recent work, the 
thin-slab electrophoretic procedure provided 
even more accurate evaluations of enzyme 
phenotypes of these nematodes (14). Com- 
parisons of 20 or more nematode-protein ex- 
tracts in the same slab gel, under exactly the 
same electrophoretic conditions, can reveal even 
slight isozymic variations that may exist within 
and between populations of a species or between 
species (10). 

I t  is believed that, with standardization of the 
electrophoretic procedures (protein extraction, 
e lec t rophores is ,  a n d  s t a i n i n g ) ,  enzyme 
phenotypes can provide a number of advan- 
tageous and objective characters for the iden- 
tification of certain species or biological forms 
of root-knot nematodes and for taxonomic 
characterization of new forms. 

Because the early data about certain enzymes 
of root-knot nematodes proved to be so promis- 
ing (1, 4, 8, 12, 14), an extensive investigation 
was undertaken in collaboration with the Inter- 
national Meloidogyne Project in an  effort to 
determine the practicality and reliability of the 
use of enzyme phenotypes in the identification 
of root-knot nematodes on a worldwide basis 
(10). About 300 populations were selected from 
a collection of more than 600 which had been 
studied cytologically (see Chapter 9) and with 
regard to host range and perineal patterns of 
adult females. Tentative identifications to 
species had been made on the basis of such in- 
formation and, for some populations, on sup- 
plemental studies of male stylets and other 
morphological features of females, males and 
juveniles. The 300 populations selected for the 
biochemical study had originated from 65 coun- 
tries and 20 states in the U.S.A., and represent- 
ed 16 Meloidogy~le species including the four 
major species (M. arenaria, M. hapla, M. 
incognita, and M. javanica) and most of the 
known cytogenetic and physiological (host 
range) races of these species. Studies have been 
completed on four enzymes (non-specific es- 
terases, malate dehydrogenase, superoxide dis- 
mutase, and glutamate-oxaloacetate transami- 
nase) that gave promising results in the early 
stages of this work. Of those, esterases proved 
to be the most useful enzyme for the differentia- 
tion of the major Meloidogyne species. This con- 
clusion confirmed previous findings by other in- 
vestigators who had studied smaller numbers of 
populations, no t  represent ing  all  of t h e  
geographic, cytogenetic, and  physiological 
variation known to exist within each species (1, 
4, 8, 12, 14). Superoxide dismutase was also 
useful in the characterization of certain major 
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Table 1. Proteins and enzymes detected in Meloidogyne species. 

Protein Citation 

Total protein 1,4,7,12,13,15 
Acid phosphatase 1 ,5 ,8 ,  12,13 
N-Acetylglucosaminidase 1 
Alkaline phosphatase 1 , 8  
Aminopeptidases 1 
Amylase 22 
Catalase 1,4,5,12 
Cellulase 3,9,18 
Esterase 1,2,4,5,8,  10,11,12,13,14 
a-Fucosidase 1 
Galactosidase 1 
Glucose-6-phosphate 4,8,12 

dehydrogenase 
Glucosidase 1 
0-Glucuronidase 1 
Glutamate-oxaloacetate 10 

transaminase 
a-Glycerophosphate 4,8,12 

deh ydrogenase 
P- Gly cosidases 20 
Invertase 18 
Lactate dehydrogenase 8,12,13 
Lipase 1 
Malate dehydrogenase 4,5,8,10, 12 
a-Mannosidase 1 
Pectinase 18 
Peroxidase 1,12, 19 
Phosphoaminidase 1 
6-Phosphogluconate 4,12 

dehydrogenase 
Protease 1 , 6  
Superoxide dismutase 4,5, 10 

species, but most of its phenotypes were obser- 
ved in more than one species. Phenotypes of the 
other two enzymes (Mdh, Got), with only a few 
exceptions, were less useful for identification of 
Meloidogy tie species. 

It is believed that enzyme phenotypes, es- 
pecially esterase phenotypes, can be used for 
routine identification of major Meloidogyne 
species, provided that a standardized procedure 
(see Vol. 11, Chapter 8) is followed in every 
laboratory conducting such identifications. 
Furthermore, it is essential that  (aj  only bands 
of enzymatic activity tha t  can be easily 
recognized are utilized as  identification charac- 
ters, (bj slab gels are used for accurate com- 
parison of phenotypes that  are  not strikingly 
different, and (c) the phenotype of an unknown 
population is compared in the same gel to the 
phenotype of a pure population of a known 
species. It is not advisable to rely on the deter- 

mination of the phenotype of an unknown pop- 
ulation merely by consideration of the rate  of 
electrophoretic mobility of its bands. 

In the following sections, the most species- 
specific enzyme phenotypes detected in this 
study will be summarized and their use as  dif- 
ferentiating characters for the identification of 
major Meloidogyne species will be discussed. 

ESTERASES 
T h r e e  of t h e  f o u r  m a j o r  spec ies  of 

Meloidogyne have been identified with a high 
degree of accuracy on the basis of their charac- 
teristic esterase (Est) phenotypes. Thus, all 46 
populations of M. javu~lica had an esterase 
phenotype designated as  53, i.e. javanica with 3 
bands (Table 2, Fig. 1). The same phenotype did 
not appear in any of the other 245 populations of 
Meloidogyne included in this study. The 53 es- 
terase phenotype is unquestionably highly 
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Table 2. Enzyme phenotypes of the 4 common Meloidogyne species. 

Nematode species Number of Enzyme phenotypesa Chromosome 
and populations populations Est Mdh Sod Got number 

M. arenaria 7 A1 N1 JA2 N1 36-52 
19 A2 N1 JA2 N1 37-54 
1 A2 N1 A4 N1 - 54 

, ) $2 . . - \  ,d : ; ,Ag:? 3 .  g A4 N1 
1 . . . :~2. i : l B v i  

- 54 
A4 H2 - 54 

1 A2 N3b A4 N1 - 49 
4 A2 N3 JA2 N3 42-54 
1 A2 N1 JA2 N3 -43 
7 A3 N1 A4 N1 52-54 
1 A3 N1 JA2 N1 52-54 

M. arenaria (atypical populations) 2 S1-M1 N1 I2 N1 37-43 
4 S1-M1 N3 I2 N1 36-42 
3 S2-M1 N1 I2 N1 36-42 
1 M3-F1 N1 JA2 N1 - 42 

A!. incognita 

M. javanica 

13-17 (n) 
32 H1 H1  H1  H2 30-48 
1 null H1 H1  H2 17 (n) 
1 A1 H1 H1 H2 14 (4 

a Phenotypes considered to be specific for one or more of the major species are designated with a letter or 
letters indicative of the species they specify (A-arenaria, H-hapla, I-incognita, J-javanica), or indicative of the 
relative rate of their migration (S-slow, M-medium, F-fast). Phenotypes of Mdh, Sod and Got not charac- 
teristic of any particular species are designated with N, for nonspecific. The number following the letter 
designation indicates the number of major bands of that phenotype. 

species-specific and can be used as  a very 
reliable and least subjective character for iden- 
tifications of M. javanica. Similarly, 105 of the 
106 populations of M. incognita studied ex- 
hibited a distinct phenotype designated as  11. 
Again, the I1 phenotype did not appear in any 
populations of the other species or unidentified 
forms, and this feature renders this phenotype a 
valuable character for definitive identification 
of M. incognita. Of the 34 populations of M. 
hapla examined, 32 had a unique esterase 
phenotype designated as  H1 (Table 2, Fig. 1). 
Only one population of M. hapla would have 
been misidentified as  M. arenaria because it ex- 
hibited a phenotype (Al)  which is suggestive of 
A!. arenuria. Another exceptional population of 
M. hapla showed no bands of esterase activity 
and could not have been identified to species on 
this basis. 

The fourth major species, M. nrenaria, was 
not associated with any particular esterase 

phenotype. However, most of the populations 
(84%) of M. arenaria exhibited one of three 
phenotypes designated as  Al ,  A2 and A3 (Fig. 
1). The A3 phenotype appeared only in triploid 
populations which are  considered to be the most 
typical cytological form of M. arenaria. The A3 
phenotype was not observed in any other species 
of Meloidogyne, and therefore, it should be 
regarded as  a highly specific character for M. 
arenaria. The A2 phenotype was observed in 39 
populations representing all three cytological 
forms of M. arenaria (diploid, hypotriploid, and 
triploid), and in one population which could not 
be identified to species. Consequently, this 
phenotype is also very reliable for identifica- 
tions of M. arenaria. The A1 phenotype occurred 
in 7 populations of M. arenaria, three popula- 
tions of M. microcephala and one of M. hapla. I t  
is less precise than the other phenotypes for 
identification of M. arenaria (64% accuracy). 
Still, it is a valuable taxonomic character 
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Fig. 1.  The six most prevalent esterase phenotypes ob- 
served in 238 populations of the four major 
species of Meloidogyne. Phenotypes are desig- 
nated with a letter suggestive of the species 
they specify (A=arenaria, H=hapla, I=in- 
cognita, J=javanica) and a number indicative 
of the number of major bands of activity. 

because it did not appear in any of the 280 pop- 
ulations of other species studied. 

The remaining 16% of the populations of M. 
are)tar.ia, designated in Table 2 as  atypical, ex- 
h ib i ted  t h r e e  add i t i ona l ,  r a r e  e s t e r a s e  
phenotypes (Sl-MI, S2-MI, M3-F1) that  were 
observed also in some minor species and uniden- 
tified populations and, therefore, cannot be con- 
sidered as phenotypes characteristic of M. 
arenaritr. The detection of these rare phenotypes 
among populations of M. are?laria and also the 
low specificity of the A1 phenotype present dif- 
ficulties in the identification of about 26% of the 
populations of M. arenaria, if identification is 
sought  solely on the  basis of esterase 
phenotypes. However, 74% of the populations of 
M. arenaric~ have the A2 or A3 esterase 
phenotypes and can be identified precisely on 
this basis. 

In addition to  the  prevalent  esterase 
phenotypes discussed above, another  13  
phenotypes were observed (not included in Fig. 
1) in about 14% of the populations studied. 
These phenotypes occurred in less prevalent 

Meloidogyne species and in some populations 
that  could not be identified to species. Some of 
these phenotypes mag prove to be useful for 
identification of certain minor species (10). 

SUPEROXIDE DISMUTASE 
The superoxide dismutase (Sod) phenotypes 

are the next best characters for identification of 
some Meloidogyne species, after esterases. Six 
phenotypes of Sod were identified (Table 2). 
Four of them were encountered frequently (Fig. 
2), whereas the other two (not illustrated) were 
observed only rarely. 

Phenotype H1 was observed in all 34 popula- 
tions of M. hapla studied, but it was also obser- 
ved in 4 populations of M. chitwoodi, and one 
popula t ion  each of M. carol inens is  M.  
y rir rr2 ilt icola, M. micro t yln, M. naasi, M. oryzae, 
M. querciarra, and an unidentified population 
from rice. Thus, the H1 phenotype of Sod can 
easily differentiate M. hapla from the other 
three major species of Meloidogyne but not 
from many minor species. 

Similarly the I2 phenotype (Fig. 2) was ob- 
served in all 106 populations of M. incognita 
studied, but it was also encountered in a few 
atypical populations of M. arenaria (Table 2),in 
some populations of the minor species M. en- 
terolobii, M. hispanica (to be described by H. 
Hirschmann), M. platalzi, and in several popula- 
tions not identified to species. Still, 81% of the 
populations with this phenotype were identified 
a s  M. iltcognita. 

Phenotype A4 was observed only in popula- 
tions of M. crreltnriu. However, only 22 of the 64 
populations of M. arenaria exhibited this 
phenotype. Most of the remaining M. arenaria 
populations (52%) as well as all populations of M. 
javallica gave a phenotype designated as JA2. 
This phenotype is similar to the A4 phenotype 
but has only two major bands, whereas the 
other two bands are much weaker. About 55% of 
the populations with this phenotype were M. 
javulticcc, and 40% were M. arenaria. 

OTHER ENZYMES 
Malate dehydrogenase (Mdh) and glutamate- 

oxaloacetate transaminase (Got) phenotypes 
were useful for differentiating M. hapla from 
the other major species and many of the less 
common species (Fig. 2). Thus phenotype H I  of 
Mdh was observed only in populations of M. 
hapla and none of the other major species. The 
H2 of Got was also useful in differentiating M. 
Itupla from the other major species, with the ex- 
ception of a single population of M. arenaria 
which also gave the H2 Got phenotype (Table 2). 
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Fig. 2. Prevalent phenotypes of rnalate dehydrogenase (Mdh), superoxide disrnutase (Sod), and glutarnate- 
oxaloacetate transarninase (Got) observed in 245 populations of the four major species of Meloidogyne. 
Phenotypes are designated with a letter indicative of the species that they specify (A=arenaria, H=hapla, 
I=incognita, J=javanica. N=nonspecific) and a number indicative of the number of major bands of 
activity. 

Most of the populations of M. arenaria, M. 
incogitita, and M. jauanica had similar Mdh and 
Got phenotypes and could not be differentiated 
from each other on this basis. They exhibited 
the phenotypes designated with the letter N, for 
non-species-specific phenotype, followed by a 
number indicating the number of major bands 
present (Table 2, Fig. 2). 

Many of the 27 enzymes studied by other in- 
vestigators (Table 1) may prove to be useful in 
the  identification of Jdeloidogyne species. 
However, extensive studies that  will determine 
the existing enzymatic variation within and be- 
tween species will be required before the value 
of these enzymes as  taxonomic characters is 
properly assessed. 
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Sedentary endoparasitic nematodes have 
evolved very specialized and complex relation- 
ships with their  hosts. Host-parasite relation- 
ships involving .Ifeloitloyijr~e species typify 
these specialized associations. The common 
Jleloitlo,qyrlcj species (73) differ from most other 
sedentary endoparasites by having extensive 
host  ranges;  paras i t iz ing monocotyledons, 
dicotyledons and herbaceous and woody plants; 
and causing the  formation of the  familiar inter- 
calary knot or  gall on roots of susceptible hosts. 
J1c~loitlogg)ie species parasitize more than 2,000 
different plant species, but relatively few host- 
parasite relationships have been investigated. 
Severtheless, a voluminous amount  of informa- 
tion is available on certain hos t -~aras i t e  inter- 
actions, and different aspects of these relation- 
ships have been reviewed often in various arti- 
cles (13,21,25,29,11,47,82,83). 

Although recent l i terature was emphasized in 
the  preparation of this chapter, many in- 
teresting and detailed articles were written 
prior to1919 on root-knot nematodes when they 
were called Heterwtler.tr rrrtrriorli (48) and before 
tha t  H. rtrrlic.icoltr (35). These earl\- articles Dro- 
vided a solid foundation for research on &st- 
parasite relationships involving this important 
genus. Even though numerous articles have 
been published on this subject during the past  
th ree  decades,  l i t t le is  known abou t  t h e  
biochemical basis of this association. Identify- 
ing substances of nematode origin tha t  a re  
responsible for initiating the feeding site in host 
tissue remains one of the most intriguing and 
cha l l eng ing  a r e a s  of f u t u r e  resea rch  on 
J1c)loirlogy)re. 

ATTRACTION AND PENETRATION 
Plants can affect the  life cycle of ~Veloit logy),e 

prior to egg hatching. Eggs a re  enclosed in 
gelatinous egg sacs tha t  a re  usually deposited 

on the surface of galled roots, although on cer- 
tain hosts they may also occur within galls (35). 
Following embryogenesis, the  first molt occurs 
within the  egg giving rise to  a second-stage 
juvenile, which is the  first  stage tha t  can be af- 
fected by plants. Hatching of M e l o i d o g y ) ~  eggs 
is usually spontaneous and readily occurs 
w i t h o u t  a n y  s t i m u l u s  f r o m  p l a n t  r o o t s ;  
however, in some instances, root diffusates do 
stimulate egg hatch (79). 

Once second-stage juveniles leave the  egg 
masses, they infect nearby galled roots or locate 
new roots of susceptible plants to  continue their  
life cycles. Second-stage juveniles a re  the only 
juveniles of M~1oitlogy)ze tha t  migrate in the  soil 
free from host tissue and hence constitute the  
infective stage. Although juveniles may survive 
in the soil in a quiescent s ta te  for a n  extended 
period of time, their  food reserves a re  limited 
and their infectivity decreases with the deple- 
tion of these reserves (73). As the  greatest loss 
of body reserves occurs during migration in the  
soil (73), the ability of second-stage juveniles to 
perceive stimuli and be attracted to  plant roots 
enables them to conserve food reserves and 
enhance their  pathogenic potential. Research 
shows tha t  Meloirloyyrie second-stage juveniles 
do not find roots by random movement, but  a r e  
attracted to plants in response to stimuli 
emanating from roots (33,66). These juveniles 
possess well-developed, innervated cephalic sen- 
sory organs tha t  a re  thought to be chemurecep- 
ti\.e and presumably serve to locate roots (21). 
The cephalic sensory organs comprise six inner 
labial sensilla and two amphids. The amphids, 
because of their  large size and structural  com- 
plexity, a re  considered to be the  principal sen- 
sory organs for second-stage juveniles 186). The 
morphology of the cephalic sensory organs has 
been thoroughly studied, but  the exact role in 
location of roots is unknown. Chemical agents 
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that specifically affect the different cephalic 
sensory organs also have not yet been identified. 

The attraction of second-stage juveniles to 
plant roots can be separated into attraction 
either over long distances ( > l o  cm) or over 
short distances. Plant-parasitic nematodes were 
considered capable of migrating only a few cen- 
timeters per year (66). However, recent studies 
with second-stage juveniles of Meloidogyne 
indicated they could be attracted to and migrate 
to host roots 25 cm vertically in 10 days (65). 

Linford (49) was the first to study the attrac- 
tiveness of roots to Melddogyne (Heterodera 
marioni) over short distances and found that  
second-stage juveniles accumulated a t  the 
region of cell elongation just behind the root cap 
of seven plants species, some of which were 
resistant to root-knot. One plant species failed 
to attract any second-stage juveniles. When 
Pra ty lenchus  pra tens is  and  Rotylenchus 
mult icinctus were mixed with root-knot 
nematodes, the second-stage juveniles of the 
root-knot nematode accumulated near the root 
tip, and the other two species avoided this 
region, which suggested that  different attrac- 
tants are perceived by different nematode 
species. 

Second-stage juveniles are also attracted to 
apical meristems, points where lateral roots 
emerge, penetration sites of other juveniles, and 
cut surfaces of roots (5,49). Weiser (84) at- 
tempted to locate the exudation site of attrac- 
t a n t ( ~ )  and found the apical 2 mm of an excised 
tomato  root actual ly repelled M. hapla 
juveniles, and from 3 mm to 8 mm from the tip, 
the root tissue increased in attractiveness. Be- 
yond 8 mm from the tip the tissue was neutral 
or somewhat repellent to juveniles. This, 
however, is the only report of the distal portion 
of a root being repellent to Meloidogyne 
juveniles. Actively elongating roots were more 
attractive to juveniles than roots in which ex- 
tension had slowed. Weiser (85) also studied the 
attractiveness of other hosts of M. hapla and 
found excised roots of bean somewhat repellent, 
and those of eggplant and soybean varied in 
their attractiveness to juveniles. He suggested 
tha t  an interplay between at tractant  and 
repellent factors may occur in the same plant. 
Viglierchio (76) arrived a t  similar conclusions in 
studies on rye and M. hapla. 

Lownsbery and Viglierchio (52) reported that 
root attractants were nonspecific and were 
dialyzable. Juveniles of M. hapla aggregated 
around germinating seeds of tomato, rye, and 
oats; the latter two plants are both nonhosts for 
this nematode. They found host selection was 

not governed by root diffusates per se, but the 
intensity of the attraction was affected by dif- 
fusates. Juveniles also were attracted to tomato 
roots when a dialysis membrane separated the 
nematodes from roots. In a follow-up study, 
Viglierchio (76) found young seedlings and 5- 
week-old plants, growing in either sand or soil, 
were equally attractive to juveniles. The attrac- 
t a n t ( ~ )  was able to diffuse through two mem- 
branes 10 mm apart and still attract juveniles. 

Griffin and Waite (34) compared susceptible 
and resistant alfalfa cultivars in their attrac- 
tion to M. hapla. They found little difference in 
attractiveness between individual susceptible 
and resistant plants; 90% and 70% of the 
nematode inoculum was attracted to the suscep- 
tible and resistant cultivars, respectively. 
However, when both cultivars were challenged 
simultaneously, 72% of the juveniles were at- 
tracted to the susceptible seedling and 28% 
migrated to the resistant seedling, which sug- 
gests that  resistant and susceptible cultivars 
produce different attractants and/or repellents. 

The nature of the stimuli produced by the 
r o o t s  a n d  pe rce ived  by s e c o n d - s t a g e  
Meloidogyne juveniles is not  clear.  The 
rhizosphere is greatly modified by growing 
roots and associated microorganisms (67). Many 
organic and inorganic compounds excreted by 
roots and microorganisms form gradients from 
the root surface out into the soil and may in- 
fluence nematode attraction over short dis- 
tances. Klingler (43) regards certain amino 
acids and Con as the most important root excre- 
tions for attracting plant-parasitic nematodes 
and indeed, some of these compounds act as  at- 
tractants to Melddogyne juveniles in vitro (4,5). 
Nevertheless, substances emanating from 
specific regions of roots attractive to juveniles 
remain to be identified. The factors influencing 
long distance migration of juveniles a r e  
unknown. 

When second-stage juveniles contact plant 
roots, they often penetrate immediately. 
Although juveniles primarily enter roots direc- 
tly behind the root cap, penetration can occur a t  
other sites: points where lateral roots emerge, 
and galled tissue surrounding adult females. 
The penetration site of one juvenile frequently 
becomes an attractive site for other juveniles to 
enter the root (35). The mechanism of penetra- 
tion may involve mechanical action by thrust- 
ing of the stylet (50). Cellulytic (17) or pectolytic 
enzymes may also be involved in penetration; 
however, the roles of specific enzymes in the 
penetration process still eludes us. Following 
penetration, especially with multiple infections 



on the same root, the root tip may enlarge and 
root growth is often suppressed for a brief 
period (35). 

Juveniles of different Meloidogyne species 
differ in their ability to locate and invade roots. 
Juveniles of the more aggressive species M. 
jaltanica are capable of locating and invading 
tobacco roots earlier and quicker than are M. in- 
cognito and M. arenaria (1). This may explain, 
in part, why M. javanica is more damaging to 
tobacco than are the latter species. 

FEEDING SITE 
After juveniles penetrate the root tissue 

directly behind the root cap, they migrate inter- 
cellularly in the cortex to the region of cell dif- 
ferentiation (35,48,50). Endo and Wergin (31) 
found that this migration activity causes cor- 
tical cells to separate along the middle lamella 
and rarely causes cells to rupture. They noted 
that  cells along the path of migration become 
distended and compressed by migrat ing 
juveniles, but show no signs of nematode 
feeding. However, Linford (50) observed feeding 
by migrating juveniles. Also, Endo and Veech 
(30) reported increases in levels of oxidoreduc- 
tive enzyme activity in cortical cells along the 
path of migrating second-stage juveniles in soy- 
bean, an indication of increased metabolic ac- 
tivity in these cells. After migrating a short dis- 
tance in the root, juveniles usually reside in cor- 
tical tissue in the zone of differention with their 
heads in the periphery of the vascular tissue 
and the remainder of their bodies in the cortex 
parallel with the long axis of the root. 

Although Meloidogyne juveniles penetrate 
roots of most plants, susceptible plants respond 
t o  feeding by juveniles a n d  undergo pro- 
nounced morphological and physiological 
changes. Paramount among these changes is the 
development of elaborate permanent feeding 
sites, called giant cells (6). Giant cells are highly 
specialized cellular adaptions induced and 
maintained in susceptible hosts by the feeding 
of Meloidogyne species. Juveniles fail to develop 
normally without this unique host response and 
must feed without killing the host cells. 
Therefore, formation of giant cells is essential 
for a successful host-parasite relationship. 
Tissues preferred for development of giant cells 
are primary phloem or adjacent parenchyma 
(18,19,46). Once these tissues are located, each 
juvenile commences to feed on five to six cells. 
Feeding t ransforms these cells into the  
elaborate nutritive giant cells from which 
juveniles obtain nourishment to continue their 
development. If the juvenile fails to elicit a 

giant cell response in the root it will either 
starve or, if i t  has sufficient food reserves, may 
migrate out of that root and locate another root. 

Concurrent with the establishment of giant 
cells, root tissues around the nematode and its 
feeding site undergo hyperplasia and hyper- 
trophy giving rise to the characteristic root gall 
usually associated with Meloidogyne infections. 
Stelar parenchyma cells and pericycle cells un- 
dergo hyperplasia and surrounding cortical cells 
usually only become hypertrophied. Small galls 
may occasionally be induced by juveniles con- 
tinuously feeding a t  the root surface without ac- 
tually entering the roots (51). 

Galls usually develop one to two days after 
juvenile penetration, and are often the first 
symptoms observed on an infected plant. On a 
susceptible plant, gall size is related to the num- 
ber of nematodes in the tissue (23). However, 
gall size differs among plant species in response 
to nematode infection. Galls induced by most 
Meloidogyne species are similar morphological- 
ly; however, galls induced by M. hapla are 
usually smaller than those produced by the 
other common Meloidogyne species and charac- 
teristically have numerous lateral roots pro- 
truding from them. In contrast to giant cell for- 
mation, gall development is not essential for 
normal nematode growth and development. 
Consequently, gall and giant cell formation are 
usually considered to be separate, but associ- 
ated phenomena (82). 

Giant cell development and physiology is dis- 
cussed in detail elsewhere in this book. Giant 
cell formation is one of the most elaborate 
responses elicited in plant tissue by any 
organism, a unique cellular adaptation requir- 
ing  fu r the r  investigation. 

NEMATODE DEVELOPMENT 
Following penetration of host tissue, second- 

stage juveniles undergo several morphological 
changes that are associated with parasitism. 
Juveniles have three esophageal glands, one 
dorsal and two subventral, that presumably are 
necessary for the establishment of successful 
host-parasite relations. The dorsal gland has a 
long duct that empties into the lumen of the es- 
ophagus immediately behind the stylet knobs, 
and the subventral glands each have a short 
duct tha t  empties into the lumen of the 
esophagus behind the cuticular valve in the 
posterior region of the metacorpus. Each gland 
has a complex valve that controls the release of 
glandular substances into the lumen of the 
esophagus. The esophageal glands produce 
membrane-bound granules that accumulate 
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around the valves prior to being secreted. Bird 
and co-workers (8,9,10,11,14) have studied 
changes that occur in the esophageal glands of 
M. jatia?zica during parasitism. Granules, 0.6 to 
0.8 pm in diameter, accumulate in the ducts of 
the subventral glands of the second-stage 
juvenile just prior to hatching. Granules in the 
subventral glands are probably involved in egg 
hatching and juvenile penetration of root tissue 
because they disappear 3 days after penetration 
(8,9). All three esophageal glands and the 
metacorpus enlarge during early stages of 
parasitism (8). Bird and Sauer (14) analyzed the 
contents of the subventral glands histochemi- 
cally and microspectrographically and reported 
t h e  d u c t s  of t h e  s u b v e n t r a l  g l a n d s  of 
preparasitic juveniles contained protein but no 
nucleic acid. Nucleic acid was also absent in 
these same ducts in parasitic juveniles, but the 
protein absorption pattern differed from that  
recorded for preparasitic juveniles. Granules in 
the subventral glands of parasitic juveniles also 
stained differently from those produced by 
preparasitic juveniles (14). These changes in the 
subvent ra l  g lands  in juveniles following 
penetration of host tissue suggest tha t  they are 
responsible for eliciting giant cell formation in a 
susceptible host. 

The dorsal esophageal gland also undergoes 
noticeable changes during parasitism. The duct 
of the dorsal gland in preparasitic juveniles 
rarely contains granules (8). However, soon af- 
ter penetration, granules appear in the dorsal 
gland duct. The presence of protein and absence 
of nucleic acid has been confirmed in parasitic 
juveniles by UV niicrospectrographic analysis 
(8). The esophageal glands become more com- 
pact as  juveniles mature and are considerably 
shorter in adult females than they are in 
second-stage juveniles (11). Since the dorsal es- 
ophageal gland in the adult female is the largest 
of the three esophageal glands, Bird (10) 
suggests that  the granules from this gland 
provide the stimulus necessary for the main- 
tenance of the giant-cell complex. Although a 
continuous stimulus must be provided by the 
adult nematode to maintain the integrity of the 
giant cells (6), Jones (40) suggests tha t  removal 
of solutes from giant cells by the adult female 
nematode may be the stimulus necessary for 
maintaining the active metabolism of giant 
cells. Secretions thought to be produced by the 
dorsal gland of adult females stain positive for 
basic protein, but are  negative for several other 
enzymes and nucleic acid (10). Peroxidase ac- 
tivity has been detected in secretions of adult 
female nematodes (39), although recent studies 

indicate that  the peroxidase may have origi- 
nated from the host (41,71). 

Ultrastructural studies revealed differences 
in the morphology of secretory granules from 
dorsal and subventral glands. Dorsal gland 
granules have invaginations, are  smaller, and 
appear more dense than granules from subven- 
tral glands (11). Subventral gland granules of 
preparasitic juveniles have a distinct outer 
membrane  whereas those granules  f rom 
parasitic juveniles, recovered from host tissue 
two to three days after penetration, are  smaller 
and have indistinct membranes (9). 

MECHANISM OF HOST RESPONSE 
For ty-seven  y e a r s  have  passed  s ince  

Christie's classic paper on the development of 
root-knot nematode galls (19). Although we 
currently have a better understanding of the 
formation of giant cells (37,42), the biochemical 
basis for the induction of these specialized 
feeding cells remains unknown. Plant growth 
regulators have been implicated in the develop- 
ment of giant cells and galls. Auxins, promoters 
of cell growth, and cytokinins, promoters of cell 
division, have been studied extensively in rela- 
tion to Meloidogyne infections and results of 
these invest igat ions have been reviewed 
previously (77). 

Auxins have been identified in galls caused by 
root-knot nematodes, and frequently greater 
auxin concentrations occur in nematode-infect- 
ed tissue than in non-galled tissue (2,69). Cer- 
tain auxins are unique to galled tissue and their 
concentrations are influenced both by the 
Meloidogyne and host species involved (78,87). 
Cytokin in  leve ls  m a y  a lso  i nc rease  in 
Meloidogyne-infected plants (45), and have been 
reported to be higher in noninfected root-knot 
susceptible plants than in resistant plants (74). 
Auxins alone (44), cytokinins alone (27), and 
combinations of these two (44,68), when ex- 
ogenously supplied to root-knot resistant 
plants, reversed the resistance response and 
made p l an t s  susceptible  to  infection by 
Meloidogy7le juveniles. Giant cells and galls 
usually developed on growth-regulator-treated 
plants with subsequent normal nematode 
development frequently occurring. Sawney and 
Webster (68) found resistance was not always 
completely reversed with auxin and cytokinin. 

Auxins and cytokinins have also been iden- 
tified in different stages of Meloidogyne. Auxins 
have been detected in juveniles and egg masses 
of M. hapla and in egg masses of M. javanica 
and M. incoynitcr (78). Cytokinins have been 
identified in adult females, juveniles, and egg 



masses of M. incognita (22), and evidence for the 
secretion of cytokinin-like substances by 
juveniles of M. javanica has been reported (16). 
In spite of the body of knowledge generated by 
research on growth regulators associated with 
Meloidogyne infections, our understanding of 
their role in disease development is incomplete. 
If growth regulators are involved in giant cell 
formation, we do not yet know which ones are 
important or their source, i.e., whether they are 
of nematode or host origin. Recent evidence (42) 
indicates that cytokinesis is inhibited (cell plate 
vesicles fail to fuse) during giant cell formation, 
suggesting that juveniles probably do not 
secrete cytokinins into the host tissue. 

Another plant growth regulator, ethylene, 
has been associated with gall formation. 
Ethylene production was highly correlated with 
increases in gall weight on M. javanica-infected, 
excised tomato roots, suggesting that  i t  may be 
involved in t he  hyper t rophy of cortical 
parenchyma tissue during gall formation (32). 

Recent articles (25,40) have eloquently dis- 
cussed possible mechanisms for giant cell and 
gall formation. However, the key to under- 
standing the infection process resides in the 
nematode. Control of the infection process 
resides in the second-stage juvenile, and par- 
ticularly in the secretory granules produced by 
its esophageal glands. Although Bird and co- 
workers (8,9,10,11,14) have provided significant 
information about these glands in juveniles and 
adult female nematodes, information regarding 
the composition of the contents of the secretory 
granules is still lacking. The biochemical basis 
for giant cell formation will be unknown until 
these substances a re  identified. Electron 
cytochemistry (55) of secretory granules in s i t u  
and biochemical analyses of granules isolated 
from preparasitic and parasitic juveniles and 
adult females might be used in identification of 
the granule contents. We also need to know the 
relative importance of the subventral glands 
versus the dorsal gland in the establishment of 
the host-parasite relationship. Does the location 
of the subventral gland orifices behind the valve 
in the metacorpus preclude the secretion of its 
contents into host tissue? Esophageal gland 
ablation experiments with a laser microbeam 
(28) might be used to resolve this question. 

PLANT RESPONSE TO DISEASE 
That the physiology of Meloidogyne-infected 

plants is drastically altered is reflected by 
symptoms produced on the shoots and roots. 
Root alterations, as  discussed above, are very 
characteristic for this host-parasite combina- 

tion. However, above-ground symptoms ex- 
hibited by infected plants are similar to those 
produced on any plants having a damaged and 
malfunctioning root system. These include: 1) 
suppressed shoot growth and accompanying 
decreased shoot-root ratio (60); 2) nutritional 
deficiencies showing in the foliage, particularly 
chlorosis; 3) temporary wilting during periods 
of mild water stress or during mid-day, when 
temperatures are high even though adequate 
soil moisture is available, and 4) suppressed 
plant yields. The magnitude of these symptoms 
is often related to the number of juveniles 
penetrating and becoming established within 
the root tissue of young plants. Environmental 
factors influence this plant damage and juvenile 
density interrelationship. Factors which induce 
plant stress, e.g. drought or temperature ex- 
tremes, increase damage to infected plants. 

The common explanation for the production 
of above-ground symptoms on diseased plants is 
that Meloidogyne infection affects water and 
nutrient absorption and upward translocation 
by the root system. Reports in the literature, 
however, are  not in complete agreement on this. 

Respiration 
Respiration of galled tissue varies with host 

species and physiological age of the host. A 
study by Myuge (58) found that  respiration of 
Meloidogyrre-induced galls of cucumber was 
three times greater than that  of noninfected 
root tissue, whereas in a study on tomato, Bird 
(13) found respiration of gall tissue was no 
greater than tha t  in adjacent tissues or in unin- 
fected roots. Owens and Rubinstein (62) report- 
ed that galls from 40-day-old tomato plants 
respired a t  a lower rate than did noninfected 
tissue, but when 70-day old plants were ex- 
amined, the respiration rates were reversed. 
While the effect of Meloidogyne infection on 
respiration rate varies with nematode-host com- 
binations and plant age, increased enzyme ac- 
tivity (75) and changes in the biochemical com- 
ponents of giant cells (63) show that giant cell 
metabolism is affected and regulated by the 
nematode. 

Nutritional Deficiencies 
Meloidogyne infection markedly affects ab- 

sorption and translocation of nutrients in 
plants, although certain reports in the literature 
do not support this. However, most of the 
evidence from previous research shows N, P, 
and K accumulation in above-ground plant 
p a r t s .  H i s t o l o g i c a l  s t u d i e s  (18 ,57)  of 
Meloidogyne galls revealed a disruption in the 
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continuity of vessel elements and the presence 
of abnormal vessel elements. Such alterations 
of the vascular tissue must disrupt nutrient and 
water  flow in t he  xylem; however, t he  
magni tude  of t h i s  dysfunct ion remains  
unresolved. 

Hunter (38) studied nutrient absorption in 
tomato infected by M. incognita. He found shoot 
growth was  suppressed a n d  foliage was 
chlorotic on diseased plants with no accompany- 
ing alteration of N, P, K, Ca, Mg, and Fe content 
in the foliage. Roots of infected plants, however, 
contained larger quantities of N, P, K, and Mg 
than did uninfected plants. Nutrient accumula- 
tion in infected roots may be caused by 1) in- 
creased root absorption, 2) impaired transloca- 
tion to foliage, or 3) mobilization of nutrients 
from shoots to roots (3). Dropkin and King (26) 
found tha t  while absorption rates of radioac- 
tive phosphorus (32p) in infected tomato roots 
were retarded near time of harvest only when P 
was deficient in the soil nutrient solution, the 
translocation rates of 32p in the infected plants 
was unaffected. Bergeson (3) studied M. 
incognita-infected tomato plants in split-root 
experiments and found N and K increased in the 
nonfertilized root half of a split-root system, in- 
dicating that these nutrients were mobilized to 
the infection site. When he found that N was 
translocated from infected fertilized roots to 
noninfected nonfertilized roots, he concluded 
nematode infection has little effect on mineral 
translocation. Similar conclusions were drawn 
in studies with M. jozlanica (70). A different con- 
clusion was reached by Oteifa and Elgindi (61). 
They found translocation of 32p in M. irlcognita- 
infected tomato reduced over time, with 32p up- 
take increasing during the first month following 
infection and decreasing over the next 2 months. 
The increases were confined to root tissue, with 
shoots on infected plants always having less 
phosphorus than the controls. These data sup- 
port the idea that  nutrients accumulate in the 
roots, and limited amounts are translocated to 
the shoots on infected plants. 

Translocation of other substances is impaired 
in Meloidogyne-infected plants. Nicotine, which 
is synthesized in tobacco root tips, increased in 
root tissue of susceptible and resistant (less 
damaged) plants and in leaves of only resistant 
plants following M. incognito infection (36). 
However, leaf content of nicotine decreased by 
half in the susceptible cultivar where root 
damage was the greatest. This occurrence indi- 
cates that  translocation may have been affec- 
ted. 

Supplying nutrients to infected plants will of- 
ten increase tolerance to Meloidogyne. Oteifa 

(60) found tha t  growth of M. incognita-infected 
lima bean was significantly enhanced with in- 
creasing levels of K. Although infected plants 
had lower concentrations of mineral elements 
than noninoculated plants had, mineral content 
increased when K concentration was increased 
in the nutrient solution. Nematode inoculum 
level had the greatest effect on the rate of ac- 
cumulation of K in leaves; K decreased with in- 
creasing inoculum level while other elements 
(Ca, Mg, N, P) increased. Although Oteifa (60) 
suggested absorption was affected in infected 
plants, he only measured concentrations in leaf 
tissue. Therefore, the effect of infection on 
translocation of these elements is unclear. 

Water Relations 
Few studies have thoroughly examined the 

water relations of Meloidogyne-infected plants. 
Water consumption by nematode-infected 
plants seems to be related to its availability in 
the soil. Cotton plants infected by M. incognita 
consumed slightly more water than noninfect- 
ed plants when water was supplied to the plants 
continuously (59). However, if water was only 
supplied when soil moisture was depleted to 50 
percent field capacity, then infected plants used 
184 percent less water than did noninfected 
plants. Limiting water suppressed growth of in- 
fected plants by 78 percent whereas growth of 
diseased plants receiving continuous water was 
not affected. These results suggest tha t  water 
consumption is not affected by nematode infec- 
tion if soil moisture is not limiting, but under 
periodic moisture stress,  consumption is 
reduced. Plant development is suppressed by in- 
fections that  suppress root growth during 
moisture stress and prevent roots from ex- 
tending into moist soil. 

Meon e t  al. (57) recently studied the effects of 
M. jmwnicn on water relations in tomato. They 
found that water flow in infected tomato roots 
decreased with increasing inoculum densities 
and with decreasing soil moisture content. They 
concluded that  disruption and development of 
abnormal vessel elements caused by M. javanica 
infection resulted in restricted water flow. 
Although there were only slight differences in 
the transpiration rate between infected and 
noninfected plants, diffusive resistance of 
stomata increased and water potential in leaves 
decreased. They concluded tha t  infected plants 
respond to moisture stress by closing their 
stomates. 

Photosynthesis 
Me1oidogyn.e infection of roots decreases the 

rate of photosynthesis in leaves. Loveys and 



Bird (53) reported that high inoculum levels of 
M. javanica on tomato caused a decline in the 
net photosynthetic rate within two days after 
inoculation. This lower rate was maintained 
throughout subsequent growth of the infected 
plant. They also found that pruning the apical 
meristem of tomatoes enhanced the photosyn- 
thetic rate of noninoculated plants, but had no 
effect on infected plants. They concluded that 
the nematodes interfered with the production 
and translocation of root-derived factors 
regulating photosynthesis. 

In a similar study, Wallace (7,9) reported that 
decreases in the photosynthetic rate of young 
tomato plants varied with inoculum levels and 
was not greatly influenced by plant age. The in- 
corporation of 14C0z in roots of infected plants 
was retarded a t  all inoculum levels whereas 14C- 
glucose incorporation was affected only a t  the 
highest inoculum level (80). 

HOW IS PLANT GROWTH AND 
YIELD SUPPRESSED? 

The effect of Meloidogyne on plant growth 
and yield is varied and complex. The damage 
caused by this nematode on susceptible plants 
probably  involves s eve ra l  mechan i sms .  
Nematodes remove plant nutrients,  alter 
nutrient flow patterns in plant tissue, and 
retard root growth, all of which may contribute 
to suppressed plant yield. 

Sink Phenomenon 
Adult female nematodes require considerable 

amounts of nutrients for egg production and 
compete with the host for the pool of nutrients 
in the roots. It is not clear whether the removal 
of nutrients by nematodes suppresses plant 
growth. Experiments conducted by Bird and 
Loveys (15) and McClure (54) unequivocally 
show that Meloiodgyne functions as a metabolic 
sink in diseased plants. The increased metabolic 
activity of giant cells stimulates mobilization of 
photosynthates from shoots to roots and, in par- 
ticular, to the giant cells where they are 
removed and utilized by the feeding nematode. 
Mobilization and accumulation of substances 
reaches a maximum when the adult females 
commence egg laying and declines thereafter 
(56). Just how much removal of photosynthates 
by the parasites is needed to suppress plant 
growth and yield is unknown. Dropkin and King 
(26), working with galled tomato plants, found 
that nematodes removed less than ten percent 
of the total phosphorus in the plant, and con- 
cluded that root-knot nematodes were not 
significant competitors for plant P. However, i t  
has not been determined whether Meloidogyne 

species consume host carbon compounds in suf- 
ficient quantitites to affect plant growth. 

Nutrient Absorption and Translocation 
Al though  u p t a k e  of phosphorus  a n d  

potassium may be reduced in galled tissue (26), 
their absorption by nongalled tissue should not 
be affected since these elements are taken up 
via the symplastic pathway in roots (20). In a re- 
cent study with Heterodera avenue in oats (64), 
the presence of nematodes in seminal roots did 
not  impede absorpt ion or  t r anspo r t  of 
potassium or phosphorus. In fact, uptake of the 
symplastically absorbed nutrients was en- 
hanced in infected plants, which suggested that  
roots compensated for the suppressed and 
altered root growth by increasing rates of 
nutrient uptake. Nematode blockage of absorp- 
tion and translocation of nutrients and water 
may not be as  important as  originally thought. 

Suppressed Root Growth 
Root branching and rate of root extension is 

frequently suppressed by nematode infection. 
This abnormal root growth results in reduced 
root surface area and limits the capacity of a 
root system to explore the soil. Thus the 
primary cause of poor nutrient uptake and sup- 
pressed growth of infected plants could be 
related to the reduced root system (38). On the 
other hand, plants tha t  are  tolerant to parasitic 
nematodes might possess the capacity to 
develop an adequate root system even in the 
presence of the parasites. 

Growth of root tips invaded by Meloidogyne 
juveniles is frequently temporarily inhibited. 
The resumption of growth of root tips and the 
formation of galls may create a drain on the 
plant's resources in shoot tissue, resulting in 
suppression of shoot growth. The amount of 
resources diverted, however, would be directly 
related to the intensity of infection. Low infec- 
tion levels frequently stimulate plant growth, 
whereas high nematode densities suppress plant 
growth and yield (81). 

The temporary inhibition of root growth 
probably also interrupts the synthesis of 
cytokinins and gibberellins which are produced 
in root apices. Decreased synthesis of these 
growth regulators in young plants, when they 
are most vulnerable to nematode damage, 
probably has a profound influence on plant 
growth. However, most studies have concen- 
trated on analysis of physiological response of 
older infected plants. Greater emphasis should 
be placed on analyzing physiological changes in 
diseased plants when they are young and more 
vulnerable to nematode damage. 
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It is still not clearly resolved whether specific 
root alterations caused by Meloidogyr~e are im- 
portant in suppressing plant yield or if the sum 
of the effects of the infection are ultimately 
responsible for retarding plant growth. Disturb- 
ance caused by Meloidogylle in plant roots ob- 
viously have s ignif icant  impact  on the  
physiology of the whole plant. These nematodes 
will directly and indirectly have an effect on the 
translocation patterns of substances between 
the shoot and roots which may ultimately affect 

the yield of plants. Nevertheless, as  Llropkin 
suggests (25), under field conditions, the 
greatest effect of Meloidogyne on plant health 
may be through predisposition of the roots to in- 
fection and subsequent damage by other soil- 
borne microorganisms. 
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FORMATION, ANATOMY AND PHYSIOLOGY OF GIANT 
CELLS INDUCED BY ROOT-KNOT NEMATODES 

D P ~ .  ( 1 ~ 2  Bioloyitr 17eyetcl 1. Uni~~ersid(ltle de Brt~silicl 
Bmsili(1, DF, Brazil 

The second-stage juvenile of Meloidogyne 
penetrates the  root and establishes its feeding 
site on vascular parenchyma. In response to the 
feeding activity, some parenchyma cells become 
hypertrophied and multinucleate (Fig. 1) and 
a re  known generally a s  "giant cells." Because of 
their constant association, there has  never been 
any doubt about the causal relationship be- 
tween root-knot nematodes and the giant cells 
located a t  their feeding sites. Bird (3) con- 
clusively demonstrated tha t  both initiation and 
continued development of giant cells in tomato 
roots are  dependent on the presence of active 
M~loidogy~re jnvanica. He also showed tha t  
functional giant cells a re  essential for develop- 
ment  of the root-knot nematode. Failure of 
giant cells to develop and the consequent abort- 
ed development of the root-knot nematode (or 
vice versa), which has  been observed frequently 
in resistant cultivars and unsuitable hosts 
(14,40,51) and in plants treated with antimitotic 
agents (43), substantiate this view. 

Because of their obligate relationship with 
root-knot nematode infection (3) and perhaps 
also a s  a result of their striking morphological 
features, the  large abnormal host cells have in- 
cited much curiosity among investigators since 
their discovery a century ago. Mechanisms of 
their initiation and subsequent development a s  
well a s  their physiological and biochemical 
characteristics have been the sub,iects of inten- 
sive investigations. 

The objective of this chapter is to evaluate the 
conflicting evidence on the mechanisms of the 
formation of giant cells and to summarize the 
information on their anatomy and physiology. 
A comprehensive literature survey is not made 
here since excellent reviews a r e  available 
(7,8,13,15,16,18,19,24,36). 

MECHANISM OF GIANT 
CELL FORMATION 

For many years there have been opposing 
views on the mechanism by which giant cells 
develop. As early a s  1898, Beille suggested tha t  
giant cell formation involved cell wall tlissolu- 
tion and subsequent cytoplasmic fusion be- 
tween t h e  neighboring cells (cited in 13). 
Although experimental evidence was never con- 
vincing, this line of thinking prevailed among 
many investigators (1,6,7,13,36,53). Cell wall 
fragmentations, which have been claimed to be 
observed in giant cell cytoplasms in histological 
sections, were used to support this point of view 
(2,5,6,47,55). While unequivocal identification of 
cell wall breakdown with light microscopy (LM) 
proved to be difficult, transmission (TEM) and 
scanning (SEM) electron microscopies a r e  
powerful systems for the  task. Cell-wall dissolu- 
tions for giant cells induced by Meloidogyne 
spp. could not be demonstrated with the latter 
m e t h o d s  d e s p i t e  e x t e n s i v e  s e a r c h e s  
(23,27,29,32). 

In sharp contrast to the  mechanism induced 
by Meloidogyne, convincing evidence for cell- 
wall breakdown was obtained, also by means of 
TEM and SEM of cryofractured specimens, for 
syncytia induced in host plants by other genera, 
namely Hetvrodera spp. (26,52), Nacobbus 
uberrcl?l.s (30), Rotylenchulus reniformis (50) 
and Longidorus ayltlus (11). Jones and Dropkin 
(25) were able to demonstrate, with LM and 
epoxy resin embedded semi-thin sections, the  
striking difference between the absence of cell- 
wall breakdown in giant cells of soybean roots 
infected with M. incognita and the easily ob- 
served wall gaps in syncytia induced by H. 
glycines and R. r e n ~ o r m i s  in the  same plant. 
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Giant Cells 

Fig. 1. Photomicrograph (10-pm-thick paraffin section) of giant cells in the root of Vicia faba 15 days after infected 
with Meloidogyne javanica. Note the uneven thickening of the cell walls. 

Fig. 2. Photomicrograph of a portion of a giant cell isolated from the root of Viciu faba infected with Meloidogyne 
javanica (Feulgen-stained squash preparation). Note that the interphase nuclei are  variable in size and 
profile. Nuclear connections are also apparent. 

Fig. 3. EM photomicrograph (thin section, glutaldehyde-0s04 fixation) of a giant cell nucleus in the root of Vicb 
faba infected with Meloidogyne javanica. Note the amoeboid form of the nucleus. 

Fig. 4. Photomicrograph of a giant cell, undergoing synchronous nuclear division (anaphase), from the root of 
Vicia faba infected with Meloidogyne javanica (Feulgen-stained squash preparation). Note that the mitotic 
apparatus, with different number of chromosome sets, conduct their anaphase migrations along different 
axes, apparently lacking the normal spindle orientation. 

Fig. 5. EM photomicrograph (thin section, glutaldehyde-0s04 fixation) of a portion of a giant cell in the root of 
Cucumis sativus 19 days after inoculated with Meloidogyne javanica. Note the branching cell wall in- 
growths (WY), delineated by a continuous plasmalemma (Pm). 
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Only twelve years after the suggestion of 
Beille, NCmec in 1910 gave an alternative ex- 
planation for the mechanism of formation of 
giant cells. He observed that nuclei in a giant 
cell induced by a root-knot nematode divided 
without forming new cell walls (cited in 13). 
Although nuclear divisions in giant cells have 
often been observed since then (2,13,37, 
39,47,55), the importance of karyokinesis 
without subsequent cytokinesis in giant-cell on- 
togeny attracted little attention for more than 
half a century. 

In 1969, Huang and Maggenti (22) demon- 
strated tha t  metaphase chromosome numbers 
of giant cells in Vicia faba infected with M. 
jatlawica followed the geometric progression 
24,48,96,192 and 384. They suggested, therefore, 
that the giant cells were most likely formed 
t h r o u g h  r epea t ed  endomi toses  w i t h o u t  
cytokineses. They hypothesized that involve- 
ment of cytoplasmic coalescence in the forma- 
tion of giant cells was unlikely, otherwise one 
would expect to find chromosome numbers that 
follow a n  a r i t h m e t i c  progress ion .  The  
hypothesis was contested by some investigators. 
Finding that  photomicrometric DNA measure- 
ments of giant-cell nuclei were variable and did 
not fit the ploidy sequence, Bird (4) proposed 
tha t  cell fusions must also have been involved in 
the giant cell formation. However, many factors 
may contribute to the variability of measure- 
ments of this kind, including the precision of the 
method itself, the variation among nuclei of the 
same giant cells due to irregular. fusion of 
mitotic apparatus and occasional aneuploidy (22), 
and the "age" of the nuclei when measurements 
are taken. Rohde & McClure (53) infected cotton 
seedlings for 24 h with M. i~zcogr~ita and then 
transferred the infected plants to a nutrient 
solution containing 3H-methyl-thymidine for 
another 24 h. Using autoradiography, they de- 
tected unlabelled binuclear cells in roots 24 h af- 
ter exposure to the labelled nutrient solution 
had finished. In addition, an image suggestive 
of a wall gap near the head of an infective 
juvenile was recorded as  evidence of cell wall 
dissolution (53). These results led them to con- 
clude that giant cells could also be formed by 
cytoplasmic fusion between adjacent cells 
resulting from cell wall dissolution. Presuming 
that  the autoradiographic technique was suf- 
ficiently sensitive and precise, the possibility 
still exists that the unlabelled binucleate giant 
cells were derived from the nuclei that had 
remained unlabelled after 24 h of incubation in 
the "hot" 3H-nutrient solution. The cell-wall dis- 
solution observed is difficult to ascertain with 

paraffin section because the wax is not firm 
enough to exclude the possibility that in- 
distinguisable artifacts might have been formed 
during the sectioning. In addition, the generally 
thick cell walls of giant cells have thin areas 
that  are  close to the limit of LM resolution 
(23,32), thus giving an impression of "gaps" in 
sections on some plains. 

Bird (6) repeated the chromosome counts of 
giant cells in Vicia faba infected with M. 
java~~ica.  He was unable to obtain the numbers 
that fit the ploidy sequence obtained by Huang 
& Maggenti (23 ,  and reported various stages of 
cell-wall breakdown and cell fusion in the 
giant cells with phase-contrast microscopy. He, 
therefore, argued that wall breakdown was in- 
deed involved in the process of giant-cell forma- 
tion. However, the factors that  may have ac- 
c o u n t e d  f o r  t h e  d i s c r e p a n c i e s  in  t h e  
chromosome counts  carr ied out  by t h e  
aforementioned investigators are  not certain. I t  
is difficult to ascertain the cell-wall breakdown 
and cell fusions claimed to have been observed 
because the resolving power of the phase con- 
trast LM system is limited. 

Advances in instrumentation in the last ten 
years, such as the cryofracturing technique em- 
ployed in SEM, have greatly facilitated the 
studies of giant-cell ontogeny. Experimental 
evidence with these advanced EM techniques 
has accumulated against the hypothesis that 
giant-cell formation involves cell-wall dissolu- 
tion and subsequent cytoplasmic coalescence. In 
their EM and LM studies of giant cells of 
Iwpatiens bulsami~za induced by M. javanica 
and M. incognita, Jones & Payne (32) were not 
able to detect any evidence of cell-wall dissolu- 
tion in the first 72 h of their initiation, a period 
during which thorough observations were made. 
On the contrary, their studies (32) confirmed 
the observations of Huang & Maggenti (22) that 
daughter-cell walls were not formed after 
nuclear division had occurred in the giant cells 
of Vicia faba infected with M. jauanica. 

After the cytoplasm from cryofractured 
materials has been digested, considerable por- 
tions of the interior surface of a giant cell can be 
examined with SEM. Such studies have clearly 
demonstrated the absence of perforations in the 
giant-cell walls of I. balsamina infected with M. 
ir~coynita (27). This absence is considered to be a 
strong indication of non-involvement of cell- 
wall lyses in giant-cell formation. This inter- 
pretation is probably well founded since similar 
investigations have clearly shown wall perfora- 
tions in the syncytia of soybean and tobacco in- 
fected with cyst nematodes (26) and in those of 



tomato infected with Nacobbus aberrans (30). 
These perforations are all known to derive from 
wall lyses and subsequent cytoplasmic fusions 
(25). 

ANATOMY OF GIANT CELLS 
Giant cells vary anatomically with their de- 

velopmental "age." In the roots of I. balsamina 
24 hr after being infected with M. javanica, 
nuclear divisions were detected in parenchyma 
cells up to two cell layers from the head of the 
nematode (32). Since the vascular parenchyma 
rarely undergoes mitosis under normal condi- 
tions, the nuclear divisions were presumably 
stimulated by the nematode. These divisions are 
considered to be the first  detectable sign of 
giant-cell initiation. EM studies by Jones & 
Payne (32) further showed that, a t  anaphase, 
vesicles lined up initially between the two 
daughter nuclei to form a new cell plate. Golgi 
bodies, endoplasmic reticulum (ER), mitochon- 
dria and small vacuoles were found accumu- 
lated around the partially formed cell plate. 
Contrary to normal mitoses, however, the vesi- 
cles aggregated along the presumptive cell plate 
were posteriorly dispersed, resulting in abortion 
of the new cell-wall formation. The first  
karyokinesis without cytokinesis results in the 
formation of a young binucleate "giant cell," 
whose size barely differs from that of the 
neighboring, normal parenchyma cells. After 
telophase, a partially formed cell plate may 
become attached to the mother cell wall and 
develop as  a wall "stub" or "flange" with 
posterior polysaccharide depositions. However, 
the wall "stubs" should not be interpreted as  the 
r e m n a n t s  of wal l  decomposi t ion s ince  
corresponding wall fragments could not be 
found anywhere within the giant cell (32). These 
features of abortive cytokinesis in developing 
giant cells very closely resemble those of 
caffeine-induced mitotic aberrations (31). 

The binuclei of a young giant cell undergo 
rapid, synchronous divisions without subse- 
quent cytokineses. Thus, giant cells with up to 
eight nuclei can be found within 48 hr  of 
nematode infection (32). However, i t  is not yet 
known whether in the subsequent nuclear divi- 
sions, cell-plate-like structures are also con- 
solidated initially but aborted afterwards. Syn- 
chronous nuclear divisions within the same 
giant cells (Fig. 2) have been observed for many 
o t h e r  hos t  p l an t s  (2,22,37,47,55), b u t  
corresponding daughter cell-wall formations 
have never been detected. 

In a more advanced giant cell, synchrony of 
the nuclear divisions may not be constant; some 

occasionally become slightly out of phase as  the 
polyploidy increases (6,22). The polyploidal con- 
dition of a giant cell commonly reaches 32 n, and 
64 n has been recorded (22). 

Nuclei within a giant cell are highly variable 
both in size and in shape (Fig. 3; see also 22,60). 
They a re  generally irregularly lobed and 
amoeboid in form (Figs. 3 & 4), thus with a 
tremendously increased surface area. Linkages 
between neighboring nuclei by the lobes are also 
common (Fig. 3). The variabilities in nuclear 
size and profile are attributable to the irregular 
fusions of neighboring metaphase plates, to the 
uneven distribution of chromosome sets a t  
anaphase (Fig. 2) from lack of spindle orienta- 
tions and to the incomplete migration of 
anaphase chromosome (22). The mitotic aberra- 
tions and the resultant nuclear irregularities 
make nuclear counts and quantitative nuclear 
DNA determinations practically impossible. 

The cytoplasms of developing giant cells are 
reminiscent of active meristematic cells. Golgi 
a p p a r a t u s ,  m i t o c h r o n d r i a ,  r i b o s o m e s ,  
polysomes and ER are abundant (25,28,29,32). 
As a parenchyma cell is transformed to a 
developing giant cell, the predominant central 
vacuole gradual ly  disappears ,  and  smal l  
vacuoles increasingly prevail in the cytoplasm 
(32,59). A crystalline body surrounded by an 
elaborate smooth membrane system, which is 
apparently proteinaceous but of unidentified 
origin, can occasionally be found in giant-cell 
ground cytoplasm (17,29). Amyloplasts with 
starch grains were found in the giant cells of 
soybean roots infected with M. incogr~ita (25) 
and in those of Coleus bluntei roots infected 
with M. u r e ~ u r i u  (29) but not in those of tomato 
roots infected with M. java?zicn (42). In the cyto- 
plasm of soybean-root giant cells near the head 
region of M. i)zcog)litu, Jones & Dropkin (25) re- 
ported some "clear areas" not stained with 
toluidine blue except for some membranous in- 
clusions. They suggested that  the "clear areas," 
albeit rare, correspond to packets of saliva 
originating from the nematode stylet. 

The walls of giant cells are  apparently con- 
tinuous and without "gaps" or "perforations" 
(23,25,27,29,32). There are, however, alternating 
thick and thin areas on the same wall (Fig. 1). 
Plasmodesmata are found only in the thin por- 
tions of the wall (23,25,27,29). 

The thick portions of the wall are associated 
with secondary ingrowths jutting into the giant- 
cell cytoplasm (Fig. 5, see also 23,25,27,28,29). 
The ingrowths vary from simple rods to exten- 
sive finger-like branchings and are always 
followed by a continuous plasmalemma (23,29). 
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In the giant cells of I. balsamina, the branching 
ingrowths are essentially cylindrical with a 
fairly constant diameter of 0.37 f 0.06 pm and 
can reach a length of 10 pm in the well- 
developed stage (27). Whether the measure- 
ments also apply to giant cells of other plants is 
not known. The ingrowths are most extensive on 
the giant-cell walls adjacent to xylem elements 
and on walls between giant cells, less so on walls 
next to sieve elements, and least on those 
separating giant cells and other parenchyma 
cells (25,29). In young giant cells, numerous 
small pits are found on walls all around. At  
later stages however, only the walls between 
t w o  g i a n t  ce l l s  h a v e  p i t  f i e l d s  w i t h  
plasmodesmata. The walls between a grown 
giant cell and normal cells are remarkably free 
of pit fields (27). 

PHYSIOLOGY OF GIANT CELLS 
A considerable amount of research has been 

done in the last two decades on the physiological 
and biochemical aspects of giant cells. The sub- 
ject was recently reviewed meticulously by 
Jones (24) who contributed greatly to our 
knowledge about the physiological functions of 
these structures. 

I t  is increasingly clear from the studies on the 
wall ingrowths (28,29,33,34) that  giant cells in- 
duced by root-knot nematodes are transfer cells 
similar in function to those found in normal 
tissues such as  companion cells and xylem 
parenchyma cells (49). The ingrowths greatly 
increase the surface area of the plasmalemma 
in a giant cell, with an amplification factor 
which can reach more than 10x  (27). I t  is 
assumed tha t  these s tructures  effectively 
facilitate the transport of solutes. The fact that 
wall ingrowths proliferate as  the nematode 
develops and degenerate when it ages (27) 
demonstrates the importance of nematodes in 
the physiology of the giant cells. 

A root-knot nematode requires about a month 
to reach maturity. An estimate of the biomass 
of the adult female and the eggs she lays 
demonstrates that an infective juvenile in- 
creases its size by about 1000 times during that  
period (16). The total biomass is much larger 
than any of the giant cells on which she feeds. 
To accomplish this tremendous growth rate, the 
nematode must draw the bulk of the nutrients 
required from the half-dozen giant cells sur- 
rounding its head and, in so doing, acts as  a 
metabolic sink (9,41). To satisfy the nematode's 
needs, on the other hand, a large quantity of 
solutes must obviously be transported from the 
surrounding tissues to the giant cells. Informa- 
tion gained from the studies of transmembrane 

potentials (33,34) led Jones (24) to hypothesize 
that the wall-ingrowth apparatus with its 
considerably amplified p lasmalemma,  is 
equipped with a hydrogen ion efflux pump that 
enables solutes such as  sugars and amino acids 
to pass efficiently from the cell-wall compart- 
ment to the cytoplasmic compartment of the 
giant cell. 

Biochemical analyses of gall-tissue ho- 
mogenates (12,35,38,45,46,48) do not indicate 
which metabolites are specific to giant cells, 
since the preparations also contain other host 
tissues as  well as  the nematode, its eggs and the 
gelatinous matrix. Information about the 
biochemical characteristics of giant cells comes 
mainly from histochemical and cytochemical 
studies. Using specific stains, Dropkin & Nelson 
(17) found that walls of giant cells contained 
cellulose and pectin but not lignin, suberin, 
starch or ninhydrin-positive substances. Bird 
(2)  detected higher  carbohydra tes ,  f a t s ,  
ribonucleic acids and proteins in the cells. 
Pronounced activities of oxido-reductive en- 
zymes such as  NAD and NADP diaphorases, 
mala te ,  isoci t rate ,  succinate ,  glucose-6- 
phosphate and 6-phospho-fluconate dehydro- 
genases were found in histochemical prepara- 
t i ons  of t h e m  (20) .  Alka l ine  a n d  ac id  
phosphotases, non-specific esterases, perox- 
i d a s e s ,  a d e n o s i n e  t r i p h o s p h a t a s e  a n d  
cytochrome oxidase were similarly found (57). 
Autoradiographies of giant cells supplied with 
3H-thymidine showed, as might be expected, 
heavy DNA synthesis from very early stages of 
their development (53). In their histochemical 
work, Orion & Bonner (42) found strong 
amylase and invertase activities in the cells and 
their immediate vicinities, with the invertase 
being more concentrated on the cell walls. Since 
starch was markedly absent in these cells, they 
suggested that soluble sugars were being ac- 
tively produced by starch hydrolysis and dif- 
fused to giant cells where they were broken 
down t o  monosaccha r ides  a n d  s m a l l e r  
m o l e c u l e s .  T h e  h i s t o c h e m i c a l  a n d  
autoradiographical techniques, however, are 
not quantitative so conclusions drawn from the 
data are necessarily speculative. 

Gommers & Dropkin (21) were the first to 
determine quantitatively the metabolites in 
giant cells. The cells were dissected from 
lyophilized sections and accurately weighed (5 
ng to 50 ng dry weight) on a fishpole balance. 
The metabolites were then quantitatively con- 
verted to equivalent pyridine nucleotides which 
in turn were subjected to "enzyme cycling" and 
measured fluorometrically. The results showed 
that  giant cells of soybean roots induced by 



Meloidogyne contained 4X and 6X more glucose 
and free amino acids, respectively, than did the 
actively growing root tip cells. The ATP, 
glucose-6-phosphate and protein contents of the 
two types of cells were similar. 

Auxin has long been implicated in root-knot- 
nematode-induced gall formation, a subject that  
has been adequately reviewed by Viglierchio 
(58). Specific evidence for auxin participation in 
giant-cell physiology is still lacking, perhaps due 
to the absence of an adequate cytochemical 
technique for this group of compounds. 

The involvement of cytokinins in giant-cell 
formation has also been suggested. Van Staden 
& Dimalla (56) demonstrated tha t  susceptible 
tomato cultivars contained higher endogenous 
cytokinins than resistant ones. Moreover, root- 
knot nematode infections elevated these growth 
regulators in the roots of both cultivars. Bird & 
Loveys (10) were able to detect cytokinin-like 
substances in the eggs, juveniles and adults of 
root-knot nematodes and demonstrated that ac- 
tivity of the growth regulators in a gall was 
higher when the nematode was in rapid growth. 
Orion & Wergin (44) reported that  M. incognitu 
provided redifferentiations of amyloplasts to 
chloroplast-like plastids in tomato roots, an ef- 
fect indistinguishable from that  of cytokinin 
t reatment .  Hence, circumstantial evidence 
suggests the involvement of cytokinins in root- 
knot gall formation, as  i t  does with auxins. 
However, a specific relationship of the growth 
regulators with giant-cell physiology is not yet 
known. 

The most intriguing questions about the 
physiology of giant cells are those related to 
their initiation. There are two distinct, primary 
events in the initiation of a giant cell induced by 
a root-knot nematode: the modified nuclear 
divisions and the abortion of daughter-cell plate 
formations (32). Those two processes continue 
to operate also during the subsequent develop- 
mental stages of the giant cells. However, little 
experimental evidence is available to reveal the 
primary chemical agents or  mechanisms 
responsible for  these two fundamenta l  
phenomena. The nuclear divisions can be de- 
tected as  soon as  the infective juvenile begins to 
feed (32) and throughout its development (3), so 
the substance or substances responsible for trig- 
gering the chain of events in the accelerated 
karyokineses in a giant cell presumably come 
from the dorso-esophageal glands of all of the 
feeding stages of the nematode. It is possible 
that  such key substances are highly diffusable 
small molecules which are also responsible for 
the hyperplasia observed around giant cells. The 
inhibitor mechanism for the daughter-cell plate 

formation, on the other hand, apparently limits 
its presence to the few modified cells around the 
head of the nematode, indicating that they 
probably are either highly labile molecules, not 
easily diffusable, or are present in extremely 
low concentrations. Jones & Payne (31) showed 
that failure of cytokineses in the roots of I. 
bulsunzinu treated with caffeine was practically 
indistinguishable to that provoked by root-knot 
nematodes. I t  is not known, however, whether 
these nematodes produce any alkylated oxy- 
purines, the group to which caffeine belongs. 
CONCLUSIONS 

Giant cells induced by root-knot nematodes 
were discovered about a century ago. However, 
i t  is only during the last two decades tha t  
detailed studies of the multinucleate cells and 
their obligate interrelationships with the 
nematodes have been made. With advanced EM 
instrumentation, much has been learned in the 
last ten years about the ultrastructures of these 
cells. However, histochemical and autoradi- 
ographical investigations have accumulated 
considerable qualitative data concerning their 
chemical and enzymatic constituents. 

Recent cytological evidence suggests that 
giant cells are formed by repeated endomitoses 
without subsequent cytokineses (22,25,27,32) 
and that they are essentially transfer cells (29) 
passing nutrients to the nematode. However, 
before more confident generalizations can be 
made, additional information will be required 
on two fronts. Firstly, more plant-nematode 
combinations should be examined with modern 
EM instrumentation to verify the mode of their 
giant-cell formation. Current understanding of 
the giant-cell ontogeny is based on the detailed 
studies of only half a dozen plant-nematode 
relationships. There are more than 50 species of 
Meloidogyne (54), all of which apparently 
stimulate the formation of giant cells in their 
respective host plants, and we need information 
on many additional nematode-plant associa- 
tions. In the area of the physiology of giant 
cells, direct experimental proof should be pro- 
vided for the "giant" transfer cell model cur- 
rently being speculated. For this purpose, we 
are in great need of ultramicroanalytical tech- 
niques with which metabolites in the developing 
giant cells, as well as  in the associated nematode, 
can be precisely determined. 
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Agricultural and horticultural plants grown 
under field conditions are  exposed to a tremen- 
dous number of soil microorganisms. One 
square meter of high-fertility field soil may con- 
tain a s  many a s  3 x 1014 (300 g) bacterial cells, 
400 g of fungi, 5 X lo8 (38g) protozoa and 1 X lo7 
(12 g) nematodes (43). Fortunately, most soils do 
not harbor this many microorganisms, and 
many of these are  not pathogenic to plants. For 
example, out of the more than 15,000 species of 
nematodes described, presently only 2200 
species a r e  recognized a s  plant parasites. 
Among these, only 50 species have been im- 
plicated as  pathogens of soybean, 30 species as  
pathogens of corn, 28 species as  pathogens of 
wheat, and 26 species as  pathogens of alfalfa. 
Less than ten species attack each of these crops 
severely enough to be considered of economic 
importance. 

The restricted number of plant-parasitic 
nematodes capable of attacking a given plant 
species is due to the presence of plant defense 
mechanisms. Plants possess many types of 
defense mechanisms. Cowling and Horsfall (9) 
draw an analogy between the defense in plants 
and the defense of a medieval castle. Extrusion 
from plants of chemicals toxic to pathogens is 
equivalent to the pouring of boiling oil on in- 
vaders by castle defenders. Preformed struc- 
tures and chemicals that  ward off pathogens a t  
the plant surface are similar to the castle setup 
of reinforced walls, t rap doors and poisonous 
baits. These mechanisms constitute the first 
line of defense. When this defense fails, many 
plants synthesize toxic substances, such as 
phytoalexins, and build physical barriers, such 
as apposition of callose to cell walls to fence off 
the invading pathogens. These defenses are  
similar in a way to the throwing of explosives 
and setting up barricades by the castle defen- 
ders to  confine and minimize the damage done 
on the castle by invaders. 

The preceding analogy serves to acquaint the 
reader with the types of resistance mechanisms. 
However, one must realize that  resistance 
mechanisms are  complex and, in many cases, 
poorly understood. Some plants, for example, 
show little injury even though the pathogen is 
allowed to build up to a high population. On the 
other hand, some plants may exhibit severe in- 
jury upon pathogenic infection but a t  the same 
time limit the pathogen from reproduction. Ac- 
cording to Rohde (45), any reaction that  renders 
the plant the ability to overcome or withstand 
the attack of a pathogen is a resistance reaction. 
Mechanisms involved in plant resistance to 
nematodes have been recently reviewed (31, 54, 
55). In this Chapter, discussion will be limited to 
those mechanisms that  are  pertinent to  the 
defense against root-knot nematodes before, 
during, and after their penetration. 

PRE-INFECTIONAL RESISTANCE 
Root exudates play an important role in both 

attracting and repelling root-knot nematodes. 
When an egg mass of M. hajpla was placed on a 
water-agar plate equally distant from ger- 
minating resistant and susceptible alfalfa seeds, 
approximately three-fourths of the hatched 
juveniles were attracted to  the susceptible 
seedlings, and only one-fourth were attracted to  
the resistant plants (23). Cucumber plants 
carrying a single dominant bitter gene (Bi) 
produce compounds t ha t  repel nematodes. 
These triterpenoid compounds known a s  cucur- 
bitacins (Fig. 1) are toxic to a variety of insects. 
Excised roots from bitter cucumbers attract 
significantly fewer M. incognita than do roots 
from nonbitter isogenic lines (26). 

These examples suggest t h a t  root-knot 
nematodes may be differentially attracted to  
roots of resistant and susceptible plants. The 
compounds responsible for repulsion and attrac- 
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tion, with few exceptions, have not been iden- 
tified or characterized. 

Root exudates from certain plants a re  
nematicidal. For example, 63% of M. incognita 
juveniles treated with root exudates from 1 
month-old marigold (Tagetes erecta L.) seed- 
lings were killed in 72 hrs (1). Marigold roots 
contain a high concentration (-0.1% of dry root 
wt) of a-terthienyl (Fig. 1) that exhibits high 
nematicidal activity against several plant- 
pathogenic nematodes (52). The minimum lethal 
dosages for Globodera rostochiensis, Anguina 
tritici, and Ditylenchus dipsaci are 0.2, 0.5, and 
5 ppm, respectively. Similar results were ob- 
tained with root exudates from margosa 
(Axadiruchta indicu Juss.). In these roots, nim- 
bidin and thionemone are the active nematicidal 
compounds (1). Another reported naturally oc- 
curring nematicide is pyrocatechol (Fig. 1). This 
compound accumulates in high concentration in 
roots of Eragrostis curnula and is a potent 
nematicide against M. javanica, M. hapla, hf. 
arenaria thamesi, and M. incognita acrita (48). 

Despite its effectiveness in in vitro experi- 
ments, the role of a-terthienyl a s  a nematicide 
in soil has not been unequivocally established in 
greenhouse or field trials. Hackney and Dicker- 
son (25) noted tha t  populations of M. incognita 
were significantly fewer from marigold than 
from tomato, and aborted giant cells and dead 
juveniles and females were frequently observed 
in roots of marigold. Marigold, however, did not 
significantly reduce nematode populations in 
tomato plants when both were cultivated 
simultaneously. These results suggest that  
marigold do not reduce the nematode popula- 
tions in the soil by nematicidal action. Daulton 
and Curtis (12) reported that several species of 
Tagetes grown in M. javanica-infested soil 
reduced the nematode populations, but addition 
of a-terthienyl as  an aqueous suspension or as  a 
solid a t  dosages up to 200 ppm had no effect on 
the nematodes in the soil. 

Polyacetylenes extracted from roots of saf- 
flower (Carthamus tinctorius) and a-chaconine 
isolated from potato sprouts have also been 
shown to have potent nematicidal activity 
against certain nematodes (2, 34). Their effects 
on Meloidogyne spp. have yet to be determined. 

RESISTANCE AT ROOT SURFACES 
All plant-parasitic nematodes possess a 

protrusible stylet that  functions to rupture 
their egg shell during hatching, to penetrate 
plant cell walls during infection, and to feed on 
the host cells during the feeding process. The 
pumping action of the stylet (2-24 strokes/sec), 

combined with cellulases, pectinases and other 
cell-wall-degrading enzymes released by 
nematodes (16), is capable of overcoming all 
superficial mechanical barriers such a s  plant 
cell walls and cuticles. Most experimental 
results indicate little if any difference in 
penetrat ion of r e s i s t an t  and  susceptible 
cultivars of alfalfa, cotton, tomato and snap 
bean by Meloidogyne spp. (19, 22, 38, 42, 44). 

Exceptions to these reports, however, do ex- 
ist. Sasser (47) tested fifty plant species and 
varieties commonly used in crop rotation for 
susceptibility to root-knot nematodes and found 
tha t  resistant plants were not penetrated as  
readily as  susceptible plants. Similarly, in a 
histopathological study of soybean-root-knot 
nematode interaction, Dropkin and Nelson (17) 
noticed that roots of resistant varieties had 
fewer nematodes than susceptible plants. 
Whether this observed difference is due to the 
root surface acting as  a barrier to penetration or 
other factors has not been investigated. 

I t  is difficult to assess critically the impor- 
tance of the root surface a s  a barrier to 
nematode penetration. Direct observations of 
penetration using isolated epidermis from resis- 
tan t  and susceptible plants should provide more 
conclusive evidence for the role of the root sur- 
face as  a penetration barrier. 

POST-INFECTIONAL RESISTANCE 

Preformed Chemicals 
A number of plants contain compounds tha t  

are toxic to root-knot nematodes. Phenolics are 
involved in the formation of necrotic lesions and 
have been frequently suggested as  the com- 
pounds responsible for disease resistance. 
Positive correlations between the concentra- 
tions of phenolics in plants and resistance to 
root-knot nematodes have been reported. For 
example, tomato cultivars susceptible to root- 
knot nematodes contain 40-44 pg phenolic com- 
pounds/g root tissue whereas a highly tolerant 
cultivar contains 79 pg; resistant cultivars, 97- 
102 pg; and immune cultivars, 107-117 pg (49). 

H u n g  a n d  Rohde (28) compared  t h e  
chlorogenic acid (Fig. 1) content in two closely 
related tomato cultivars. They found 'Nemared,' 
a cultivar resistant to M. incognita, to contain 
580 pg/g root tissue; and 'B-5,' a susceptible 
cultivar, 380 pg. Chlorogenic acid is known to af- 
fect nematode coordination. 

The involvement of phenylalanine ammonia 
lyase (PAL) in the biosynthesis of phenolic 
compounds is well documented (11). Therefore, 
researchers have looked for a correlation bet- 
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ween PAL activity and disease resistance. Roots 
of tomato 'Nematex' grown a t  27°C (resistant 
state) showed a significant increase in PAL ac- 
tivity 12 hr after inoculation with M. incognita 
whereas roots of control and inoculated plants 
grown a t  32°C (susceptible s ta te )  showed 
depressed PAL activity. According to Brueske 
(8), elevated PAL activity in resistant roots 
results in the synthesis of more phenolic com- 
pounds which in turn prevent and localize the 
parasitization of the nematode. These results 
suppor t  t he  importance of phenolics in 
resistance against root-knot nematodes. 

Most phenolic compounds occur in plant 
tissues in bound forms as  glycosides exhibiting 
low physiological and biochemical activity. 
Cleavage of these glycosides by P-glycosidases 
releases physiologically active free phenols. 
Homogenates of adult females and preparasitic 
second-stage juveniles of M. incognita and M. 
javanica  exhibit  P-galactosidase and  P- 
glucosidase activities which a r e  ab le  to  
hydrolyze glycosides (50). However, currently 
there are no experimental data that clearly 
demonstrate a positive correlation among B- 
glycosidases, glycosides and resistance to root- 
knot nematodes. 

Nutrition 
Nutrition is important in resistance to root- 

knot nematodes in two ways: first, absence of 
cer ta in  nu t r i en t s  may force penet ra ted  
nematodes to move out of the infected root; and 
second, host nutrition may affect sex ratio of 
root-knot nematodes in infected plants. 

A time-course study of penetration, develop- 
ment and migration of M. incognita acrita in 
resistant and susceptible alfalfa cultivars was 
conducted by Reynolds et al. (42). During the 
first  two days of inoculation, approximately the 
same number of nematodes penetrated the roots 
of resistant and susceptible plants; however, 
this number abruptly decreased in resistant 
alfalfa 3 to 4 days after inoculation. Examina- 
tion of the nematode-infected seedlings in- 
cubated in water revealed tha t  juveniles 
migrated out of the resistant roots, with the 
greatest migration occurring 4 days after in- 
oculation. The abrupt decrease in nematode 
number inside resistant roots coincided with the 
massive migration out of resistant plants. 

Similar results were obtained by Griffin and 
Elgin (22) in M. hapla-alfalfa interactions. They 
examined the penetration and development of 
root-knot nematode in resistant and susceptible 
cultivars under different temperatures. Signifi- 
cant differences in the number of juveniles in 
resistant and susceptible hosts were not found 

during the first 6 days of the experiments. A 
subsequent decline in nematode number was ob- 
served in resistant alfalfa while the number of 
nematodes in the susceptible remained high. An 
interpretation of these results is that  roots of 
resistant alfalfa plants are unable to provide es- 
sential nutrients for nematode development, 
thereby, forcing mass exodus of penetrated 
nematodes. However, the actual mechanisms 
responsible for movement of juveniles out of 
roots are  still not known (31). 

Several reports have shown tha t  sex deter- 
mination in root-knot nematodes is influenced 
by a number of environmental factors. Gamma- 
ray irradiation of host roots increases the male 
population (30) as  does heavy inoculation with 
nematodes (13). Similarly, continuous incuba- 
tion of M. graminis-infected Bermuda grass a t  
32°C yielded 74% more males than those kept a t  
27°C and 80-100% more than those kept a t  21 
and 16°C (36). Host nutritio;~ also plays an im- 
portant role in sex determination. Approx- 
imately 5% of M. incognita juveniles in excised 
cucumber roots developed into males when the 
roots were grown on a medium containing 18 g 
sucrose/liter. This percentage increased a s  the 
concentrations of sucrose in the  medium 
decreased. All juveniles developed into males 
when the sucrose concentration was decreased 
to 0.67 g/liter (37). Tomato plants deficient in 
N,P, K, N-P, N-K, P-K, or N-P-K also had 
higher male populations than those plants 
receiving complete nutrients (14). 

Maleic hydrazide is a plant growth inhibitor 
that  inhibits cell division in the meristematic 
regions, reduces the rate of respiration, blocks 
the translocation of photosynthates from leaves 
to roots and affects plant health in general. 
Davide and Triantaphyllou (15) reported that  
more juveniles of M. javanica and M. incognita 
developed into males if the tomato plants were 
treated with maleic hydrazide. Treatment of 
tomato plants with morphactin, another plant 
g r o w t h  r e g u l a t o r  a f f e c t i n g  p l a n t  
morphogenesis, produced similar results mainly 
through its antimitotic activity (39). Since 
female root-knot nematodes do most of the 
damage and are responsible for reproduction, a 
response in the plant which increases the 
male/female ra t io  may be considered a 
resistance reaction. Although high male/female 
ratios are frequently associated with phytotox- 
icity and poor growth of plants treated with cer- 
tain growth inhibitors, manipulation of host 
nutrition and application of tolerant levels of 
growth inhibitors may be a feasible mode of 
control for root-knot nematodes and should not 
be overlooked. 



Phytoalexins 

According to Paxton (40), phytoalexins are 
low molecular-weight, antimicrobial com- 
pounds that  are both synthesized by and ac- 
cumula t ed  in p l a n t s  a f t e r  exposu re  t o  
microorganisms. This definition does not relate 
phytoalexins to disease resistance, and there is 
no evidence t o  prove  i r revocably  t h a t  
phytoalexins are primary factors in resistance 
to parasites. Since many higher plants do syn- 
thesize and  accumulate  phytoalexins in 
response to biotic stress and most phytoalexins 
have potent antimicrobial activity, the possible 
role of phytoalexins in inhibiting the invading 
microorganisms and preventing disease 
development should not be ignored. 

To date, 102 phytoalexins have been isolated 
a n d  c h e m i c a l l y  c h a r a c t e r i z e d  f r o m  
Leguminosae (29), 25 from Solanaceae (35) and 
46 from other families (10). Phytoalexins have 
diverse chemical structures but the majority of 
them are isoflavanoids, polyacetylenes, ter- 
peno ids  a n d  s t e r o i d s .  P r o d u c t i o n  of 
phytoalexins has been investigated primarily in 
relation to fungal diseases, but they have been 
reported also in bacterial, viral and nematode 
diseases. The most detailed study of accumula- 
tion of root-knot-nematode-induced phytoalexin 
and disease resistance is the one reported by 
Kaplan et al. (32). They employed two soybean 
cultivars and two Meloidogyne spp. in their 
s tudy  of t h e  association of phytoalexin 
glyceollin with the incompatible response of 
soybean roots to root-knot nematodes. Soybean 
cv. 'Centennial' is resistant to M. incognita but 
susceptible to M. javanica. Cultivar 'Pickett 71' 
is susceptible to both nematodes. Extracts from 
Centennial roots inoculated with M. incognita (a 
resistant host/nematode combination) con- 
tained 40 pg phytoalexin glyceollin/g root tissue 
tissue 3 days after inoculation and increased to 
70 , ~ g / g  root after 7 days (Fig. 1). Roots of Cen- 
tennial inoculated with M. javanica and those of 
Pickett 71 inoculated with either M. incognita or 
M. javanica (a l l  t h r e e  a r e  suscept ib le  
host/nematode combinations) contained a very 
low concentration of glyceollin. These results in- 
dicate that glyceollin production is stimulated 
in a resistant host/nematode combination but 
not in susceptible interactions. Furthermore, 
and vascular tissues, the vascular tissue of Cen- 
tennial inoculated with M. incognita had the 
highest glyceollin concentration. Vascular 
tissue is the site where the root-knot nematode 
becomes sedentary after penetration. 

In  vitro tests have shown that  second-stage 
juveniles of M. incognita are extremely sensitive 

to glyceollin with ED50=11 pg/ml. M. javanica, 
however, is not affected by glyceollin even a t  a 
concentration of 60 ,Lg/rnl. 

The mode of action of glyceollin on M. 
incognita is not well understood. Glyceollin is 
known to inhibit oxygen uptake by second-stage 
juveniles (33). Work conducted on isolated soy- 
bean mitochondria indicates tha t  glyceollin in- 
hibits electron transport a t  the site between 
NADH dehydrogenase and coenzyme Q (7). 
Whether the specific site of inhibition on 
nematode mitochondria is similar to that on 
soybean mitochondria remains to be deter- 
mined. 

In this soybean/root-knot-nematode system, 
glyceollin appears to be involved in disease 
resistance because: 1) glyceollin is produced in 
large quantities in resistant host/parasite in- 
teractions; 2) glyceollin is accumulated a t  the 
feeding site of the nematode; and 3) glyceollin is 
induced by the nematode that  is sensitive to the 
phytoalexin but not by the one resistant to the 
phy toalexin. 

The accumulation of phytoalexins in resistant 
plants has also been found in root-knot- 
nematode-inoculated cotton roots. Veech and 
McClure (56) were unable to find a direct 
correlation between preinfectional concentra- 
tions of terpenoid aldehydes and resistance of 
cotton to  M. incognita. However, upon 
nematode infection they did detect an increase 
of terpenoid aldehydes in the resistant cultivar. 
Veech (53) later identified methoxygossypol and 
methoxyhemigossypol (Fig. 1) as the com- 
pounds that  increased in the infected resistant 
plants. He  concluded tha t  the  ability to  
stimulate synthesis of methoxy-substituted ter- 
penoid aldehydes in response to infection was 
important in host resistance. 

Although the ability to produce phytoalexins 
in response to biotic stress exists in many 
higher plants, investigations of phytoalexin 
production in relation to root-knot nematode in- 
fection is limited to the above-mentioned 
reports. Nematologists should take advantage 
of the established techniques available for 
phytoalexin isolation and identification to 
characterize the role of phytoalexin production 
in resistance to nematode diseases. 
Hypersensitive Reaction 

Hypersensitivity is a reaction characterized 
by rapid cell death of infected plant tissues in 
response to pathogenic attacks. The resultant 
necrosis, formed as  a consequence of cell death, 
localizes invaded pathogens and prevents the 
development of the disease. The hypersensitive 
reaction (HR) occurs when a pathogen attacks 
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an incompatible host or a resistant plant and is 
considered by plant pathologists as a defense 
mechanism. Although the HR has been inten- 
sively investigated in fungal, viral and bacterial 
diseases, the occurrence of the HR in resistant 
plants against nematode infections was first 
recognized more than a quarter of a century ago 
(46). To date the HR has been cited as  a possible 
resistance mechanism in many nematode dis- 
eases (18, 46, 57). 

Dropkin and his coworkers (18) used develop- 
ment of juveniles in infected roots and the in- 
duction of necrosis and gall formation as 
criteria for resistance and susceptibility in their 
study of tomato/root-knot-nematode interac- 
tions. They reported that 73% of the juveniles 
t h a t  entered roots of susceptible p lants  
developed, and 87% of the infected roots formed 
galls. None of the infected roots showed 
necrosis. In roots of a resistant variety, only 4% 
of the juveniles grew, 88% of infected roots 
showed necrosis and only 29% of the infected 
roots formed galls. Therefore, they concluded 
that  hypersensitive necrosis of host cells and 
growth of juveniles are mutually exclusive. 

Light and electron microscopy of the hyper- 
sensitive reaction in resistant tomato roots in- 
oculated with M. incognita revealed tha t  
necrotic cells were localized to areas adjacent to 
the nematode. The cells surrounding the 
necrotic area showed a marked production of 
vesicles by the endoplasmic reticulum and had 
increased deposition of callose (5). The function 
of callose deposition in this host-parasite in- 
teraction has not been investigated but callose 
has been considered as a barrier against elec- 
trolyte loss in tobacco cells undergoing bac- 
terially induced hypersensitive reaction (41). 

We do not know the exact cause of hypersen- 
sitivity a t  this time. Some suggest tha t  
phytoalexins are involved and others contend 
that  preformed phenolic compounds are respon- 
sible. We hope future study in this area will 
provide more insights to this important 
phenomenon. 

Activation of Cyanide-resistant Respiration 
Approximately 95% of the oxygen taken up by 

higher plants is consumed via cytochrome ox- 
idases which are sensitive to cyanide. The other 
5% is utilized by ascorbate oxidase and 
polyphenol oxidase which are cyanide-resistant. 
Following wounding, as  in the case of nematode 
penetration, cyanide-resistant respiration is ac- 
tivated. 

According to Arrigoni e t  al. (4), mitochondria 
isolated from aged slices of Jerusalem artichoke 

tubers were more resistant to cyanide than 
those prepared from freshly cut  tissues. 
Proteins from cyanide-resistant mitochondria 
contain more hydroxyproline than those from 
cyanide-sensitive ones. The biosynthesis of 
hydroxyproline-containing proteins during the 
aging process requires ascorbic acid. 

Zacheo et al. (59) was the first to suggest the 
involvement of cyanide-resistant respiration in 
resistance to root-knot nematodes. When 
susceptible tomato plants were treated with 
ascorbic acid, the population of M. incognita 
juveniles decreased significantly. On the other 
hand, nematode populations increased in resis- 
tant  plants treated with lycorine, an inhibitor of 
ascorbic acid synthesis. These results suggested 
that  ascorbic acid rendered tomato plants resis- 
tant to root-knot nematode infection, possibly 
t h r o u g h  t h e  i n c r e a s e d  s y n t h e s i s  of 
hydroxyproline-containing proteins and the ac- 
tivation of cyanide-resistant respiration. This 
contention is further supported by the fact that 
mitochondria1 hydroxyproline-containing 
proteins increase in resistant tomato varieties 
but decrease in susceptible plants following in- 
oculation of M. incogr~ita (59). 

The role of cyanide-resistant respiration in 
disease resistance was recently suggested by 
Stelzig e t  al .  (51) and  Alves e t  al .  (3). 
A r a c h i d o n i c  a c i d ,  a f a t t y  a c i d  f r o m  
Phytophthoru ir~festuns, elicits the accumula- 
tion of phytoalexins (rishitin, lubimin and other 
sesquiterpenes) in potato (6). Potato tuber slices 
preincubated with salicylhydroxamic acid 
(SHAM) or  te t rae thyl th iuram disulfide 
(disulfiram), inhibitors of cyanide-resistant 
r e sp i r a t ion ,  fa i led  to  a c c u m u l a t e  t h e  
phytoalexins when challenged with arachidonic 
acid or extracts of P. infestans (3,51). Similarly, 
accumulation of phytoalexin ipomeamarone 
was potentiated by aging root slices of sweet 
potato prior to treatment with HgClz. Pretreat- 
m e n t  of r o o t  s l i c e s  w i t h  p o t a s s i u m  
isothiocyanate or Ebhydroxyquinoline sulfate, 
other known inhibitors of cyanide-resistant 
r e s p i r a t i o n ,  r e p r e s s e d  HgClz- induced 
ipomeamarone accumulation (24). These results 
suggest that cyanide-resistant respiration is in- 
volved in biosynthesis of phytoalexins. 

The importance of hydroxyproline in disease 
resistance is also suggested in a study of 
host/Heterodera rostochiensis interactions. 
Giebel and Stobiecka (21) separated cytoplasmic 
and cell wall proteins from free amino acids and 
found that  the ratios of proline to hydroxypro- 
line (PRO/HYPRO) in the protein fractions 
were 1.59-2.11 and 2.20-2.54 in uninfected 



susceptible and resistant potato varieties, 
respectively. Upon inoculation with the golden 
nematode, the ratios increased to 2.30-2.36 in 
susceptible plants and decreased to 0.93-1.22 in 
resistant plants. They suggested that in resis- 
tant  plants higher concentrations of hydroxy- 
proline interfered with IAA-induced extension 
of plant cells, reduced plasticity of cell walls and 
inhibited hypertrophy, thus, preventing the 
nematodes from developing into cysts. Whether 
the increased hydroxyproline is associated with 
mitochondria1 proteins has not been deter- 
mined. 

Peroxidases and Superoxide Dismutase 
Numerous reports have suggested that  perox- 

idase may be involved in disease resistance. 
Zacheo et al. (58) reported that there was no 
statistical difference in peroxidase activities 
between resistant and susceptible tomato 
cultivars prior to nematode inoculation. Upon 
infection by M. incognita, however, peroxidase 
activity significantly decreased in susceptible 
plants but increased in resistant plants. These 
results are in contrast to those reported by 
Ganguly and Dasgupta (20) who found that  
peroxidase activity was generally higher in 
resistant than in susceptible tomato cultivars 
prior to nematode infection. Upon inoculation of 
M. i~icogrlita, however, peroxidase activity in- 
creased over noninoculated susce~tible  controls. 
This increase was greater than t i a t  observed in 
resistant plants under identical conditions. 
Thus, the involvement of peroxidase in disease 
resistance can not be conclusivelv verified from 
the available data. Renewed interkst in studying 
the role of peroxidase in disease resistance has 
been generated by recent discoveries that  
superoxide radicals and singlet 0 2  can be 
generated from NADH and hydrogen peroxide 
through the action of catalase and peroxidase, 
respectively. Superoxide and singlet 0 2  are toxic 
to living organisms and may play a role in in- 
hibiting pathogen development. 

A study of M. incognita/tomato interactions 
has shown that peroxidase activity increases 
and superoxide dismutase activity decreases in 
resistant cultivars after nematode inoculation. 
The reverse is true for susceptible plants (58). 
An interpretation of these results is that  root 
cells of resistant plants react to the presence of 
the nematode by developing high peroxidase ac- 
tivity which produces a large quantity of free 
radicals. These free radicals incur resistance to 
the plant by inactivating the pathogen. Resis- 
tant  cultivars maintain a high concentration of 
free radicals during the defense process by 
decreasing the level of superoxide dismutase, 
which would otherwise transform the free 
superoxide radicals into hydrogen peroxide and 
eventually into water and oxygen via catalase. 

CONCLUSION 
A series of biochemical and physiological 

reactions occur in plants in response to root- 
knot-nematode infection (27). As a consequence 
of this plant-parasite interaction, the plant is 
either overcome by the nematode and disease 
ensues, or the nematode is localized by the plant 
and disease development is limited. Detailed 
characterization of these biochemical and 
physiological processes is essential to advance 
our understanding of host-parasite relationship. 
This information would greatly aid plant 
breeders in breeding for cultivars resistant to 
root-knot nematodes. 

In this Chapter, mechanisms of resistance to 
root-knot nematodes are summarized. There are 
still many gray areas in understanding host 
defense mechanisms against nematodes and 
renewed efforts to investigate this host/root- 
knot-nematode interaction are urgently needed. 
Among t h e  various types  of resis tance 
mechanisms, induced resistance mediated by 
phytoalexins and hypersensitive reactions are 
promising areas of investigation because of 
their frequent occurrence in plant diseases, and 
they deserve our special attention. 
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ECOLOGY OF MELOIDOGYNE SPP. - EMPHASIS ON 
ENVIRONMENTAL FACTORS AFFECTING SURVIVAL 
AND PATHOGENICITY 

S. D. Van Gundy 
Department of Nematology 
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Ecology of Meloidogyne spp. is a complexity 
of dynamic, interacting environmental factors. 
In the agroecosystem there is a lack of 
homogeneity of the soil environment both 
horizontally and vertically. Superimposed on 
the complexity of the soil physical environment 
is the spatial distribution of the interacting 
biological subsystem. A holistic comprehension 
of this system is difficult, and Ferris and Van 
Gundy (9) have made a case for use of derived 
models th rough computer  s imulat ion t o  
promote a better understanding of this com- 
plexity. Most of the current ecological informa- 
tion on Meloidogyne spp. has evolved from an  
examination of single extrinsic and intrinsic 
factors on individual components of the system. 
Thus, the interaction of effects among the fac- 
tors are often overlooked or not investigated 
because of interpretation and experimentation 
difficulties. For example nematodes depend on 
moisture and oxygen; however, in soil i t  is dif- 
ficult to separate the interacting effects of soil 
texture, moisture and aeration on nematode 
movement and survival. 

Often research data on nematode activities is 
expressed as  "optimum conditions" which ex- 
hibit the physiological processes functioning a t  
their maximum rate. These optima, however, 
are not always favorable for longevity and sur- 
vival of the population or species as  a whole nor 
are they likely to occur in nature for extended 
periods of time. For example, the optimum tem- 
perature for growth and reproduction of M. 
ja~ianica is 2530°C while the optimum tem- 
perature for survival of eggs and juveniles in 
soil is 10-15°C. 

From the holistic point of view the population 
level of any Meloidogyne sp. is the product of 
the food supply, adaptation to the physical and 
biological environment and the compatibility of 

the host and nematode. Depending on host crop 
and seasonal fluctuations as  many as  8 X lo4 
Meloidogyne juveniles can be found in the upper 
120 cm of soil (8). In addition to the nematode's 
ability to reproduce on a host crop is its ability 
to survive from one crop season to another, to 
endure long periods of cold and dry and to sur- 
vive bathing in a variety of chemical solutions. 
Although the genus Meloidogyne is one of the 
most intensively studied of the plant-parasitic 
nematodes, there are few generalities that  can 
be made about the ecology of this nematode. 
The International Meloidogyne Project has col- 
lected an extensive set of ecological data on 662 
populations of seven species from agroecosys- 
tems in 76 countries (32). The four most 
prevalent species were Meloidogyne incognifa 
(47%), M. javanica (40%), M. arenaria (7%) and 
M. hapla (6%). They also found tha t  M. 
i~tcognita and M. javanica were widely dis- 
tributed in tropical, subtropical and warm tem- 
perature climates. Though less common, M. 
arenaria possessed similar temperature re- 
quirements. Meloidogyne hapla was collected in 
climates with annual temperatures as low as 
6°C or about 9 degrees lower than the other 
three species. There also appeared to be a 
positive correlation between high pH and low 
rainfall cropping situations and the collections 
of M. incognifu and M. javanica. Very few 
Meloidogyne populations were collected from 
soils with more than 40% clay or more than 50% 
s i l t .  Clearly, t he  four  main species of 
Meloidogyne have been widely distributed 
throughout the agricultural regions of the world 
and appear to be very adaptable to a wide range 
of agroecosystems. 

The ecological relationships of Meloidogyne 
spp. have been reviewed from a holistic systems 
approach by Ferris and Van Gundy (9) and from 
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a pest-management approach by Van Gundy 
(40). Additional ecological information on 
Meloidogyne is contained in several sources 
(17,31,38,41,46). This review will focus on the 
environmental factors affecting survival and 
pathogenicity of Meloidogyne eggs and juveniles 
in soil. 

DORMANCY 
Survival of Meloidogyne eggs and juveniles is 

less persistent (>1 year) than in the closely re- 
lated genus Heterodera where eggs in cysts 
remain viable for 1-5 years (38). Eggs of 
Meloidogyne  a r e  depos i ted  ou t s ide  t h e  
nematode body in a gelatinous matrix. There is 
some evidence that  two kinds of egg masses 
(white and brown) may be formed, depending on 
environmental stresses (12,14). The white egg 
masses are usually formed early in the host 
growing cycle, and the eggs hatch immediately 
upon development to ensure more than one 
generation per growing cycle. As the growing 
season progresses and/or adverse environmen- 
tal stresses are imposed on the host, brown egg 
masses are formed which have a dormancy 
(diapause) and do not hatch immediately (12). 
This diapause is present in all strains of the four 
most common Meloidogyne species (13). The 
development of two kinds of egg masses (white 
and brown) ensures that a t  least some eggs will 
not hatch immediately even if the soil environ- 
mental conditions remain optimum for hatching 
and that  there will be some carryover of eggs 
from one crop season to another. Egg masses of 
M. nausi exhibit a temperature dormancy 
(diapause) where hatching is stimulated by 
chilling a t  0°C or 10°C for 1 week prior to in- 
cubation a t  20°C (10). In a t  least five species 
t h e r e  is  some  physiological  do rmancy  
mechanism for delaying hatching and extending 
the survival of viable eggs in the soil for several 
months. There is no evidence that  survival of 
eggs is extended in fallow soil beyond one year. 

TEMPERATURE 
Temperature is the main driving factor in the 

embryonic development of eggs, in the ability of 
juveniles to escape from the eggshell, for 
growth and reproduction, and for survival. The 
optimum temperature for embryogenesis is be- 
tween 25°C and 30°C for all the species studied 
(3,46). In M. javanica, hatching was about 2 
times as rapid a t  25°C a s  a t  20°C and 4 times as  
rapid as  a t  15°C (4) while in M. chitwoodi and 
M. hapla, hatching a t  25°C was only about 2 
times as  rapid as a t  15°C (27). 

Within the genus Meloidogyl~e there are two 
distinct survival groups: thermophils and cryo- 

phils, which can be separated on their ability to 
survive lipid-phase transitions tha t  occur a t  
10°C. Both M. hapla and M. chitwoodi and 
possibly M. n m s i  are cryophils and are able to 
survive soil temperatures to and below 0°C 
(27,28). Meloidogyne incognita, M. javanica, M. 
arewaria (33) and possibly M. ezigua are  
thermophils and do not have extended survival 
in soils below 10°C. This finding is further rein- 
forced by hatching data. Both M. chitwoodi and 
M. hapla exhibit significant hatching below 
10°C (27) while M. incognita and M. javanica do 
not exhibit significant hatching below 15°C (3). 
Hatching requires movement of the nematode 
and stylet thrusting and presumably a higher 
metabolic level than minimum maintenance 
and survival. The susceptibility of Meloidogyne 
juveniles to succumb to temperatures is related 
to the existence of temperature-induced phase 
transitions in the lipid position of the biological 
membranes in the nematode. Lyons e t  al. (15) 
found tha t  M. jaz)wnica exhibited a phase tran- 
sition at 10°C while M. hapla did not. Within a 
species there may be small differences in tem- 
perature minimums between populations. 
These are called thermotypes. Dao (5) demon- 
strated that  a Netherlands population of M. 
itlcogrtitu was able to infect plant roots and 
reproduce a t  about 5°C lower than a Venezuelan 
population. This suggests that  within the broad 
temperature range of each species individual 
populations are able to adapt to local tem- 
perature regimes. The temperature optimums 
for M. hapla and M. chitzuoodi which are 
generally 5°C lower than that  for M. javanica 
are probably the main factor responsible for the 
worldwide and local distribution of members of 
this genus. For example in California, M. hapla 
is most common in the cooler coastal areas (30) 
although it  has been reported from the hot Palo 
Verde Valley of Southern California (24). 
Meloidogy7~e uuasi and M. thantesi are found 
along the coast and in the cooler areas (30). M. 
incoguita and M. javanica are more commonly 
found in the hot interior irrigated valleys (30). 
In East Africa, M. hapla occurred in several 
areas but only flourished above 1800 m altitude. 
M. incogtlita and M. javanica were restricted to 
areas below 2000 m (47). This pattern is typical 
of other observations on the worldwide distribu- 
tion of Meloidogyne species as  demonstrated in 
the International Meloidogyne Project. 

Temperature has a strong influence on the 
survival of Meloidogyne eggs and juveniles in 
soil. For example, the juveniles of M. javanica 
begin their life in soil with a third of their body 
weight in lipids as  a storage energy reserve. I t  is 
used a t  a r a t e  dependent  upon r a t e  of 



metabolism which is in turn influenced by tem- 
perature, moisture, aeration, etc. (39,43,44). The 
more food reserves the nematode has when the 
host root enters its environment the greater are 
its chances of getting to the infection site and 
entering the root. Extended survival and infec- 
tivity in soil must then be related to conserva- 
tion of food reserves and physiological condition 
of aged juveniles rather than chronological age. 
In general the optimum temperatures fortshr- ; 
viva1 of eggs and juveniles is from 10-15°C 
(2,341. 

In addition to the effects of temperature on 
distribution, survival, growth and reproduction, 
falling or rising temperatures are a critical fac- 
tor in determination of nematode movement 
and infection. For example, Prot and Van 
Gundy (23) demonstrated that about 17% of M. 
hapla juveniles were able to migrate 20 cm a t  
14°C and infect tomato roots in 10 days while 
only about 3% of the M. incognita were capable 
of migration a t  that temperature. Thus, M. 
hapla seems to be able to hatch, migrate, infect 
roots and begin its life cycle much earlier in the 
spring than M. incognita. The same would also 
be true for fall plantings where Roberts e t  al. 
(26) found that if the planting of winter wheat 
was delayed until the soil temperatures reached 
18"C, there was little infection and egg produc- 
tion by M. incognita during the winter growing 
season. If wheat was planted earlier, there was 
some infection and egg production by spring 
which maintained the soil population for infec- 
tion of a summer crop. Thus, a knowledge of the 
local temperature requirements of each species 
can be useful in developing management 
strategies for control. 

In summary, of the Meloidogyne species 
studied, the order of resistance to cold is M. 
chituioodi > M. hapla > M. incognita > M. 
arenaria > M. javanica. 

SOIL TEXTURE, MOISTURE, AERATION 
AND OSMOTIC POTENTIAL 

In field soil i t  is difficult to separate the in- 
teracting effects of soil texture, moisture and 
aeration. Briefly, soil is a three-phase system: 
solid, liquid and gas (31). The solid phase is com- 
posed of sand, silt and clay particles and organic 
materials and can be simply analyzed by various 
techniques. Soil texture is a mixture of solids and 
is constantly changing both vertically and 
horizontally in the field. The surfaces of the soil 
particles and the spaces between particlescontain 
the liquid and gas phases. The liquid phase con- 
tains soil solutes and oxygen and is inversely pro- 
portioned to the gas phase. The pore spaces con- 
tain and distribute oxygen in the soil: the more li- 

quid, the less oxygen. Nematodes are active in 
soils with moisture levels 4040% of field capacity 
and move through the soil in water films. As the 
soils either dry or increase in moisture, nematode 
activity decreases. Guiran (11) found tha t  in both 
a sandy soil and in a clay soil the optimum 
emergence of juveniles from egg masses was 
slightly above field capacity (pF 3.0): pF 3.3 in 
sandy soil and pF 3.6 in clay soil. Emergence 
becreased as  the wilting point (pF 4.2) was ap- 
proached. 'conditions below field capacity in- 
hibited hatch due  to reduced oxygenated 
conditions. 

There are many reports and observations that 
associate the distribution and disease severity 
of Meloidogyne with sandy or high organic soils. 
Sasser (29) observed that  infestations of M. 
incognita and M. hapla in Maryland occurred 
more frequently in sandy loam soils than in clay 
soils. In Arizona, heaviest infestations of M. 
incognita occurred on coarse-textured soils (18). 
Meloidogyne hapla was prevalent in organic 
soils in New York (49). In  ea s t  Africa, 
Whitehead (48) reported that  there was no 
correlation of M. javanica and M. incognita with 
soil texture. Generally, Meloidogyne sp. can oc- 
cur on a wide range of soil types, but their 
association with crop damage is highly reflec- 
tive of sandy soils or sandy patches within 
fields. The presence of the nematode increases 
the plant stress often found on these soils. Re- 
cently, Prot and Van Gundy (22) found that the 
percentage of juveniles able to migrate 20 cm 
and penetrate roots decreased as  the clay and 
silt fractions in the soil increased from 14% to 
33%. No migration occurred in soils with more 
than 30% clay plus silt. There seems to be little 
question that the agricultural importance of 
Meloidogyne is associated with sandy soils. 

In drying environments, the  gelatinous 
matrix of the egg sac appears to maintain a high 
moisture level and provide a barrier to water 
loss from eggs (44). Embryos and first-stage 
juveniles are more resistant to water loss than 
unhatched second-stage juveniles because of 
changes in egg membrane after the first molt in 
the egg. Van Gundy e t  al. (39) found tha t  some 
Meloidogyne juveniles were able to survive in 
moist soil for periods of a month without much 
physiological aging as  measured by stored food 
reserves. They suggested that  these juveniles 
were contained in moist soil aggregates a t  or 
near anaerobic conditions. Towson and Apt (35) 
found that  the overall survival of M. javanica 
was greatest a t  a water potential of -1.1 bars. 
The predominant form of survival was juveniles 
of which about 90% were coiled and in the state 
of anhydrobiosis. This report was the first that  
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demonstrated conclusively that Meloidogyne 
can enter the state of anhydrobiosis and prolong 
their survival in dry soils. In drier soils desicca- 
tion effectively reduced numbers of eggs and 
juveniles. However, the survival of some eggs 
was due to inhibition of hatching and the sur- 
vival of juveniles due to anhydrobiosis. Wallace 
(42) also observed a reduction in hatch in dry 
sand. 

A clear and inverse relationship exists with 
water potential of soils. At low water potentials 
the soil pores are filled and oxygen deficiency 
may result, resulting in decreased hatch (43,44). 
Exposures of embryonated eggs to anaerobic 
conditions for one week are lethal, probably due 
to lactic acid accumulation within the eggshell. 
At low oxygen levels, the metabolism, move- 
ment, and infectivity of juveniles are reduced, 
but their survival is enhanced; the growth and 
reproduction of females in roots is also reduced 
(36,37,39). There is a linear relationship be- 
tween rate of oxygen diffusion and movement of 
M. j(xuunica juveniles (36). Baxter and Blake (1) 
found tha t  all activities of M. jazlanicu increased 
as  oxygen concentrations increased from 0.2 to 
2170 and concluded that  a favorable environ- 
ment for development, hatch and mobility 
would be provided where moist soils drain 
rapidly and allow oxygen concentrations to in- 
crease above 10%. The effect of aeration on in- 
vasion, movement and hatch of M. hapla in 
organic soils was adversely affected by C02 con- 
centrations above 10% (49). 

At high water potentials, there are com- 
pounding effects beyond moisture availability. 
Especially in drying soils, nematodes may also 
experience high osmotic pressures, particularly 
after fertilizer applications. The osmotic poten- 
tial of the soil solution increases and can alter 
the behavior of Melddogy?le sp. Wallace (45) 
found that hatching of M. ja.i)ctuica from egg 
sacs was stimulated a t  high nutrient levels (200 
mg/pot) and was reduced a t  osmotic potentials 
above 2.5 atmospheres (42). Reversat (25) found 
that  M. javanica used its food reserves 7.5 times 
slower under saline conditions than normal con- 
ditions. However, infectivity was reduced a t  

solution concentrations of ECe (electrical con- 
ductivity of the saturation extract of the soil) 
1.5,2.5,3.5, and 5.0 mmhos/cm of NaCl or CaC12 
on tomato plants (6). Even small changes in 0s- 
motic potential can be important to nematode 
behav io r .  P r o t  (19)  h a s  d e m o n s t r a t e d  
"h~~drotaxis" in M. javanica where juveniles 
migrate along a moisture gradient from the 
region of highest salt concentration to regions of 
lowest salt concentration (0.125 X and 0.5 X 
10-2 M/liter). 

Meloidogyne spp. survive, hatch and repro- 
duce over a wide pH range, 4.0-8.0. Wallace (42) 
found that the hatch of M. javanica eggs was 
maximum between pH 6.4 and 7.0 and inhibit- 
ed below pH 5.2. As with other soil solution fac- 
tors, p H  fluctuates with changes in soil 
moisture and soil salinity. As with soil texture, 
increased crop damage from Meloidogyne sp. is 
often associated with alkaline soils (7,161. This 
occurrence appears to be associated with the in- 
creased stress placed on the plant by salinity 
and increased uptake of sodium ions. Another 
major factor in the soil solutions affecting 
behavior and distribution of plant-parasitic 
nematodes in soil are roots and their emana- 
t i ons  (21) .  T h e  spac i a l  d i s t r i b u t i o n  of 
Meloidogyne spp. is closely associated with root 
distribution in grape vineyards (8). Although 
this is largely a response to food source, there 
are other factors that  influence nematode 
migration. Prot (20) found that  the capacity of 
juveniles to migrate relatively large distances 
(25-50 cm) in 5 to 9 days was common within 
populations of Meloidoyyne from West Africa. 
M. i,tcoy?iitu was most aggressive in migration 
and penetration of the populations tested. 

In summary, the relationship among num- 
bers of Meloidogyne in the soil, rate of reproduc- 
tion and growth of the host plant is a complex 
ecological situation. Environmental factors may 
influence both plant and nematode. They may 
influence the nematode in the soil, in soil water, 
and in the plant. A good understanding of these 
interactions is needed for the development of 
nematode pest-management programs for a 
specific crop in a specific geographical region. 
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To obtain optimum crop quality and economic 
production, it is essential to be aware of the 
array of organisms influencing the crop and of 
the nature of the various organismic interac- 
tions. Under field conditions plants develop 
close associations with many soil organisms, es- 
pecially with fungi and nematodes. These 
organisms independently develop associations 
with plants that are either beneficial or harmful 
to the plant, and either facultative or obligative 
for the organism. Some crops, for example, 
grow better in the presence than in the absence 
of a mycorrhizal associate or, on the other hand, 
may be decimated by fungal wilt and/or root- 
knot nematodes. In other situations fungi ap- 
pear to act as  biological control agents of 
Meloidogyne spp., but often this is difficult to 
demonstrate convincingly (1) .  

SINGLE PARASITE INFECTIONS 

In order  for  mult iple  associations on 
parasitism of a crop plant to be understood bet- 
ter, the influence of a single parasite on host 
plant physiology and i ts  relationship to 
symptom expression should be examined. If a 
dwarf variety of bean (Phaseolus vu1ga.ri.s) is ex- 
posed to different numbers of Meloidogyne 
i n c o g n i t a  juveniles ,  i t  can  be readi ly  
demonstrated that  the greater the number of 
nematodes, the more severe the symptoms 
(Melakeberhan, personal communication). In 

respiration rate compared with nematode-free 
plants (20) (Fig. I). This finding parallels, in 
part, those of Loveys & Bird (18) and of Wallace 
( 3 6 )  using Melo idogyne  spp .  on tomato.  
Somewhat similar visible effects occur on 
tomato plants infected by Fusariurn oxyspomm 
f. sp. lycopersici. The overall impact of such 
parasitic infections on the plant and crop is 
decreased yield. 

In contrast to these parasitized bean and 
tomato plants, some host species are very 
tolerant to parasites in that they show few 
symptoms, their yield is not greatly diminished 
by parasitism and the parasite develops and 
reproduces so as  to maintain a relatively high 
population. An example of this type of response 
is that of the lima bean (Phaseolus lunatus) to 
Meloidogyne javanica. The lima bean does not 
show severe symptoms and, because of its 
tolerance to Meloidoyyne spp. infections, is fre- 
quently used as a stock plant upon which to 
build up large populations of the nematode. The 
effect of such a parasite on the physiology of a 
tolerant host is not known though it seems 
likely tha t  some balancing compensatory 
processes occur. 

These even t s ,  observed e i t h e r  unde r  
greenhouse or growth-chamber conditions, are 
the result of a single nematode or fungal 
parasite (Meloidogyne spp, or Fusmrium spp.) of 
a host. 

particular, there-is a greater loss of plant dry 
weight, a smaller leaf-chlorophyll content and a 
concomitant decrease in number of flowers, In the field, multiple-parasite associations 
pods and seeds. Associated with these external and disease complexes of the plants are the 
symptoms, there is less water uptake, an im- norm. Our knowledge of nematode-fungal dis- 
balanced nutrient uptake and translocation, ease complexes has increased greatly since they 
diminished photosynthetic rate and, depending were first reported towards the end of the last 
on the infection stage, an occasional increased century. In 1892, George F. Atkinson, a t  the 
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NUMBER OF LARVAE/PLANT 
Fig. I .  The effect o f  Meloidogyne incognita on the 

rates of apparent net photosynthesis and dark 
respiration (Courtesy of H. Melakeberhan). 

Agricultural Experiment Station a t  Auburn, 
Alabama, wrote about diseases of cotton and 
said: 

"Root gall is a disease of the roots caused by 
minute parasitic worms. These worms live in 
the roots where they cause abnormal thicken- 
ings, resulting in what is known as galls. - I 
have since found tha t  the  organism of 
'frenching' was associated with the nematodes 
in producing that disease, or rather in making 
it much more serious" (3). 
"Frenching" is an old term for Fusarium wilt. 

Hence, for nearly 100 years, scientists have 
been aware of the concept of disease complexes 
but have failed to understand fully t he  
mechanism of interaction. 

Early observations on nematode-fungal in- 
teractions suggested that  they were due to the 
nematode providing a ready means of entry into 
the host for the fungus. Undoubtedly, this oc- 
curs when root-browsing nematodes cause 
superficial root injury and so enhance fungal 
access and secondary pathogenicity of the roots. 
However, the relationship between two or more 
parasites on a single host is often more 
sophisticated that  this, especially with en- 
dogenous nematodes such as  Meloidogyne spp. 
(5,9,13, 23). I t  appears for instance, that when 
bean (P. vulgaris) is infected by both the 
obligate foliar parasite Uromyces phuseoli and 
the obligate root parasite M. incognita that  
reproduction of each parasite is decreased by 

the presence of the other (8). Field and plot 
records suggest that  Meloidogyne modifies the 
host's mineral composition and physiology and, 
consequently, slows host growth, and in many 
instances breaks the host's resistance to other 
parasites. Conversely, the plugging of xylem 
vessels by a wilt fungus prevents nutrient and 
water uptake, and so decreases host vigour and 
apparently makes them more vulnerable to 
challenges by o ther  pathogens,  such a s  
Meloidog yne. 

The Meloidogyne-Fusurium interaction has 
been extensively s tudied because of i t s  
significance on major world crops, such as  cot- 
ton (28) and tobacco (21). The extent of the dis- 
ease interaction is greatly influenced by a range 
of factors. For instance, there is more extensive 
Fusarium colonization of the plant tissues as 
the number of developing Meloidogyne in- 
creases. Moreover, symptom expression, as a 
manifestation of disease interaction, is greater 
in "young" than in "old" plants (22). 

Ultrastructure 
Fungal colonization of giant cells and xylem is 

common in fungus-root-knot interactions. I t  oc- 
curs, for instance, in the serious black-shank 
disease of tobacco (Phy tophthora parusitica var. 
nicotia?zue/M. incognita) (24) as  well as  in 
Fusar iun~ wilt of tomato. 

The ultrastructural response of tomato to 
Fusariunl-wiltlroot-knot nematode (F. ox- 
ysporum lycopersici/M. javanica) infection has 
been described in a temporal sequence (11). For 
1 wk there is little evidence of Fusarium-wilt 
or of fungal invasion of the root cells, and the 
nematode-induced giant cells develop normally. 
However, after 2 wks fungal hyphae have 
spread throughout the xylem tissue and occur 
especially in the xylem vessels adjacent to giant 
cells. The giant cell cytoplasm becomes less elec- 
tron dense, and the nuclear structure is greatly 
modified (Fig. 2). Within 3 wks fungal hyphae 
and spores ramify throughout the xylem tissue 
and  necrotic g i an t  cells. Ul t ras t ruc tura l  
changes occur in t he  giant cells of both 
Fusarium-susceptible and Fusarium-resistant 
cultivars infected by M. javanicu, but they occur 
much sooner in the susceptible varieties. Fungal 
hyphae appear not to enter the giant cells of 
predisposed resistant varieties until some 
threshold is reached. Furthermore, the fact that 
the structure of the giant cell changes prior to 
fungal entry implies tha t  translocatable fungal 
secretions rather than the penetrating hyphae 
initially modify and eventually kill the giant 
cells (11). 



Fig. 2. Electron micrograph of Meloidogym jauanica-induced giant cells (GC) in the roots of Lycopersicon 
esculentum, resistant to race 1 Fusarium oxysporum lycopersici, 3 wks after fungal inoculation. Note: 
(Top) nuclei (N) with electron-light central area showing fragmental nuclear membrane (large arrows) and 
dark inclusions (small arrows) within the chromatin material (Ch); (Bottom) nucleus with ribosomes at- 
tached to the nuclear membrane (large arrows) and nuclear membrane swelling (small arrow) [Fattah & 
Webster (1 I)]. 

This occurrence has been demonstrated by in- 
cubation of M. jauanica-infected tomato roots in 
a cell-free filtrate of the medium in which F. ox- 
yspontm lycopersici has been cultured (10). 
Such filtrate-treated roots undergo ultrastruc- 
tural changes identical with those of roots from 
F~isurium-infected plants: e.g., the giant cell 
nuclei become spherical; the nuclear mem- 
branes become swollen and ruptured; and 

nuclear chromatin contains scattered, electron 
dense spheres each surrounded by an electron- 
light halo (Fig. 3). In other words, the cell-free 
filtrate from a fungus culture medium causes 
many of the same ultrastructural changes to 
giant cells tha t  the living fungus does in a 
Meloidogyne-infected plant. 

In addition to this fungus-induced/produced 
factor in the Meloidogyne-Fusarium disease 
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Fig. 3. Electron micrograph of part of a Meloidogyne javanica-induced giant cell in the root of a Fusarium suscep- 
tible cultivar of Lycopersicon esculentum culture filtrate for 9 hr. Note the spherical nuclei (N) with 
fragmented (small arrows), swollen and ribosome covered (large arrows) and ruptured (arrow heads) 
nuclear membrane; nucleolus (Nu) is less dense and irregularly shaped (Courtesy of F. Fattah). 

complex on tomato, the developing nematode 
produces a factor or induces the plant to 
produce such a factor that  is transmitted up- 
ward through the plant and breaks the fungal 
resistance (i.e. predisposes) of the host to 
Fusan'urn. The fungus develops and its secre- 
tions cause a progressive necrosis of the giant 
cells which, in turn, causes the nematode to 
starve to death. 

Translocatable Factors 
The mobility of the factor that predisposes 

the plant to the fungus has been demonstrated 
experimentally using layered tomato plants 
(30). 

When a fungus-resistant scion (cv. 'Chico 111') 
is grafted onto a F .  oxysporum lycopersici- 
infected, susceptible plant (cv. 'Bonny Best'), 
tissues in the resistant scion distal to the fungus 
infection become susceptible to the fungus. Dis- 
ease indices of layered tomato plants, based on 
chlorosis, and corroborated by propagule 
counts, are  larger in the stem exudates distal 
than in those proximal to the site of fungal in- 
oculation. Stocks of Bonny Best when in- 
oculated with the fungus alone develop wilt 
symptoms. However, cv. Bonny Best scions, 
separated from fungal-infected Bonny Best 
stocks by a fungus-resistant interscion (cv. 
Chico 111) remain relatively resistant. On the 
other hand, if such interscion and scion-grafted 



Table 1. Average levels a of free amino acids in xylem exudates from Meloidogyne incognita 
infected (3-week-old galled) (+) and nematode-free (-) tomato cultivars collected 4 
weeks after inoculation [based on Sidhu & Webster (31)l. 

Amino acids Bonny best 
+ 

Rutgers Nematex 
+ - + - 

Aspartic AG 12.71 4.72 13.84 
Threonine 3.28 7.53 2.85 
Serine 0.06 3.12 0.38 
Proline 1.95 9.52 2.05 
Glutamic AG 9.05 17.13 16.55 
Glycine 0.46 0.74 0.02 
Alanine 0.77 2.27 0.59 
Valine 2.85 4.88 3.48 
Methionine 0.58 4.58 0.12 
Isoleucine 3.30 2.96 4.23 
Leucine 2.24 1.62 1.82 
Tyrosine 1.42 1.27 1.08 
Phenylalanine 0.91 0.72 0.89 
Lysine 1.50 1.78 1.55 
Histidine 0.70 3.10 0.32 
Tryptophan ~ r b  2.01 Tr 
Arginine 0.77 4.63 0.29 
Amides 57.45 27.42 49.94 

100.00 100.00 100.00 
a Expressed as percentage composition of total amino acids present 

Tr, trace of amino acid. 

plants had the primary root system infected 
first with the nematode and subsequently with 
the fungus, typical wilt symptoms (and high 
propagule counts) would occur throughout the 
resistant interscion and in the scion (30). This 
factor makes a resistant host susceptible and a 
susceptible host even more so. 

The qualitative and quantitative amino acid 
composition of t h e  xylem of tomato  cult ivars 
changes during a Meloidogytle infection (30) 
(Table 1). Moreover, root exudates reflect some 
of these internal changes which, in turn, in- 
fluence the composition of the rhizosphere. For 
example, a change in root secretions due to a 
Meloidogyne infection may influence the 
nutrition-induced dormancy of fungal spores. 
Hence, nematodes are likely to influence the in- 
cidence of mycorrhizae and of root infection by 
parasitic fungi through this mechanism. 

Rhizosphere Environment 
When Hiltner (14) introduced the term 

"rhizosphere" in 1904, it  is unlikely that  he 
realized the complexity of the physico-chemical 
environment surrounding the roots or the num- 
ber and variety of microorganisms that inhabit 

t ha t  niche (12). As the roots grow, the 
rhizosphere extends, and as  the roots age, the 
rhizosphere habitat changes significantly due to 
the changing root exudates. In particular, the 
exudates are relatively minor in the period im- 
mediately following germination and reach a 
climax a t  the time of flowering (26). Further- 
more, there are major quantitative changes in 
the  amino acid content of t h e  root exudates as 
the  plant  ages. The rhizospheric effect,  
therefore, may change dramatically as  the plant 
matures, and consequently, influence the 
colonization of this region around the root and 
the behaviour of the organisms within it. This is 
likely one of several reasons why young seed- 
lings are more susceptible to parasite attack 
than older ones are. 

The fact that fungi in the rhizosphere of a 
plant that is susceptible to a particular parasite 
are different from those in the rhizosphere of 
cultivars resistant to that  parasite is due direc- 
tly to the influence of root exudates and indirec- 
tly to the exudates influencing the composition 
of the fungal and bacterial flora. The exudates 
from M. javanica-infected tomato roots depress 
the number of actinomycetes in the rhizosphere 
and this correspondingly increases the number 
of propagules of F. oxyspomm lycopersici. This 
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trend is reversed by addition of a chitin amend- 
ment to the soil because the number of ac- 
t i n o m y c e t e s  i n c r e a s e  a n d  t h e r e  i s  a 
corresponding decrease in invasion of root galls 
by secondary pathogens (6). The competition for 
the available substances within this rhizosphere 
niche has an important influence on the plant it- 
self. Hence, Katznelson (16) showed tha t  
rhizospheric bacteria can limit the development 
of a pathogenic fungus on alfalfa roots by com- 
peting with the fungus for thiamine and 
mineral nutrients. 
Many of these exudates (e.g., organic acids, 

vitamins, free amino acids and large protein 
molecules) accumulate near the root tips where 
the microflora is abundant and close to the loca- 
tion of entry for Meloidogyne juveniles. The 
bacterial and fungal activity breaks down the 
larger molecules and so provides a range of 
nutrients available for the many organisms in 
the rhizosphere. Increased bacterial and fungal 
levels in the rhizosphere may in turn lead to 
larger populations of microbivorous and 
predatory nematodes. Some of the latter may be 
predatory on Meloidogyne juveniles and adults. 

Mycorrhizal Infection 
Many of the mycorrhizae play an important 

role in enabling vigorous plant growth and so 
faci l i ta t ing higher  crop yields (15). The 
mycorrhizal mycelial network associated with 
the roots "filters" the root-exudates and, 
through differential absorption, causes quan- 
titative and qualitative changes in the'exudates. 
Furthermore, ectomycorrhizae produce a range 
of substances, some of which may function as  
antibiotics, and it  is these substances plus the 
filtering effect of the hyphae that  result in the 
change in composition of the rhizosphere com- 
munity, including fungi and nematodes. 

Some of the beneficial effects of mycorrhizae 
on plants and on the fungus-nematode interac- 
tions can be affected by free-living soil 
nematodes. Hence, Suillus gra.nulatus, an ec- 
tomycorrhizal associate of Pinus ponderosa, is 
diminished by Aphelenchoides composticoh 
feeding on the  hyphae.  This  association 
decreases the ability of the ponderosa pine to 
grow well in poor, leached soils. Powell and 
associates (25) showed tha t  nematicidal applica- 
tions to the soil around pecan trees enhanced 
mycorrhizal development, presumably by kill- 
ing the fungal-feeding nematodes, and subse- 
quently improved tree growth. 

The timing of establishment of mycorrhizae 
in the root in relation to the feeding of parasitic 
nematodes can be significant especially in those 
plants where ectomycorrhizae predominate. In 

those instances where the mycorrhizae are 
a l ready  establ ished,  t he  nematode mus t  
penetrate the tightly interwoven network of 
hyphae and the modified cortical tissue, known 
a s  the Hartig net (19), before gaining access to 
the deeper tissues of the root. The Hartig net 
mechanically and physiologically slows root in- 
vasion by Meloidogyne juveniles and other 
parasites (19). 

The vesicular-arbuscular mycorrhizae, such 
as Glomus spp., not only provide the plant with 
nutrients but often significantly decrease root- 
knot in several crops. I t  appears that  the root- 
k n o t  n e m a t o d e  j u v e n i l e s  e n t e r  endo-  
mycorrhizal roots less readily than they do non- 
mycorrhizal roots, and those juveniles that do 
enter the root develop more slowly. Although 
endomycorrhizal infections appear to stimulate 
plant growth (2),there are conflicting reports a s  
to their influence on the severity of root-knot in- 
fections (17, 27). The range of interactions be- 
tween mycorrhizae and Meloidogyne is wide. In 
some instances, the vesicles and hyphae of en- 
domycorrhiza are reported to be visably disin- 
tegrated within the Meloidogyne-induced galls. 
In other instances apparently fewer galls are 
produced when the soil population of the 
mycorrhiza is high. Moreover, care should be 
taken in interpreting nematode densities on the 
root system a s  root ball size is influenced by 
both the mycorrhiza and the nematode. Sup- 
plementary phosphorus is, therefore, often in- 
cluded in the experimental treatments so a s  to 
assist root growth and ensure fair comparisons. 
I t  is  suggested by Thomson Cason and  
associates (35) that  a primary effect of en- 
domycorrhizal infections is to increase tolerance 
to Meloidogyne by improving plant nutrition 
and growth. 

NEMATODE-FUNGAL INTERACTION 

Nutritional Basis 
Giant cells induced by Meloidogyne are main- 

tained in a state of high metabolic activity, es- 
pecially in terms of protein synthesis and active 
transport of amino acids through the con- 
tinuous stimulation by the nematode (39). They 
contain most DNA, RNA and photosynthates 
about 3-4 wks after induction (7), which is coin- 
cident with the time when Meloidogyne has the 
greatest capability for predisposing plants to at- 
tack by Fusarium spp. Furthermore, there are 
greater concentrations of sugars in plants dur- 
ing these late stages of a Meloidogyne infection 
(38). Hence, food availability to a fungus may be 
a significant factor in fungal-resistant plants 
that may explain the mechanism of predisposi- 



Table 2. Response of tomato cultivars to amino acid mutants of Fusarium oxysporum f. sp. 
lycopersici, following application of the respective amino acids exogenously, recorded 
as disease indices (mean f S.E.) 4 weeks after inoculation [based on Sidhu & Webster 
(3111. 

Disease indices of tomato cultivarsa 

Fungal type Bonny best Rutgers Nematex 
Wild type 3.95k0.06 3.02k0.04 0.20f 0.01 
Threonine 2.48k0.06 2.90+0.06 2.85k0.04 
Proline 2.95f 0.01 2.48k0.02 0.15f 0.01 
GI ycine 2.6050.04 1.49+0.02 O.lOfO.01 
Methionine 2.05f 0.06 2.00+0.02 2.80k0.06 
Histidine 2.01 kO.01 2.02k0.02 2.60f 0.08 
Tryptophan 0.95f 0.01 0.85k0.02 O.lOLO.01 
Arginine 1.06+0.02 1.02f 0.04 0.15f 0.01 
a Based on degrees of leaf chlorosis and wilting (below 2 = relatively resistant; above 2 = relatively susceptible). 

tion. Certainly, a fungus could be expected to 
grow better on a nutritionally rich than on a 
nutr i t ional ly poor medium. I t  could be 
hypothesized that  a fungal-resistant plant that  
is predisposed to fungal at tack by prior 
nematode infection is analagous to a complete 
synthetic medium for the fungus in that  the 
fungus is now able to develop in the plant 
because of the introduction or initiation of ad- 
ditional metabolic products in the host by the 
nematode. This hypothesis is supported by the 
extensive growth of Fusarium hyphae in the 
nematode-induced galls of tobacco roots, and by 
the considerable hyphal growth in stem tissue 
a t  sites distant from nematode-galled tissue. 
We have noted above that  substances in- 
troduced into the plant by the nematode or 
produced in the roots in response to the 
nematode are translocated throughout the plant 
and very likely influence the fungal hyphae as 
well a s  overall plant host growth. In the absence 
of a stimulus from the developing Meloidogyne 
juveniles, there is no translocatable factor, and 
the hyphae fail to grow. We know, for instance, 
that  free amino acids in a plant are increased up 
to  700% when a plant  i s  infected wi th  
Meloidogyne (31). It is possible, therefore, that  
the genetic resistance of tomato to Fusarium 
may be mediated partially through an amino- 
acid, nutrient requirement. In general, larger 
quantities of the free amino acids occur in 
galled than in the non-galled tomato roots. In 
experiments with amino-acid-specific aux- 
otrophs it was shown that  susceptibility of the 
tomato cultivars 'Bonny Best' and 'Rutgers' to 
Fusarium was associated with a significant in- 
crease of certain amino acids, e.g. threonine, 
methionine and arginine, in their exudates (31). 
Interestingly, where amino acids corresponding 
to their respective fungal auxotrophs were ap- 

plied exogenously, most cultivars so treated 
showed greater wilt, and fungal-resistant seed- 
lings showed wilt symptoms (31) (Table 2). 

Another  possible explanat ion for  t he  
breakdown of resistance to Fusarium spp. is the 
failure of root-knot-infected plants to develop 
tyloses (4). Fusarium-induced tyloses are for- 
med in the xylem vessels by the balloon-like ex- 
pansion of xylem parenchyma cells through the 
xylem pits. Xylem parenchyma cells that  are 
mod i f i ed  t o  f o r m  g i a n t  c e l l s  o r  a r e  
physiologically influenced by adjacent giant 
cells are unlikely to produce tyloses. Moreover, 
the flow of substances through the xylem in- 
fluences the root exudates and/or the uptake of 
substances from the rhizosphere. 

There is an abundance of evidence, therefore, 
of a dynamic situation in the rhizosphere in 
which many factors influence the ultimate 
growth and yield of a plant. However, the un- 
derlying genetic basis of some of these factors 
on the principal organisms in the complex 
should not be overlooked. 

Genetic Basis 
The typical response of a crop plant to one or 

more pathogens in the soil is controlled by one 
or more genes, and these are countered by 
virulent genes in the parasite in the classic 
gene-for-gene pattern. For instance, it has been 
shown that  resistance to the M. incognita-F. ox- 
yspomm lycopersici disease complex of tomato 
is controlled by two independently segregating, 
dominant genes: one effective against the 
nematode and the other against the fungus (29). 
Sequential inoculations of F2 plants, resulting 
from a resistant susceptible cross, show (as 
measured by nematode galling, fungal wilt 
and propagule counts) a classical segregation 
(9:3:3:1) t ha t  is modified to  a 9:3:4 ratio 
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reflecting: 
resistance to both nematode and fungal 
parasites, 
resistance to the nematode but susceptibility 
to fungus, 
susceptiblity to both nematode and fungus. 

This modified ratio reflects that  the recessive 
allele of the gene for nematode resistance 
modifies the effect of the fungal-resistance 
gene, and so the 3/16 which genotypically 
segregate a s  susceptible to the nematode but 
resistant to the fungus become phenotypically 
indistinguishable from those that are suscepti- 
ble to both pathogens, i.e. the nematode 
predisposes the plant to the fungus. 

These interactions a t  the genetic level of com- 
ponents of a disease complex have implications 
for other organisms in the rhizosphere, as we 
have seen above. They also have important im- 
plications for plant breeding. The primary 
nature of host-parasite interactions is con- 
trolled largely by the itherent genetic potential 
for resistance and susceptibility in the host 
together with that  for virulence in the parasites. 
However, secondary reaction types occur as  a 
result of an array of epistatic and hypostatic in- 
teractions among pathogens in disease com- 
plexes (34): 

an "epistatic parasite" is one which influences 
the expression of another parasite, and 
a "hypostatic parasite" is the one whose ex- 
pression is influenced. 

These are relative terms in that epistatic and 
hypostatic parasites may change their relative 
positions in d i f fe ren t  disease s i tua t ions  
depending on the compone!~ts of the particular 
disease complex: e.g., F. (. ysporu?rl lycopersici 
behaves as  a hypostatic 1 irasite in its relation 
to Verticilliunl ulbo utrrotr on tomato (33). 

In a disease-complex situation in the field, the 
host response is actually a composite response 
to many parasite-parasite interactions and to 
many abiotic influences. Consequently, the final 
reaction type against parasite components of 
the complex appears to be quantitative rather 
than qualitative and is expressed a s  a horizontal 
type of resistance (34). In fact, examination of 
field data in the literature on the Fusariurrz- 
Meloidoyyr~e disease of tomato and on the 
FusurSiurrr -Meloidogyrre disease of cotton over 

several years shows a stable level of resistance 
to Fusuriz~nt t ha t  is typical of horizontal 
resistance. Despite our recognition of the oc- 
currence of disease complexes, crop cultivars 
usually have been bred against specific target 
parasites and their unique interaction with the 
host, rather than against a group of parasites in 
a disease complex. However, there have been 
several reports (32) that show induced modifica- 
tions in the host response either in the form of 
cross protection or predisposition, and some of 
these should be harnessed for disease control. 
For instance, i t  would be worthwhile to es- 
t a b l i s h  t h e  e p i s t a t i c  a n d  h y p o s t a t i c  
relationships among economically important 
pathogens of a given crop under controlled field 
conditions. Now that  parasitic epistasis and the 
genet ic  basis  of res i s tance  aga ins t  each 
pathogen have been established, it should be 
possible for disease management to be improved 
by: 

a )  incorporation of tolerance to epistatic 
paras i tes  t h a t  induce resis tance to  
hypostatic parasites and 

b) the breeding of cultivars with suitable R- 
gene combinations against an epistatic 
parasite so that host resistance is main- 
tained against the hypostatic parasite. 

I t  is preferable, therefore, to achieve long- 
term disease control of multiple, potentially in- 
teracting pathogens ra ther  than of single 
pathogens. Ideally, R-gene(s) that  control the 
resistance against more than one parasite, in- 
cluding the hypostatic parasites, should be 
brought  toge ther  in a common genetic 
background. Some multigene or  multiline 
cu l t ivars  a l ready  exist  t h a t  funct ion a s  
described above, but often this has occurred by 
chance rather than a s  a result of the recognition 
of this need. 

There is, therefore, a growing bank of 
knowledge on plants interacting with more than 
one paras i te ,  especially with species of 
Meloidoyy?ze and fungi, and with other biotic 
and abiotic components of the environment. 
Although caution must be used in the inter- 
pretation of the nature of such interaction (37), 
it behooves us to pursue these studies because of 
the apparent chronic impact of disease com- 
plexes on crop yields. 
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Most nematological research involves the ef- 
fects of a single nematode species on a par- 
ticular crop plant. In nature, however, plant- 
p a r a s i t i c  n e m a t o d e s  r a r e l y  o c c u r  i n  
monospecific communit ies .  Rather ,  t h e  
nematode community is dynamic, and its mem- 
bers are constantly interacting with each other, 
as  well as  the plant, the environment, and other 
organisms. 

Interactions among species of plant-parasitic 
nematodes can be considered ecologically or 
etiologically, and the two aspects are interre- 
la ted.  Ecological interact ions affect  t h e  
reproductive capacity of the populations, 
whereas etiological interactions alter the 
development of plant disease. The relationship 
between the ecology and etiology of the interac- 
tion is based on the correlation of numbers of 
nematodes with the amount of disease (53). 
However, because nematode reproduction is not 
always related to the susceptibility of the plant 
to damage, the two aspects of the interaction 
may behave independently. Thus, it is impor- 
tant  to consider nematode-nematode interac- 
tions from both approaches. 

ECOLOGICAL INTERACTIONS 
Plant-parasitic nematodes generally occur in 

polyspecific communities. The diversity of the 
community and relative success of the in- 
dividual species are dependent upon many dif- 
ferent factors. Diversity of the species is en- 
h a n c e d  by t h e  w i d e s p r e a d  d i s p e r s a l ,  
polyphagous nature, persistence, and weak 
interspecific competition of nematodes (53). The 
occurrence of a particular species in an environ- 
ment is related to its dissemination, climate, 
edaphic factors ,  cropping his tory,  hos t  
suitability, reproductive capacity, persistence, 
and interactions with other organisms, in- 
cluding nematodes (51,53). 

Interactions between species of nematodes 
may be beneficial to one or both species, have no 
effect, or most commonly, interfere with the 
well-being of one or both species. Competition 
between species occurs when the reproductive 
capacity of a species is greater by itself than in 
combination with another species (6). The an- 
tagonistic interaction can be caused by a spatial 
occupation or physical alteration or destruction 
of feeding sites, or by a physiological alteration 
of the host that  decreases its suitability (51). 

According to the principle of competitive ex- 
clusion, two closely related species cannot oc- 
cupy the same ecological niche (18). Even 
though each species is capable of functioning by 
itself in a particular niche, the two together 
interact until one species predominates. The 
species which predominates may depend on 
which has a competitive advantage, but com- 
petition is also density and time dependent (6). 

Application of the competitive exclusion prin- 
ciple t o  communit ies  of plant-parasi t ic  
nematodes is difficult because the soil environ- 
ment contains many different niches that  are 
dynamic and thus not easily defined or deline- 
ated. Furthermore, exclusions may be caused by 
other factors, and interactions may occur be- 
tween species in close proximity even though 
they occupy different niches (6,51). Two species 
can coinhabit when the competition among in- 
dividuals in a species is greater than the com- 
petition between species (6). 

Sometimes the interactions between two 
nematode species may be beneficial to one or 
both species. The beneficial effects may result 
from a mechanical or physiological alteration of 
the host that  makes it a more suitable sub- 
strate. Physiological changes can also enhance 
nutrition or reduce resistance of the host to the 
parasite (51). 

The effects of the nematode population on 
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each other are generally related to the nature of 
parasitism. Competition is more severe be- 
tween species with similar feeding habits, and 
competitive advantage increases as  the host- 
parasite relationship becomes more complex. 

Ectoparasites 
The ectoparasites can be divided into several 

groups according to their parasitic habits. The 
most primitive parasites feed only on epidermal 
cells and root hairs; they remain completely 
outside of the root tissues and pierce the cells 
with their relatively short stylet. The associa- 
tion with the host is short-term and not very 
specialized (84). Representative genera include 
Tylenchorhy?~chus, Paratyle~zchus, Tricho- 
dorus, and Paratrichodorus. 

A similar group of ectoparasites may feed ex- 
ternally or the anterior portion of their heads 
may penetrate into the cortical tissues of some 
hosts. The host-parasite relationship is usually 
short-term and not very specialized. Members 
o f  t h i s  g r o u p  i n c l u d e  C r i c o n e m e l l n ,  
Helicotylenchz~s, and Hoplolaimus. 

A more specialized group of ectoparasites has 
relatively long stylets, feeds on cells below the 
epidermis, and may incite hypertrophy and 
hyperplasia. They remain completely outside of 
the root tissue, but the parasitic relationship 
with the plant is more complex than with the 
epidermal feeding ectoparasites (84). Some of 
the genera that feed below the epidermis in- 
clude Xiphinerna, Longidorus, Belonolaimus, 
Dolichodorrcs and Hen~icycliophora. 

The mode of parasitism within the ectopara- 
sites affects the degree of competition between 
species. The shallow epidermal-feeding 
parasites are more antagonistic to each other 
than to the deep feeding nematodes. Also, the 
more specialized host-parasite relationships 
usually are more competitive than the primitive 
relationships (33,34,49). 

Competition occurred between Tylencho- 
rhynchus claytoni and Paratrichodorus minor 
on five different corn varieties in greenhouse 
tests.  Tylenchorhynchus claytoni was an-  
tagonistic to P. ~ninor on one cultivar, and P. 
minor repressed T. claytoni on three cultivars 
after 50 days (34). In similar greenhouse experi- 
ments with six varieties of bermuda grass, more 
c o m p e t i t i o n  o c c u r r e d  b e t w e e n  
Tylenchorhynch us martini and Criconemella 
o r n a t a  t h a n  b e t w e e n  T .  m a r t i n i  a n d  
Belonolain~us longicaudatus or C. ornata and B. 
longicaudatus after 155 days; however, reac- 
tions varied according to cultivar (33). 

Host suitability affects the interaction be- 
t w e e n  e c t o p a r a s i t e s .  P o p u l a t i o n s  of 

Paratyle~~chus projectu.9 were suppressed by 
Hel icoty le?zchus  p s e u d o r o b u s t u s  a n d  
Cr-iconernella similis on soybean in a greenhouse 
test after 50 days. Soybean was a good host for 
C. sirnilis, a moderately good host for H. 
pseudorobustus, and a poor host for P. pro- 
jectus. C. sirnilis and H. pseudorobustus did not 
interact (42,43). 

Competition between ectoparasites is density 
dependent and can be modified by environmen- 
tal factors. After 6 weeks in greenhouse tests on 
p l u m  s e e d l i n g s ,  h i g h  p o p u l a t i o n s  of 
Paratylenchus neoamblycephalus suppressed 
low numbers of Criconemella xenoplm a t  20°C, 
and high numbers of C. xenoplax antagonized 
low population densities of P. neoamblyce- 
phalus. High numbers of P. neoamblycephalus 
suppressed low populations of C. xenoplax a t  
26"C, and high numbers of C. xenoplm severely 
r e d u c e d  l o w  p o p u l a t i o n s  of P .  
neoamblycephalus. The optimum temperature 
for P. r~eonrn blycephalus was 20°C and 26°C for 
C, set~opl(m (5 ) .  

Interactions between ectoparasites can be 
stimulatory. In greenhouse experiments with 
concomitant  populations of Hoplolaimus 
colz~mbus and Scutellonema brachyurum on 
cotton, reproduction of both species was 
mutua l ly  s t imula ted  a f t e r  90 days  (41). 
Reproduction by B. longicaudatus was in- 
creased by the  presence of Hoplolaimus 
yalerltzu in greenhouse experiments after 63 
days on cotton (85). The mechanisms involved 
a r e  unknown. In te rac t ions  between ec- 
toparasites are summarized in Table 1. 

Ecto- and Migratory Endoparasites 
Migratory endoparasitic nematodes move 

t h r o u g h  t h e  roo t  t i s s u e s  a l t e r i n g  roo t  
morphology and physiology. Generally, they are 
antagonistic to the ectoparasitic nematodes 
(3,7,55,79). Host suitability plays an important 
role in the interactions. In greenhouse tests 
with a duration of 267 days with Tylencho- 
rhynchus nzartini and Pratylenchus penetrans 
on red clover, reproduction of T. martini was 
suppressed by 75-90%. Red clover was a good 
host  for  both species (7). However, in 
greenhouse experiments with T. agri and P. 
penetrans on creeping bentgrass, no interaction 
was observed after 10 months. Creeping bent- 
grass is an excellent host for T. agri, but a poor 
host for P. penetrans (66). P. brachyurus was 
suppressed by P. minor or Helicotylenchus 
dihystera on most varieties of soybean in 
greenhouse tests of 50 days duration; however, 
H. dihystera was suppressed by P. brachyurus 
on two varieties (34). 



Table 1. Summary of interactions between ectoparasitic nematodes. 

Nematodecombination Test host Dominant s~ecies Generalres~onse Comments References 
Paratrichodonrs minor + 

Tylenchorh ynchus clay toni 

T. martini + Belonolairnus 
longicaudatus 

C. orna fa + B. longicaudatus 

Paratylenc hus projectus + 
Helicoty le77chus pseudorobus tus 

P. projectus + C. sirnilis 
C. similis + H. pseudorobustus 

Corn 

Bermuda 
grass 
Bermuda 
grass 
Bermuda 
grass 

Soy bean 

Soy bean 
Soy bean 

T. cluytonion 1 cultivar 
P. minoron 3cultivars 
neitheron 1 cultivar 

None 

None 

H. pseudoro bus tus 

C. sinlilis 
None 

Antagonistic 
Antagonistic 
Neutral 

Antagonistic 

Neutral 

Neutral 

Antagonistic 

Antagonistic 
Neutral 

High numbersofp. neounl blyephulus + Plum P. tleoarn blycephalus Antagonistic 
low num bers of C. xenoplas 

High numbersof C. xenoplm + Plum C. xenoplm Antagonistic 
low numbersofp. neoarnblyephalus 

Hoplolainzuscolum bus + 
Scutellonerrza brach yumnz 

Cotton None Stimulatory 

B. longicauda tus + H. galeatus Cotton None Stimulatory 

50days, greenhouse 
tests. 

tests. 
Soybean isagood host 
for C. sirnilis, a moderate 
host forH. pseudorobustus, 
and apoor host for P. 
projectus. 

Optimum temp. forP. 
neoarn blycephalus is 
2O0Cand26OCforC. 
xenoplm. 

Both species were 
stimulated90days, 
greenhouse tests. 

Only B. lorigicaudatus 85 
was stimulated, 63days, 
greenhouse tests. 
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The nematode-nematode interaction may be 
time dependent. Tylenchorhynchus agri sup- 
pressed the reproduction of Pratylenchus 
penetrans on red clover after 3 months in a 
greenhouse experiment but not after 5 or 7 
months (3). 

Physiological changes in the host induced by 
T. claytoni inhibited penetration by P. 
penetrans by 25-90% on tobacco cultivar 
'WS117.' In split-root experiments, translocat- 
able factors altered the attractiveness of the 
roots to P, penetrans. These tests were only 
several days in duration and long-term interac- 
tions were not determined (45). 

Positive interactions occurred between P. 
minor and P. zeae on several varieties of corn 
and between P.  minor and P. brachyurus on 
several soybean cultivars after 50 days in 
greenhouse experiments. P. zeae populations 
were higher with P. minor on two varieties of 
corn, and populations of P. minor were higher 
with P. zeae on all five cultivars. P. brachyurus 
also stimulated reproduction of P. minor on 
three varieties of soybean (34). The mechanisms 
involved are unknown, but small changes in 
host suitability may be responsible for an in- 
crease in the reproduction rate in certain 
nematodes. Interactions between ecto- and 
migratory endoparasites are summarized in 
Table 2. 

Ecto- and Sedentary Endoparasites 
The feeding sites of ectoparasitic and seden- 

tary endoparasitic nematodes are 'quite dif- 
ferent, and the two forms can coexist on the 
same plant without any interaction (27,49). 
Depending upon the mechanisms involved, the 
interact ions can be suppressive for one 
n e m a t o d e ,  m u t u a l l y  d e t r i m e n t a l ,  o r  
stimulatory. 

The ectoparasite can suppress reproduction 
by the sedentary endoparasite by an indirect or 
direct competition for feeding sites. If the ec- 
toparasite feeds a t  the preferred penetration 
site of the endoparasite, then the number of 
penetration sites for the endoparasite will 
become reduced. The ectoparasites can also 
damage the root system and thus indirectly 
reduce the number of feeding sites available to 
the endoparasite. Paratrichodorus minor in- 
hibited Meloidogyne naasi on creeping bent- 
grass in the greenhouse after 6 weeks. P. minor 
prefers to feed near the root tips and competes 
f o r  f e e d i n g  s i t e s  w i t h  M.  n a a s i .  
Tylenchorhynchus a ~ r i  also suppressed M. 
naasi, probably by inhibiting root growth 
(66,67). Likewise, T. vulgaris antagonized M. 
incognita on bajra (Pennisetum typhoides 

Stapf. & Hubbard) (80); Criconemella ornata, 
Hoplolaimus indicus, and Tylenchorhynchus 
nudus interacted negatively toward M. in- 
cognita on brinjal (Solanum melongena L.) (49); 
C. xenoplax suppressed M. hapla on concord 
grape (63); and M. javanica was inhibited by P. 
minor on tomato (81). H. columbus antagonized 
M. incognita on cotton probably by altering the 
physiology of the host rather than by competing 
for feeding sites (41). 

In comparison, sedentary endoparasitic 
nematodes can suppress the ectoparasites. 
Because they are separated by host tissue, the 
mechanisms are probably physiological rather 
than mechanical. The endoparasite may make 
the host more attractive or suitable to the ec- 
toparasite. Meloidogyne incognita suppressed 
Scutellonema brachyurum on cotton in 
greenhouse experiments after 60 days (41); M. 
incognita in hi bited Ty lenchorhynchus brassicae 
on tomato after 30 days (2); and M. incognita 
out-competed T. agri on red clover after 3,5, and 
7 months (3). In field tests lasting four years, M. 
hapla antagonized Xiphinema americanum on 
alfalfa. Twice as many X. americanum occurred 
in plots without M. hapla. M. hapla may limit 
the number of feeding sites, but most probably 
changes the physiology of the alfalfa and makes 
it a less suitable host (50). 

The relationship between the ectoparasite 
and sedentary endoparasitic nematodes can be 
mutually suppressive. Sometimes either species 
can predominate according to other environ- 
mental or edaphic factors. In a survey of 
nematodes in a cotton field over 6 years, H. 
galeatus became introduced or increased from 
undetectable levels and gradually replaced M. 
incognita as  the predominant plant-parasitic 
nematode species. At a different location, H. 
galeatus predominated in one portion of the 
field, and M. incognita was most common in the 
remaining portion of the field; the presence of 
either species greatly inhibited the occurrence 
of both (4). Likewise, Globodera tabacum and T. 
c laytoni  were  mutua l ly  suppress ive  in 
greenhouse experiments after 4 weeks. In the 
field, however, G. tabacum severely inhibited T. 
claytoni, possibly because the cyst nematode 
was more persistent (46). In other greenhouse 
tests, M. incognita and H. galeatus or B. 
longicaudatus on cotton (85), M. incognita and 
Criconemella ornata on brinjal (49), and M. 
javanica and Hemicycliophora arenaria on 
tomato (81) were mutually antagonistic. 

Finally, reproduction of the ectoparasite may 
be stimulated by a sedentary endoparasitic 
nematode or vice versa. After 90 days on cotton 
in a greenhouse, M. incognita increased the 



Table 2. Summary of interactions between ectoparasitic and migratory endoparasitic nematodes. 
- 

Nematode combination References Test host Dominant species Generalresponse Comments 
Tylenchorhynchus martini + Red P. penetmns Antagonistic 267days, greenhouse 7 

Pratylenchuspenetrans clover tests. 

T. agri + P. penetrans Creeping None 
bentgrass 

Neutral 10 months, greenhouse 66 
tests,excellent host 
for T. agri, but poor 
hostforP. penetrans. 

P. brachyurus + Pamtrichodorus Soy bean P. minor Antagonistic 50days, greenhouse 
minor tests. 

P. brachyums + Helicotylenchus Soy bean H. dihysteraon most Antagonistic 
dihys tera cultivars 

P. brachyums on Zcultivars 

T. agri + P. penetrans Red T. agri 
clover 

T. claytoni + P. penetrans Tobacco T. claytoni 

Antagonistic Suppression after 3 
monthsbut not 50r 
7months. 

Antagonistic PenetrationofP. 
penetransinhibited by a 
translocatable factor. 
Tests wereonly several 
daysinduration. 

P. minor + Pratylenchuszeae Corn None Stimulatory P. zeaepopulations 
P. minor + Pratylenchus brachyurus Soy bean None Stirnulatory higher withP. minor 

on2cornvarieties. 
P. minorpopulations 
higher with P. zeae 
onall 5corn varieties. 
P. brachyurusstimulated 
P. minoron 3 varietiesof 
soybean. 50days,green- 
house tests. 
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reproduction of H. columbus (41), M. hapla 
stimulated the reproduction of C. xenoplax on 
concord grape (63), and M. incognita stimulated 
Tylenchorhynchus uulgaris on bajra (80). In 
comparison, infection of cotton by the ec- 
toparasite S. brachyurzcnl stimulated reproduc- 
tion of the sedentary endoparasite M. irlcognita 
(41). The mechanisms involved are unknown, 
but probably are physiological. Interactions be- 
tween ecto- and sedentary parasites are sum- 
marized in Table 3. 

Migratory Endoparasites 
Migratory endoparasitic nematode species are 

very competitive with each other because they 
generally utilize the same feeding sites. Host 
suitability is an  important factor in the interac- 
tions. In greenhouse tests lasting three months, 
P .  penetrans suppressed P .  allenion soybean. The 
ratio of females to males was higher in P .  
per~etruns when it was mixed with P .  alleni than 
when it was alone (16). Similar experiments with 
Scutellnnema brady.s and P. csffeae on guinea 
yam (Dioscorea rotunda) supported field obser- 
vations that  P .  coffeue antagonized populations 
of S. brndys (1). 

Other climatic or edaphic factors may be in- 
volved in an interaction between two nematode 
species. Radopho1u.s sirnilis and P .  cofleae were 
mutually suppressive on citrus af ter  10-15 
months in a greenhouse. Soil texture favored one 
of the species. P. cojyeuepredominated in fine tex- 
tured soils, and R. siynilis had the advantage in 
coarse-textured soils (52). Interactions between 
migratory endoparasites are  summarized in 
Table 4. 

Migratory Endo- and Sedentary 
Endoparasites 

The movement of migratory endoparasitic 
nematodes generally disrupts root tissues and of- 
ten disturbs feeding by sedentary endoparasitic 
nematodes. Pratylenchus major greatly sup- 
pressed Meloidogyne spp. on pineapple (26), P. 
brachyurus inhibited M. incognitaon cotton (19), 
and Pratylenchus spp. dominated over M. in- 
cognita on tobacco in field observations (20). 

Often the migratory endoparasite penetrates 
the host faster or inhibits penetration by the 
sedentary species (19,77,78), but not always (17). 
In comparison, the sedentary endoparasite may 
stimulate or suppress penetration by the  
migratory species depending on suitability of the 
host. In tomato, which is a better host for M. 
incognita than P .  brachyums, prior inoculation of 
M. incognita suppressed penetration by P .  
brachyurus; however in cotton, which is a good 

host for P. brachyurus and a poor host for M. 
incognita, prior infection by M. incognitaslightly 
stimulated penetration by P .  brachyurus (19). 

The interaction between species is often time 
dependent. P .  penetrans initially inhibited M. 
naasi on creeping bentgrass, but after ten months 
had no effect (66). Likewise, M. incognita had no 
effect on a population of P .  penetrans on red 
clover in greenhouse experiments after 3 months, 
but suppressed it after 5 months (3). 

Sedentary endoparasites in comparison to the 
migratory species are more advanced parasites 
and generally establish a very complex relation- 
ship with the host tha t  greatly al ters  the 
physiology of the plant. Sometimes the changes 
increase the suitability of the host toward the 
migratory parasites, and sometimes the host 
becomes less desirable. P .  penetrans and M. 
incognita were mutua l ly  suppressive in 
greenhouse tests (14,15). In split-root experi- 
ments, translocatable fact01 s induced by M. 
incognita greatly inhibited P. penetrans. The an- 
tagonism of P. penetrans toward M. incognita 
was not translocatable and was probably more 
closely associated with a disruption of feeding 
sites (14,15). 

Host suitability affects competition between 
species. On M. incognita-susceptible tobacco 
cultivar 'NC 2326,' P .  brachyurus and M. 
incognita were mutua l ly  suppressive;  P. 
bruchyurus had no effect on M. incognita on 
susceptible cultivar 'Hicks,' but M. incognita in- 
hibited P. brachyurus; and M. incognita stimu- 
lated P. brachyurus on root-knot resistant 
cultivars 'NC 95' and 'NC 2512.' In comparison, P .  
brctch yunrs suppressed M. hapla on Hicks and NC 
95, but had not effect on NC 2326 and NC 2512; M. 
hapla inhibited P. braci~yurus on Hicks and NC 
2326, but had no effect on NC95 and NC2512 (35). 

The effect of the nematode-nematode interac- 
tion on host suitability is density dependent. 
Pratylerrchus penetrans deposited 37% fewer 
eggs when low numbers of M. incognita were pre- 
sent, and 57% fewer eggs when high numbers of 
root-knot nematodes were present (9,lO). Density 
may also affect the interactions between species 
tha t  are mutually suppressive. Low numbers of 
P .  penetran.s weregreatly inhibited by Globodera 
tabacum on tobacco in the greenhouse, and high 
numbers of P. penetrans greatly suppressed G. 
tabacum. In the field, however, G. tabacu~rz 
generally occurred in monospecific communities 
(44,46). 

Several interactions between sedentary and 
migratory endoparasites were mutually sup- 
pressive. Climatic or edaphic factors determine 
t h e  predominant  species. P .  coffeae a n d  



Tylenchulus semipenetrans were mutually ex- 
clusive on citrus, based on field observations (38). 
Likewise, Radopholus similis and M. incognita 
were mutually suppressive on black pepper 
(Piper nigmm) in greenhouse experiments (65). 

Interactions between migratory and sedentary 
endoparasites are not always negative. They may 
also be neutral (24) or stimulatory. M. incognita 
increased the reproduction of P. brachytlrus on 
tobacco (35), and  M, naas i  s t imula ted  P. 
penetrans on creeping bentgrass (66). Prior infec- 
tion by Ditylenchus dipsaci on a root-knot- 
r e s i s t an t  cul t ivar  of alfalfa  reduced the  
resistance to M. hapla (22,23). Interactions be- 
tween migratory and sedentary endoparasites 
are summarized in Table 5. 

Sedentary Endoparasites 
Sedentary endoparasites are highly specialized 

parasites and have a long-lasting, complex rela- 
tionship with the host (37). Interactions have been 
shown to occur among species of Meloidogyne, be- 
tween Heterodera and Meloidogyne species, be- 
t w e e n  R o t y l e n c h u l u s  r e n i f o r m i s  a n d  
Meloidogyne species, and R. reniformis and 
Tylerlchulus semipenetrans. Competition be- 
tween two sedentary endoparasitic species is 
generally mutually suppressive because of the 
contention for available feeding sites (51) and 
physiological alterations; however, neutral and 
stimulatory interactions also occur. 

The common, simultaneous occurrence of two 
or more species of Meloidogyne in the same field, 
root system, or gall (47,72) indicates thatcompeti- 
tion among species is weak. Other factors are 
probably more important in the domination of a 
particular species. Temperature may be impor- 
tant  because certain species are more common in 
cooler climates and others are more common in 
warmer climates (72). 

In greenhouse experiments on tomato, M. 
javanica suppressed M. incognita and M. hapla 
under cool temperatures, but M. incognita domi- 
nated M. javanica and M. hapla under high tem- 
peratures (47). In simultaneous inoculationsof M. 
incogtzitaand M. haplaat high temperatures, 90% 
of the females were M. incognita and only 10% 
were M. hapla. Only 57% of the females were M. 
ir~cognita a t  low temperatures (8). 

Factors other than temperature may also be 
important in the domination of a particular 
Meloidogyne species. M. javanica dominated M. 
hapla a t  20°C even though low temperatures 
generally favor M. hapla. Also competition be- 
tween species was density dependent, par- 
ticularly for M. hapla (40). M. incognita sup- 
pressed M. hapla on M. incognita-resistant 

tobacco cul t ivars  NC 95 and  NC 2512 in 
greenhouse experiments a t  moderate tem- 
peratures. In simultaneous inoculations of both 
species, M. incognita penetrated the roots much 
faster than M. hapla, and thus all of the infection 
sites were occupied and destroyed by the hyper- 
sensitive reaction (35). 

Interact ions between Meloidogyne and  
Heterodera occur in which Meloidogyne inhibits, 
has noeffect,orstimulatesHeterodera species. In 
greenhouse tests, M. grarninicola antagonized 
H .  oryzicola on rice after 52 days in simultaneous 
or spaced inoculations of 7 days (61). No inter- 
actions occurred in simultaneous inoculations 
of M. incognita and H. cajani on cowpea in the 
greenhouse (64), or between M. hapla and H .  
schachtii on sugar beet (30,32). However, prior 
inoculation of M. hapla on sugar beet, stimu- 
lated H .  schachtii (30,32). 

Heterodera species can suppress or have no ef- 
fect on Meloidogyne species. H.  schach tii inhibit- 
ed M. hapla on tomato (25) and sugar beet 
(29,30,32). The relationship between cyst and 
root-knot nematodes is density and time depen- 
dent (64). Low populations of M. i?~cog~zita had no 
effect on H. glyci~zes in microplot studies with 
soybean, yet high populations suppressed cyst 
nematodes early in the season and stimulated 
them late in the season (62). Ingreenhouseexperi- 
ments, prior inoculation of M. incognita was 
detrimental to H.  cajani on cowpea, but previous 
infection by H, cajani was suppressive to M. 
incognita. Simultaneous inoculations, in com- 
parison, were density dependent and generally 
mutually antagonistic (64). Prior inoculation of 
H.  schachtii on sugar beet in the greenhouse 
suppressed M. hapla, but previous infection 
by M. hapla stimulated H. schachti i  (30,32). 
Double inoculations of M. hapla on sugar beet 
had little effect on each other, whereas H 
scha~h t i i  inoculations interacted positively. 
In double inoculations 10 days apart, there was 
a 3- to 5-fold increase in the number of in- 
fections as  compared to a single inoculation 
of equal numbers of infective juveniles (31). 

Interact ions between Meloidogyne and  
Rotylenchulus species can be suppressive for 
either or both species. In simultaneous inocula- 
tions on soybean in greenhouse experiments, M. 
incognita suppressed R. reniforrnis, but was not 
affected itself (68). Similar results wereobtained 
with black gram ( Vigna ntungo) (48), but on grape 
seedlings the two species were mutually an- 
tagonistic, although M. incognita was a little 
more competitive over time (60). In comparison, 
R. reniformis generally inhibitedM. incognita on 
tomato, except high numbers of M. incog~zita were 



Table 3. Summary of interactions between ectoparasitic and sedentary endoparasitic nematodes to s 
Nematodecombination Test host Dominant species General response Comments References 
Paratrichodorus minor + Meloidogyne Creeping 

naasi ben tgrass 
P. minor Antagonistic 6 weeks,greenhouse 66,67 

tests. Competition for 
feedingsites. 

Tylenchorhynchus agri + M. naasi Creeping 
bentgrass 

T. agri Antagonistic Inhibition of 
root growth. 

T. vulgaris + M. incognita Bajra T. vulgaris Antagonistic 

Criconemellaornata + M. incognita 
Hoplolaimus indicus + M. incognita 
T. nudus + M. incognita 

Brinjal 
Brinjal 
Brinjal 

C. ornata 
H. indicus 
T. nwlus 

Antagonistic 
Antagonistic 
Antagonistic 

C. xenoplux + M. hapla 

P. minor + M. javanica 

Grape Antagonistic 

Tomato P. minor Antagonistic 

H. columbus + M. incognita Cotton H. columbus Antagonistic Physiological alteration 
of thehost. 

M. incognita + Scutellonema 
brachyurum 

Cotton 

Tomato 

M. incognita An tagonis tic 60days, greenhouse 
tests. 

M. incognita + T. brassicae M. incognita An tagonistic 30days, greenhouse 
tests. 

M. incognita + T. agri Red 
clover 

M. incognita An tagonistic 3,5,7months,greenhouse 
tests. 

M. hapla + Xiphinemaamericanum Alfalfa Antagonistic 4 yrs,field tests. 
Limitfeedingsites & 
physiological changes. 

Hoplolaimus galeatus + M. incognita Cotton H. galeatus or 
M. incognita 

None 

G. tabacum 

Antagonistic Edaphic factors important 
in the interaction. 

Globodera tabacum + T. claytoni Tobacco 

Tobacco 

Mutually 
antagonistic 
An tagonistic 

Mutually suppressive in 
greenhouse tests, 4 weeks. 
Field tests,cystnematode 
is more persistent. 

M. incognita + Hoplolaimus guleatus Cotton None Mutually 
an tagonistic 





Table 5. Summary of interactions between migratory and sedentary endoparasitic nematodes. 

Nema todecombina tion Test host Dominant s~ec i e s  General res~onse Comments References 

Pratylenchus major + Meloidogynespp. Pineapple P. n~ajor Antagonistic 26 

P. brachyurus + M. incognita Cotton P. brachyurus Antagonistic 

Prutylenchusspp. + M. incognitrr. Tobacco Pratylenchus spp. Antagonistic Field observations. 

M. incog~~i ta  + P. brachyurus 

M. incognita + P. brachyurus 

P. penetrans + M. n m i  

M. incognita + P. penetrans 

M. incog~~i ta  + P. penetra~rs 

M. incognita + P. brach yurus 

M. incognita + P. brachyurus 
M. incognita + P. brnchyurus 

M. hapla+ P. brachyurus 

M. incognita + P. penetrans 

Tomato M. incognita Antagonistic M. incognitasuppresses 19 8 -+. 
penetration byP. 3 
brachyl~rus, M. incognita 2 

Cotton P. brachyurus Stirnulatory stimulates penetration by 
P. brachyurus. 2 o 

3 
Creeping P. penet runs Antagonistic Initially antagonistic, 66 Q 

ben tgrass butnoeffectafter 10 Q 2 
months. - 

G 

Redclover M. incognita Antagonistic Initially neutral, but 3 3. CL 

antagonisticafter 3 P 
months. 5 

"u 
Tomato None or Mutually Concomitantpopulations. 14,15 '8 

antagonistic In split-root experiments, 5 
M. incognita Antagonistic translocatable factors f3 s. 

antagonistictop. petletrans. s 
Tobacco None Mutually Susceptible cv. 'NC2326.' 35 < 

antagonistic 
Tobacco M. incognita Antagonistic Susceptiblecv. 'Hicks.' 3 
Tobacco P. brachyurus Stirnulatory Resistant cvs. 'NC95'and 

3 

'NC2512.' a 
Tobacco P. brachyurus Antagonistic Tobaccocvs. 'Hicks'and $ 

'NC95.' 
Tobacco None Neutral Cvs. 'NC2326'and 'NC2512'. 

Red clover M. incognita Antagonistic P. penetransdeposited 9,lO 
37%fewer eggsin the 
presence o f  low numbers 
o f  M. incognitaand 57% 
with high numbers. 



Globodera tabacum + lownumbersof Tobacco G. tabacum Antagonistic In thefield, G. tabacum 44,46 
P. penetmns generally occurs mono- 

G. tabacum + highnumbersof Tobacco P. penetrans Antagonistic specifically. 
P. penetrans 

P. coffeae + Tylenchulussemipenetrans Citrus None 

Radopholus similis + M. incognita Blackpepper None 

M. incognita + P. brachyurus 

M. naasi + P. penetrans 

Mutually Field observations. 
antagonistic 

Mutually Greenhouseexperiments. 65 
antagonistic 

Tobacco P. brachyurus Stimulatory M. ilzcogrLitaincreased 35 
the reproductionof 
P. penetrans. 

Creeping P. pelzetrans Stimulatory M. naasiincreased the 66 
bentgrass reproduction ofP. 

penetrans. 
4 

Ditylenchus dipsaci + M. hapla Alfalfa None Stimulatory Resistance reduced by 22,23 !' 
infection withD. dipsaci. m 
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suppressive to R. reniformis (39,83). Likewise, R. 
reniformis initially inhibited M. javanica, but 
was less competitive over time (69,70). The short 
life cycle of R. reniformis permitted it to increase 
more rapidly and suppress M. javanica after 60 
days, but no differences occurred after 90 days 
(59). 

Interactions between Melddogyne spp. and R. 
reniformis are also density as  well as  time depen- 
dent. In field studies, low levels of R. reniformis 
inhibited M. incognita on sweet potato, whereas 
M. incognita had no affect on R. renifomnis. High 
levels of M. incognita, however, suppressed R. 
reniformis, and R. reniformis had no affect on the 
root-knot nematode. Each species was capable of 
suppressing the other to become the dominant 
species (73,74,75,76). In greenhouse tests, in com- 
parison, both low and high levels of M. incognita 
reduced the reproduction rate of R. reniformis, 
but R. reniformis had no effect on the reproduc- 
tion of M. incognita. The effect of M. incognita on 
the reproduction of R. reniformis was not trans- 
locatable in split-root experiments (73,75). 

Interactions between Tylenchulus semipene- 
trans and R. reniformis on grape were mutually 
suppressive in greenhouse experiments. Popula- 
tions of both nematode species were significantly 
higher in single infestations than in inoculations 
of concomitant species (71). Interactions be- 
tween sedentary endoparasites are summarized 
in Table 6. 

ETIOLOGICAL INTERACTIONS 
In most studies involving plant-parasitic 

nematodes as  causes of plant disease, nematodes 
are considered to be "separate entities solely 
responsible for symptoms in an infected plant" 
(51); however, nematodes generally occur in poly- 
specific communities (53). Consequently two or 
more species of nematodes may interact with 
each other and thereby alter the course of the dis- 
ease. If the amount of disease caused by both 
nematodes is less than thecombinedeffectof each 
alone, the interaction is negative; if it is more, the 
interaction is positive; and if it is the same, there 
is no interaction (82). 

Generally if the amount of disease caused by 
two or more nematode species is nearly the same 
as the combined effects of each alone, then there 
is no interaction (2,7,21, 24,33,35,38,41,49, 55, 
59, 67, 68, 80). However, interactions may have 
been undetected because single inoculum levels 
were used in most experiments. Interactions 
between species of nematodes may be density 
dependent. In microplot studies with M. in- 
cognita and H. glycines on soybean, yield 
varied from slightly less to slightly more than 

additive depending upon nematode inoculum 
levels (62). 

Negative Interactions 
Less disease occurs when there is strong com- 

petition between nematode species because the 
less pathogenic species reduce the number of in- 
fection sites available for the more pathogenic 
species (11,12). In all of the experiments where in- 
fection by two species caused less suppression in 
growth than was caused by each species alone, the 
species involved were complete competitors. 
Dependingon the inoculum level, either of the two 
species can predominate, but generally they can- 
not co-inhabit. M. incognita suppressed the 
growth of tomato more by itself than when com- 
bined with P. penetrans in greenhouse experi- 
ments (14). Likewise, the inhibition in growth 
caused by M. incognitaand R. reniformis on black 
gram (48) and grapevine seedlings (60) was less in 
combined  i n o c u l a t i o n s  t h a n  in  s i n g l e  
inoculations. 

Positive Interactions 
Sometimes more disease occurs when two 

species co-inhabit than when either species is pre- 
sent alone. Mechanisms are not clearly known, 
but may result from an increase in penetration or 
an increase in host suitability (58). Alteration of 
host physiology is probably an important factor 
because all positive interactions reported thus far 
involve a Meloidogyne species and some other 
endoparasite. 

Combinations of H. schachtii and M. hapla on 
tomato suppressed root growth by 65,64,and 61% 
below that of controls and single inoculations of 
M. hapla and H. schachtii, respectively (25). 
Likewise, concomitant populationsof M. javanica 
and M. incognita significantly limited plant size 
of tobacco cv. Hicks (54). In greenhouse tests with 
M. hapla and Ditylenchus dipsuci on alfalfa, 
growth suppression occurred on cv. 'Ranger,' and 
infection by M. hapla reduced the resistance of cv. 
'Vernal 298' to D. dipsaci (23). Similarly, M. 
arejtaria or M. hapla reduced resistance in 
tobacco cv. NC95 to M. incognita race 1; however, 
M. javanica or M. incognita race 4 had no effect 
(13). 
Interactions With Other Pathogens 

Nematodes interact with other pathogens to in- 
crease the severity of disease (56,57,58); however, 
the disease may even be more severe when two 
nematode species in terac t  with another  
pathogen. Mechanisms of these interactions are 
unclear, but mechanical damage caused by the 
nematode and physiological alterations are ap- 



parently important. Meloidogyne incognita and 
B. longicaudatus and a fungal pathogen of 
chrysanthemum, Pythium aphanidemnatum, 
cause more suppression in plant growth than did 
any pathogen alone, or any single nematode and 
fungus combination (36). Likewise, M. incognita 
and Hoplolaimus indicus interacted with the 
fungal pathogen Macrophomona phaseoli in jute 
to produce the most severe disease symptoms and 
inhibition of plant growth (27). Inoculation of P. 
penetrans and P. coffeae with  Fusarium 
oxysporum f. sp. lycopersici on tomato caused a 
great inhibition of growth and more severe wilt 
symptoms than either nematode alone with the 
fungus. Also the population of P. coffeeae was 
greater in roots infected with the fungus than in 
healthy roots (28). Nematode-nematode interac- 
tions and their effects on the cause of disease are 
summarized in Table 7. 

CONCLUSIONS 
In nature, plants are usually infected by more 

than one species of nematode. Concomitant pop- 
ulations of nematodes can interact with each 
other to affect their reproductive capability, and 
their interaction can alter theetiologyof the plant 
disease. Most studies on nematode interactions 
have been qualitative and provide limited infor- 
mation. These preliminary experiments are 
useful, but more interactions may have been 
found if different levels of variables had been 
used (60). As a result, interpretation of the data is 
not easy and the development of conclusions 
about nematode-nematode interactions is dif- 
ficult. However, the following general conclu- 
sions may be useful in summarizing this complex 
subject: 

1. Nematode-nematode interactions can be 
approached from two interrelated aspects 
of ecology or etiology. 

2. Interactions can be simulatory to one or 
both species, neutral, or detrimental to one 
or both species. 

3. Competition between nematode species 
generally is weak. 

4. Competition between species can restrict 
the distribution of some species. 

5. Competition is more severe between 
species with similar feeding habits. 

6. Competitive advantage increases a s  the 
host-parasite relationship becomes more 
complex. Hence, the endoparasites are 
more competitive than the ectoparasites, 
and the sedentary endoparasites are more 
c o m p e t i t i v e  t h a n  t h e  m i g r a t o r y  
endoparasites. 

7. Competition between species may be den- 
sity and time dependent. 

8. Competition can be modified by environ- 
mental factors which are  difficult to  
separate from competition (51). 

9. Host suitability is a key factor in interac- 
tions and often is responsible for one 
species dominating another. 

10. Mechanisms of competition may include 
mechanical destruction or physical occupa- 
t i o n  of f e e d i n g  s i t e s  o r  i nduced  
physiological changes in t he  host's 
suitability or attractiveness. 

11. Generally, the amount of disease caused by 
two or more nematode species is nearly the 
same or slightly less than the combined ef- 
fects of each alone, but sometimes it can be 
more than additive. 

12. Strong competitors cause less disease in 
combination with another species than 
singly. 

13. Most nematode-nematode interactions 
which result in more disease in combina- 
tion than singly involve a sedentary 
endoparasite. 

14. Nematode-nematode interactions can be- 
come more complex when other organisms 
are also involved in the etiology of the 
disease. 

15. Interactions among nematodes are impor- 
tant  in nature, and more precise experi- 
ments are needed if their effects on the 
variability of crop growth are to be quan- 
tified (60). 



Table 6. Summary of interactions between sedentary endoparasitic nematodes. 

Nematode combination Test host Dominant species General response Comments References 
Meloidogynejavanica + M. incognita Tomato M. javanica or Antagonistic Greenhouse tests, M. 47 

M. incognita javanicadominated at 
low temperatures; M. 2 
incognitaat high % 

temperatures. 4 
M. javanica + M. hapla 

M. incognita + M. haplu 

M. incognita + M. hapla 

Tomato M. javanica 

Tomato M. incognita 

Tobacco M. incognita 

M. graminicolu + Heteroderaoryzicola Rice M. graminicola 

M. incognita + H. cajani Cowpea None 

M. hapla + H. schachtii Sugar beet None 

M. hapla+ H. schachtii Tomato H. schachtii 

LO.W numbers ofM. incognita + Soy bean None 
H. glycines 

High numbersofM. incognita + Soy bean (Seecomments) 
H. glycines 

M. incognita + H. cajani Cowpea M. incognita 

Antagonistic 

Antagonistic 

Antagonistic 

Antagonistic 

Neutral 

Neutral or 
stimulatory 

Antagonistic 

Neutral 

Antagonistic 
or stimulatory 

Antagonistic or 
mutually 
antagonistic 

M. javanicadominated 
at low & high temperatures. 

Temperatureaffected 
level of dominance. 

M. incognita resistant 
cvs. 'NC95'and 
'NC2512.'M. incognita 
penetrated faster and 
"occupied"al1 of the 
feeding sites. 

52days, greenhouse tests. 

Prior infection by M. 
haplastimulatedinfection 
by H. schachtii. 

Antagonistic early in 
season,stimulatory late 
in season. 

Density dependent. 



H. schachtii + M. hapla Sugar beet H. schachtii Antagonisticor 
stimulatory 

Prior inoculation of 
H. schachtiisuppressed 
M. hapla, whereas prior 
inoculationofM. hapla 
stimulated H. schachtii. 

Double inoculations 10 
days apart increase 
infections3-5 times. 

M. hapla + M. hapla 
H. schachtii + H. schachtii 

Sugar beet 
Sugar beet 

(Seecomments) 
(Seecomments) 

Neutral 
Stimulatory 

M. incognita + Rotylenchulus 
reni formis 

Soybean M. incognita Antagonistic 

M. incognita + R. reniformis Blackgram 

Grape 

M. incognita 

None 

Antagonistic 

M. incognita more 
competitiveovertime. 

M. incognita + R. reniformis Mutually 
antagonistic 

Low numbersofM. incognita + 
R. reniformis 

Tomato R. reniformis Antagonistic Density dependent. 

High numbersof 
M. incognita + R. 
reni formis 

M. incognita Tomato Antagonistic 

R. reniformis is 
initially more 

M. jauanica + R. reniformis None Neutral 

competitive butM. jauanica 
isnot affectedover time. 

Low numbersofR. reniformis + Sweetpotato R. reniformis Antagonistic Density dependent. 73,74,75, 
M. incognita 76 

High numbers ofM. incognita + Sweet potato M. incognita Antagonistic Density dependent. 
R. reniformis 

Tylenchu lus semipenetrans + Grape None Mutually 71 
R. reniformis 

.- 
antagonistic 



Table 7. Summary of nematode-nematode interactions that affect disease expression. 
3 

- -- -. 

Nematodecombinations 

Negativeinteractions 

Additional pathogen Test host Plant growth response & comments References 8 
2 

M. incognita + P. penetrans None Tomato M. incognitasuppressedgrowth more by 14 
itself than when combined withP. penetrans. 

z 
M. incognita + Ro ty lenchulus renifomis Growth was less in combined inoculations than 48 

P 0 
None Blackgram 

in single inoculations. 2. 
s 

M. incognita + R. renifomis 

Positiveinteractions 

M. hapla + H. schachtii 

None 

None 

Growth was less in combined inoculations 60 2 Grape 
than insingle inoculations. 'cr G e 

S 
F. 

Tomato Combined inoculationssuppressed root growth 25 2 
by 65,64and61% belowthatof controlsand 
single inoculationsof M. haplaand 

< 
H. schachtii, respectively. % 

3 a 
7 

M. javanica + M. incognita None Tobacco Combined inoculationssignificantly suppressed 54 B 
growth to cv. 'Hicks'whereas single inoculations % 

0) 

didnot. 

M. hapla + Ditylenchus dipsan' 

M. arenaria + M. incognita 
M. hapla + M. incognita 

None 

None 
None 

Alfalfa 

Tobacco 
Tobacco 

Resistance of cv. 'Vernal 298'to D. dipsaci 
wasreduced by infectionofM, hapla. 

Resistanceof cv. 'NC95'toM. incognita was 13 
reduced by prior infection with M. arenariaor 
M. hapla. 



Interactions withother pathogens 

M. incognita + Belonolaimus 
longicaudatus 

M. incognita + Hoplolaimus 
indicus 

Pratylenhus penetrans + 
P. coffeae 

Pythium Chrysanthemum All three pathogens interacted tocause more 
aphanidermatum growth suppression thandid any pathogenalone 

or any singlenematodeand funguscombination. 

Macrop homina Jute 
p haseoli 

Fusariumoxyspon'um Tomato 
f.  sp. lycopersici 

All three pathogens produced the most severe 
disease sy mptoms. 

All three pathogenscaused thegreatest 
inhibition of growth and more severe wilt 
symptoms. 
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An important feature of the breeding work 
carried out a t  the International Potato Center 
(CIP) is that it is environmentally oriented. 
Germ plasm has been developed for utilization 
in the highland tropics, lowland tropics and 
countries in the subtropical zone. These lines 
have a combination of genes for adaptation to 
the climatic conditions of these zones as  well as  
genes controlling tolerance or resistance to their 
main biotic constraints. 

Since the root-knot nematodes are very 
widespread principally in habitats where the 
soil temperature is 20°C or more, resistance to 
these nematodes is an important component in 
the genetic makeup of the lowland tropic pop- 
ulations. The importance of Melddogyne is not 
only restricted to its direct damage to roots and 
tubers, but also its interaction with other 
pathogens. J a t a l a  (2) demonstrated t h a t  
cultivars carrying resistance to bacterial wilt, 
P seudomonas  so l anacea rum,  lose t h e i r  
resistance when planted in soils infested by 
Melddogyne. This interaction requires that fac- 
tors of resistance to both pathogens be com- 
bined in the same genotype so potatoes can be 
grown successfully in the lowland tropics. 

Mendoza and Ja t a l a  (5) presented the  
progress made by CIP in breeding and genetic 
research for resistance to Melddogyne. The 
present paper presents further information on 
the breeding work a s  well as  the confirmation of 
partial genetic research results reported 
previously. 

BREEDING PHILOSOPHY AND 
STRATEGY 

CIP's breeding program maximizes the 
utilization of the genetic resources contained in 
the genus Solanum. Commercial cultivars and 
breeding lines, primitive cultivated species, and 

a set of selected wild species containing valuable 
traits of resistance or tolerance to stresses, 
pests, and diseases are all included. Figure 1 
represents the initial gene pool with which CIP 
started its breeding work in the main research 
program and the research contracts. All genetic 
information contained in the genus Solanum 
and related to adaptation, yield per se, and dis- 
ease and pest resistance is distributed among 
the large group of clones forming the highly 
heterozygous and heterogeneous gene pool. 
However, the genes controlling specific at- 
tributes are temporarily dispersed and held in 
segments or subsets of this initial population. 
Also, the relative frequency of certain genes is 
extremely low if one considers the large size of 
the population. As a consequence of these con- 
siderations, the basic goals in CIP's manage- 
ment of this extremely large gene pool have 
been identified: 

1. Maintenance of a wide genetic diversity to 
secure a high yield and stability of performance, 

2. An increase in the frequency of genes con- 
trolling desirable attributes, such as adaptation, 
yield per se, and resistance or tolerance to biotic 
and abiotic stresses, and 

3. Stimulation of the recombination of 
desirable attributes in the same genotypes and 
populations. 

Several alternative procedures for achieve- 
ment of these goals were considered and 
breeding strategies studied. Experiments were 
set up by which the best selection procedure 
could be chosen after comparison of several 
selection methodologies. Individual, family, and 
combined selection schemes were compared, 
and it was decided to use recurrent selection 
with progeny testing for the population im- 
provement. When selection was started on the 
gene pool, the genes were isolated within species 
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Fig. 1 .  The most frequently used cultivated and wild 
Solanum species. Cultivated: tbr = tuberosum. 
adg = andigena, phu = phureja, stn = 
atenotomum, ajh = ajanhuir i ,  cur = 
curtilobum. 
Wild: spl = sparsipilum, chc = chacoenae, blb 
= bulbocaetanum, mcd = microdontum, dem = 
denissum [After Mendoza and Sawyer (7)]. 

(Fig. 1). After a few cycles of selection, the gene 
pool of various species was brought together 
(Fig. 2). From this combination of genetic 
resources, CIP's breeding goals became realized. 
A cycle of recurrent selection including advan- 
ced and backup populations involves various 
steps (Fig. 3). 

Advanced Populations 
Gene pools of selected clones from CIP's 

breeding program, selected clones and wild 
species from CIP's world potato collection, and 
varieties and advanced lines from other 
breeding programs comprise advanced popula- 
tions. These populations have been produced by 
four to six cycles of recurrent selection combined 
with screening for resistances and adaptation to 
environmental stresses. The selected clones in 
each cycle are entered in the group of advanced 
breeding stocks. This system preserves a wide 
genetic base, and the increase in gene frequen- 
cies, as  well a s  the recombination of desirable 
attributes, has been significant. This fact can be 
readily seen by the high frequency of selectable 
clones when the more advanced materials are 
evaluated. In the earlier stages of recurrent 
selection, the frequency of selectable clones was 
much lower because of undesirable characters 
introduced from the primitive and wild germ 
plasm. These undesirable characters have not 

Fig. 2. Solanum gene pool in CIP's breeding popula- 
tions [After Mendoza and Sawyer (7)l. 

been totally eliminated because of the potato's 
tetraploidy and highly heterozygous genetic 
structure. Their frequency, however, has 
decreased significantly in the most advanced cy- 
cles. 

Single and bulk cross hybrids are produced in 
the advanced crossing block (Fig. 3). The evalua- 
tion of single F I  hybrids either in the field for 
agronomic performance and progeny uniform- 
ity or in the greenhouses for stress disease or 
pest resistances provides information on the 
specific combining abi l i ty (SCA) of t h e  
progenitors involved in the crosses. Also, it per- 
mits the selection of the best progenies for 
production of populations for export. The 
evaluation of the F I  bulk-cross hybrids provides 
information on the general combining ability 
(GCA) of the clones utilized as females. 

Only female clones with high GCA effects can 
produce superior progenies when pollinated 
with a mixture of pollen of several male clones. 
Clones with high GCA effects for traits of yield, 
heat tolerance, late blight resistance, frost 
resistance and PLRV resistance have been iden- 
tified. For use of true potato seed (TPS) in com- 
mercial potato production, it is also very impor- 
tant that parental clones with a high GCA for 
yield and tuber uniformity be identified. 

Back-up Populations 
The world potato collection of primitive 

cultivars and wild species is used to develop 
back-up populations. The genetic variability for 
several traits is immense in this material, but 
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the genetic distance from the most advanced 
populations is also considerable. Therefore, the 
objectives of population development by 
recurrent selection are 1) an  increase in gene 
frequencies, 2) recombination of the genes con- 
trolling pest, disease, and stress tolerances, and 
3) improvement, to some extent, of agronomic 
performance. This approach enables genetic dis- 
tance between the primitive and wild germ 
plasm and the most advanced populations to be 
reduced. Whenever a new trait  is needed, but 
not present in the advanced populations, i t  can 
be selected from the back-up populations, and 
the progress achieved in the other traits, which 
are already present in the most advanced 
materials, will not be harmed. 

Environmental Orientation 
The climates of the countries with which CIP 

is cooperating are so varied that from the begin- 
ning an effort was made to orient the breeding 
program environmentally. The potato crop is 
subjected to strong genotype-environment in- 
teractions that limit the possibilities of a wide 

range of adaptation. At the s tar t  of CIP's 
breeding program, three clearly defined popula- 
tions were developed: 

1. Highland tropic population - main traits 
were yield, resistance to late blight, cyst 
nematode, wart, and PVY; and tolerance to 
frost; 

2. Lowland tropic population - main traits 
were yield, earliness, heat tolerance, and 
resistance to late blight, bacterial wilt, PVY, 
and root-knot; 

3. Subtropical environment population (ob- 
tained and distributed from the research con- 
tracts) - main traits were yield and resistance to 
late blight, PVY, and PVX. 

CIP's breeding program later developed more 
specific subpopulations with specific combina- 
tions of resistances and other attributes: 
earliness and leafroll virus resistance, late 
blight and  early-bl ight  resis tance,  f ros t  
resistance, and the ability to tuberize under 
long-day conditions. 

Genetic materials are  distributed according 
to the environmental characteristics of the 
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Table 1. Cultivated germ plasm tested for 
resistance to M. incognita [After 
Mendoza and Jatala (5)l. 

Resistance 
Germ plasm and 
No. of clones % Level 

Table 2. Wild Solanum germ plasm tested 
for resistance to M. incognita [Af- 
ter Mendoza and Jatala (5)]. 

Resistance 
Germ plasm and 
No. tested % Level 

Primitive germ plasm 1.8 low 
(5865) 

Species 
(65) 

40.8 low to 
very high 

Other 1.9 low Accessions 18.6 low to 
(750) (482) very high 
Cultivated diploids 2.7 low Genotypes 3.5 low to 
(1020) (8060) very high 

Table 3. Reaction of several interspecific crosses between diploid material to Meloidogyne 
incognita [After Mendoza and Jatala (6)l. 

Percentages of individuals 
with each root-galling indexa 

No. of No. of 
Combinations families 1 2 3 4 5 genotypes 
Res X Res 20 51.32 10.77 35.12 2.36 0.00 1058 
Res x Sus 12 27.86 10.15 51.17 10.15 0.00 768 
Sus x Res 21 4.50 10.00 66.35 19.05 0.07 1370 
Sus X Sus 9 .12 .24 44.07 51.28 3.05 819 
a1 = No root galling and/or nematode reproduction. 
5 = Very severe root galling and/or a very high nematode reproduction. 

recipient countries and the yield constraints 
that  may be present. 

SEARCHING FOR RESISTANCE 
The f i r s t  s t ep  taken in searching for  

resistance to root-knot nematode was deter- 
mination of t h e  genetic variabi l i ty for  
resistance present in the existing world collec- 
tion of primitive Solanum cultivars as  well as  
other  cultivated diploids and  tetraploid 
cultivars and breeding lines. Results of such 
screening are given in Table 1. The frequency of 
resistant clones and the level of resistance pre- 
sent in these populations were low. Therefore, it 
was necessary to  test the wild tuber-bearing 
species from the genus Solanum (Table 2). From 
this group, three diploid species (S. sparsipilum, 
S. chacoense, and S. microdonturn) were par- 
ticularly interesting for their level of resistance 
and ability to cross with cultivated diploids. 

GENETICS OF RESISTANCE 
In order for the pattern of resistance 

transmission to be explored, the three diploid 
species were used to form hybrid combinations 
with the genotypes of the Phureja-Stenotonu'm 
population which expressed a certain level of 

resistance to M. incognita. Sixty-two hybrid 
families representing 4015 genotypes were 
evaluated for resistance (Table 3). The results 
suggest that  two or more pairs of genes that  in- 
teract with each other could be controlling the 
resistance to Meloidogyne. However, it appears 
that there is a certain maternal effect that  calls 
for caution in the interpretation of results. 
Crosses of resistant x susceptible show that  
27.8% of the individuals are highly resistant, 
while the reciprocal crosses gave only 4.5% of 
immune progenies. Results also clearly show 
the remarkable progress made in the selection 
for resistance using wild germ plasm as a 
source. 

After the preliminary results, genetic experi- 
ments were conducted so the pattern of in- 
heritance of resistance to M. incognita in S. 
sparsipilum could be determined. Four suscepti- 
ble S. phureja diploid clones, two resistant S. 
sparsipilum clones and a resistant hybrid clone 
(S. sparsipilum x S. phureja) were crossed 
following a diallel ma t ing  design with 
reciprocals (Table 4). Forty-two hybrid families 
were obtained. 

Evaluation for resistance was carried out un- 
der screenhouse conditions in two seasons with 



Table 4. Parental clones used for studying resistance to root-knot nematode. 

Clone Species Reaction 
377106.1 S. phureja Susceptible 
377106.5 S. phureja Susceptible 
377149.1 S. phureja Susceptible 
66P18C4 S. phureja Susceptible 
760147.2 S. sparsipilum Resistant 
760147.7 S. sparsipilum Resistant 
378929.2 (760147.7 X Phy bk LB) X (66P15.A X 760147) Resistant 

Table 5. Reciprocal differences in percent resistance to Meloidogyne incognita. 

Crosses % Resistancea % ~ifferenceb 
S x R  
R x S  
S x R  
R x S  
S x R  
R x S  
S x R  
R x S  
S x R  
R x S  
S x R  
R x S  
S x R  
R x S  
S x R  
R x S  
S x R  
RXS 
S x R  
R x S  
S x R  
R x S  
S x R  
R x S  

a Resistance is based on the root galling index of 1 and 2 on a scale of 1-5. 
b Significant a t  0.01 probability level. 

mean temperatures of 245°C and 25.8"C, 
respectively. The experiments were conducted 
in a randomized complete block design 
replicated three times and having 40 seedlings 
per experimental unit. The resistance evalua- 
tion was according to the method described by 
Jatala (3). 

Results indicate that  variability due to GCA 
and reciprocal effects was highly significant. 
However, the GCA effects were much larger 
t han  reciprocal effects.  A narrow-sense 

heritability estimate of h2 = .78 was obtained. 
Reciprocal effects were highly significant in- 
dicating either a maternal effect of S. spar- 
sipilum or an interaction between cytoplasmic 
elements with nuclear genes (Table 5). 

Upon analysis of frequency of resistant and 
susceptible genotypes in the crosses of suscepti- 
ble x resistant clones, several genetic models 
were studied, and the one appearing to fit the 
experimental data is described as follows. If 
three major complementary genes such as A, B, 
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Table 6. x2 test for the crosses of susceptible x resistant phenotypes assuming that the 
corresponding genotypes are aabbcc and AaBbCc, respectively. 

Cross Observed frequency Expected frequency x2ca X2t, df= lb 
Res. Sus. Res. Sus. 

Y1.5 SXR 
Y1.6 S x R  
Y1.7 S x R  
Y2.5 SXR 
Y2.6 SXR 
Y2.7 S x R  
Y3.5 S x R  
y3.6 SXR 
Y3.7 S x R  
Y4.5 S x R  
Y4.6 SXR 
Y4.7 S x R  

a x2 = calculated x2, 
~ 2 ;  = tabulated x2 for df = 1 and 0.01 probability level. 

Table 7. Evolution of the frequency of resistance to Meloidogyne incognita through four cycles 
of phenotypic recurrent selection [After Mendoza and Jatala ( 5 ) ] .  

Year Selection cycle No. tested % Resistance 
Before 1976 Existing genetic resources 

(both cultivated and wild) 
1 

2 and 3 

3 and 4 

and C are assumed, then resistance would be 
determined by the presence of one of each of the 
dominant genes: i.e., a gel ,type such as A-B-C- 
would be resistant and aabbcc would be suscep- 
tible. The analysis of the data from each in- 
dividual cross indicates that  all three resistant 
clones had a genotype of AaBbCc, and the 
susceptibles were homozygous recessive. The 
expected segregation ratio for the mating of 
susceptible x resistant would be '/i resistant: % 
susceptible. In all the crosses, the calculated X2 
values were smaller than the tabulated X2 a t  
0.01 probability level indicating that the ex- 
perimental da ta  agreed with the  genetic 
hypothesis (Table 6). The reciprocal crosses, i.e., 
resistant X susceptible, were not analyzed under 
this hypothesis due to the cytoplasmic effects 
caused by S. sparsipilum. 

BREEDING FOR RESISTANCE 
The three wild species of S. sparsipilz~m, S. 

chacoense, and S. microdonturn and the few 
resistant cultivated diploids were intercrossed 

for the s tar t  of a recurrent phenotypic selection 
scheme which after four cycles produced a 
significant increase in the percentage of resis- 
tant genotypes within the population (Table 7). 
Since these materials were only tested for 
resistance to race 3 of M. incognita, a Peruvian 
population, it was necessary that  the plants' 
genetic variability in resistance to other impor- 
tant species and races of Meloidogyne be deter- 
mined. Selected families from the 4th cycle of 
recurrent selection, in which 70% or more of the 
genotypes were resistant to the Peruvian pop- 
ulation of M. incognita, were evaluated by the 
International Meloidogyne Project Research 
Center a t  Raleigh, North Carolina, for  
resistance to four races of M. incognita, two 
races of M. arenaria, and one race each of M. 
javanicu and M. hapla. 

The majority of the potato seedlings had 
resistance to one or several populations since 
only 15% of the seedlings tested had gall produc- 
tion by all Meloidogy,?~e populations. Of the 
plants, 69% had no gall production in response 
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Table 8. High resistance (no galls per plant) to several species and races of Meloidogyne in 
selected CIP breeding lines [After Hartman et al. (I)]. 

M. incognita M. arenaria 
races races 

Families Combined 
tested 1 2 3 4  1 2 M. javanica M. hapla resistances 
378857 61 83 86 89 83 42 41 30 0 
378875 56 64 70 78 74 56 65 11 2 
378908 63 62 57 60 76 34 80 4 1 3 
378911 54 57 77 87 89 22 57 20 2 
378916 31 44 36 58 49 36 56 32 0 
378924 60 52 71 76 57 48 81 40 5 
378930 45 60 47 55 45 62 71 18 2 
378950 52 50 33 56 40 49 60 29 0 
a Percent resistant to all species and races. 
After Hartman et al. (1). 

Table 9. Reaction of field selected clones from 4X - 2X intercrosses and 4X - 2X X tropically 
adapted clones to Meloidogyne incognita. 

Root galling indexa 
Source No. clones 1 2 3 4 5 

4X - 2X X tropically 197 9.3% 6% 54.2% 29% 1.5% 
15.3% 

a 1 = No root galling and/or nematode reproduction to 5 = very severe root galling and/or a very high nematode 
reproduction. 

to 5 or more root-knot populations, and only 14 
plants had a high level of resistance (no galls) to 
all populations (Table 8). 

Since the frequency of resistance in the 4th 
cycle of recurrent selection was very high, ef- 
fo r t s  were concentrated t o  t r ans fe r  t h e  
resistance genes from this  population to 
cultivated tetraploid forms. To do so, a series of 
4X - 2X crosses were made with tropically adap- 
ted tetraploid clones (female parent) from CIP's 
breeding program and bulked pollen (male 
parent) of a selected number of the resistant 
clones mentioned above. Since the frequency of 
unreduced pollen was very low, the amount of 
seed obtained from these crosses was also low. 
Only 121 genotypes were obtained, and resul- 
tant seedlings were transplanted to the field for 
multiplication. From these, only 76 clones were 
harvested and then tested for resistance. A total 
of 10 resistant clones were selected with 3 of 
these having a high degree of resistance (i.e., no 
root galling or nematode reproduction). On the 
basis of these resistant tetraploid clones, two 

populations were created. First, the resistant 
clones were intercrossed, and second, the resis- 
tant clones were backcrossed to tropically adap- 
ted tetraploid clones so agronomic charac- 
teristics could be improved. The resulting 
genotypes were first field tested and selected for 
yield, earliness and other agronomically 
desirable attributes (Table 9). The selected 
clones were tested for resistance to M. incognita 
under greenhouse conditions. 

Theoretically one would expect a higher fre- 
quency of resistant clones in the 4X - 2X inter- 
crosses than in the 4X - 2X clones backcrossed to 
tropically adapted but Meloidogyne-susceptible 
clones. Since both populations mentioned in 
Table 9 were first field tested and selected for 
agronomic characteristics, i t  is conceivable that 
a large number of M. incognita-resistant clones 
were  e l imina t ed  because  of t h e i r  poor 
agronomic characters. This was probably due to 
the prevailing contribution of poor genes from 
the wild genetic background of the resistant 
clones. 
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When all the results presented above are con- transferred to commercial potato cultivars to be 
sidered, i t  appears that genetic solutions to the used in the lowland tropics or  wherever 
problems created by the root-knot nematode are Meloidogyne s p e c i e s  a r e  of e c o n o m i c  
a reality. In the very near future, we expect to importance. 
have the resistance identified in these studies 
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THE NATURE OF RESISTANCE TO MELOIDOGYNEINCOGNITA 
(Kofoid & White, 1919) Chitwood, 1949 
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Lima, P d  

EVALUATION OF RESISTANCE AND 
TERMINOLOGY FOR PLANT RESPONSE 

For a complete evaluation of plant response to 
nema todes ,  two p a r a m e t e r s  should  be 
measured: nematode reproduction and damage 
caused by the nematode (39,51). Host efficiency 
i s  usually not correlated with damage  
(33,39,44,51), and a low level of parasite damage 
may be due either to a high level of resistance in 
the host or to a low level of parasitic ability in 
the parasite (59). 

The host and the parasite are a single system, 
and the terminology about the system should be 
based on the system rather than on one or the 
other of its components (59). The terms non- 
host, non-efficient host (Pf/Pi<l) and efficient 
host (Pf/Pi>l)  were proposed to describe the 
plant when only nematode reproduction is 
measured (39). When both parameters are 
measured, the terms used to describe the plant 
response are: immune (non-host, no damage), 
resistant (non-efficient host that  suffers no 
damage), tolerant (efficient host that  suffers no 
damage), and susceptible (efficient or non- 
efficient host that suffers damage). The term in- 
tolerant was proposed so a non-efficient host 
that  suffers damage could be distinguished 
from an efficient host that suffers damage 
(14,20). The distinction between susceptible and 
intolerant is important,  but  intolerant, a 
negative term, cannot be used to differentiate 
one possibility in a combination of four, where 
each possibility has two components (De 
Morgan's law of logics). In other words, resis- 
tant or susceptible plants are also intolerant, 
and tolerant or susceptible plants are also non- 
resistant. 

However, the terms resistant and susceptible 
are often used indiscriminately to describe 
p lan t  response in relat ion t o  nematode 
reproduction or to describe damage caused by 

the nematode. The use of the same term to 
define two distinct phenomena is confusing and 
should be avoided. For example, the statement 
that  the "resistance mechanism in oats ap- 
parently damages the plant as  much as  the 
susceptible response" (14) is a contradition that  
results when the term resistant is used only in 
relation to nematode reproduction. Some defini- 
tions of plant response in which the terms are 
used indiscriminately are: non-host (plants with 
pre-infectional resistance); immune (a  plant 
able to prevent infection with no disease expres- 
sion); resistant (plant that cannot prevent en- 
trance by the parasite but is able to prevent, 
restrict or retard its development, or a plant in 
which penetration by juveniles does not occur), 
and tolerant (a  plant that survives and gives 
satisfactory yield a t  a level of infection that 
causes economic loss on other varieties of the 
same species (4,24,70). 

Host efficiency is measured by gall index, 
number of egg masses/g of root; females/g of 
root, eggs/g of root or index of reproduction 
(number of eggs developing in a resistant 
cultivar as  a percentage of those developing on a 
susceptible cultivar) (23,24,71). 

At high nematode densities, sometimes there 
is no gall formation and the egg masses may ap- 
pear later. If the evaluation is based only on gall 
or egg mass index before 50 days, the results 
may be misinterpreted. Gall index is a useful 
criterion for general screening, but negative 
results should be retested (25,32,61). 

Damage caused by the nematode is deter- 
mined by relating pre-plant nematode densities 
(initial population) to growth and yield of an- 
nual crops (4). The minimal density that  causes 
a measurable reduction in plant growth or yield 
is regarded as  the damage threshold density (3), 
and when the cost of production and the value of 
a given crop are considered, the term economic 
threshold density (minimal nematode density 
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Table 1. Terms to describe plant response to nematodes. 

Nematode damage to the ~ l a n t  
Statistically 

Host efficiency for nematode reproduction significant 
Not statistically 
significant 

Efficient Susceptible Tolerant 
Non-efficien t Hypersusceptible Resistant 

that  causes economic loss) is used. Threshold 
density varies with nematode species, race, 
plant variety and environment (4). Infection of 
non-efficient or efficient hosts by low densities 
of Meloidogyne spp. may enhance growth and 
yield (44,50), have no effect (44), or cause severe 
damage (4). 

Some damage threshold densities of M. 
incognita are as  follows: 3000-81,000 eggs/plant 
for soybean, depending on temperature (48); 
0.005-0.02 eggs/g soil for tomato (28); 0.005-0.03 
eggs/g for sweet potato (28); 0.04-2 eggs/g soil 
for tomato (5); 5-10 eggs/g soil for potato (9). 

Potato response confirms that  host efficiency 
is not related to nematode damage and when 
only nematode reproduction is measured, the 
terms efficient and non-efficient hosts are  
proper since they do not require explanation or 
qualification. However, when both host ef- 
ficiency and nematode damage are measured, 
only one term should be used to indicate the 
plant-nematode interaction. The most impor- 
tant feature of this interaction is that  the 
behaviour of the host and the behaviour of the 
parasite are both treated a s  one system (59). I 
recommend the terms be redefined,as follows: 
resistant (non-efficient host that  suffers no 
statistically significant damage); tolerant (ef- 
ficient host that  suffers no statistically signifi- 
cant damage); susceptible (efficient host that  
suffers statistically significant damage). These 
terms would be important in plant breeding and 
agronomy because "a resistant variety must 
compare favorably with other available means 
of control in terms of yield in infested land and 
its effect on nematode population" (14). The 
term hypersusceptible (instead of intolerant) is 
proposed to define a non-efficient host tha t  suf- 
fers statistically significant damage. In this in- 
teraction the plant is so susceptible that  even 
though the nematode does not reproduce it  
causes significant damage. With the use of the 
term hypersusceptible, Dropkin and Nelson's 
table (20) would be modified (Table 1). 

Cook (14) uses the terms tolerant and in- 
tolerant in relation to yield loss (host sen- 
sitivity) but mentions reproduction. The term 
sensitivity is widely used to define the tendency 

t o  e x p r e s s  s t r o n g  s y m p t o m s  ( I ) ,  b u t  
symptomatology is not always related to yield, 
and the term hypersensitivity describes a quick 
and drastic incompatible interaction. I t  is 
measured a t  the cellular or tissue level and may 
be related to susceptibility or  resistance. 
Therefore, the statistical significance of 
nematode damage, in terms of plant yield 
and/or growth reduction, should be designated 
since necrosis of some cells is obviously harmful 
to those cells, but may not be measurable in 
terms of the whole plant. 

When the plant response is examined a t  the 
cellular or tissue level, where neither nematode 
reproduction nor damage is measured, the 
terms compatible and incompatible response 
are useful. 

THE NATURE OF INCOMPATIBLE 
RESPONSE TO M. INCOGNITA 

Incompatible responses of plants to root-knot 
nematodes vary  qual i ta t ively and  quan-  
titatively even between cultivars of the same 
crops. Incompatible responses have been re- 
ported to act in the rhizosphere through toxic 
exudates (65) or by an  effect on hatching (79), 
attraction (60) or penetration of the roots by the 
nematode. In some incompatible plants, the 
nematode either does not penetrate (62), or it  
penetrates for a short time (55), in low numbers 
(21) or in numbers equal to those penetrating 
compatible plants (10,21,57,78). Incompatible 
response affects individual nematodes differ- 
e n t l y .  Some juveni les  feed  ex t e rna l ly ,  
penetrate, come out of the roots, or may migrate 
and feed inside. Some juveniles remain alive un- 
til seven days after inoculation (10). 

After nematode penetration, several degrees 
of incompatibility have been reported (13,63). 
The most common response is hypersensitivity 
of cells damaged by migrating juveniles (22) or 
ce l l s  a r o u n d  t h e  s e d e n t a r y  n e m a t o d e  
(10,20,42,73,77). This type of response appears 
a s  early as  24 hr after inoculation, and the plant 
cells, as  well as  the undeveloped nematode, die 
(8,17,41,57,67). However, the degree of necrosis 
and time of appearance may differ even in 
plants of the same crop. 



Some plants show no galling response (21,25), 
or galls may be small, inconspicuous (12) or few 
in number (45). Gall formation, however, does 
not indicate successful nematode development 
(26,32). Some galls contain only fragments of 
nematodes, whereas others have no detectable 
traces of juveniles and only necrotic areas are 
observed (10,46). The nematode disintegrates 
and disappears. 

Incompatible plants are not always hyper- 
sensitive (19,30,46) since, in some cases, 
juveniles lie closely oppressed and parallel to 
the stele. Giant cells, if formed, may be abnor- 
mal and not fully developed (46). In such cells, 
the nematode will develop poorly or slowly with 
no eggs (46) or few eggs produced (13,20,45). The 
extent of giant cell development is related to the 
degree of nematode development (22,60). Senes- 
cent giant cells in incompatible plants may 
collapse leaving large cavities in the roots, and 
when few developed females occur, the giant 
cells are indistinguishable from those produced 
in compatible plants (46). 

Identification of different types of incompati- 
ble responses in plants facilitates the selection 
for better types of resistance. The good growth 
and yield of a potato (E2) under high nematode 
density is probably related to its incompatible 
response which takes longer to appear and in- 
volves less extensive necrosis. This relation 
suggests that clones with similar types of 
response could be selected (10). 

Biochemical Mechanisms of Incompatibility 
Reports of biochemical mechanisms of in- 

compatibility are numerous. Root diffusates 
repel (curcubitacin) or are  toxic (margosa) to the 
nematode (72). In general, it appears that 
nematode secretion lacks some compounds; the 
effects of nematode secretion are counteracted, 
neutralized or blocked by chemicals in the plant 
(6,31); or nematode secretion blocks the syn- 
thesis of proteins and growth hormones in the 
plants (64). In the hypersensitive reactions, 
phenols are  mainly involved (35,47,66), but 
other factors may be important (64). The death 
of the nematode after appearance of necrosis 
suggests that the plant responds to the presence 
of feeding of the nematode inside the roots by 
production or accumulation of toxic substances 
such a s  nicotine, proline, glyceollin, or 
phytoalexins such as  hemigossypol, methox- 
yhemigossypol,  gossypol and  dimethox- 
ygossypol. These substances may af fec t  
nematode behavior or cause the death and disin- 
tegration of the nematode (72). The incompati- 
ble response is faster in some incompatible 

plants than in others which suggests quan- 
titative instead of qualitative differences since 
the final response is the same (10). Another in- 
teresting hypothesis is that hydroxyproline con- 
centration increases and cells develop cyanide- 
insensitive respiration in incompatible plants 
when they are invaded by the nematode (80). 

Correlation Between Parts of the Plant 
I t  is important to determine if there is a 

correlation between the response of the dif- 
ferent parts of the plant. Some potato tubers, 
for example, are not infected when artificially 
inoculated (41). There are several reports with 
other crops that incompatibility to root-knot 
nematodes is inherent to a particular part of the 
plant (either top or roots) and is not translo- 
cated (45,53,56). There is, however, a report to 
the contrary (29). Temperature requirements 
for symptom manifestation may also be dif- 
ferent for the different parts of the plant (10). 

FACTORS AFFECTING PLANT 
RESPONSE 

Temperature 
Temperature is one of the most important en- 

vironmental factors that  affect plant response 
to M. incognita. I t  affects nematode survival 
(7,17,52), distribution (49), embryogenesis and 
hatching (2,69,75), migration and penetration 
(15,38,54), development (16,48,52,69,74), and 
symptom expression in the plant (11,15,40). 

Temperature requirements vary among M. 
incognita populations (thermotypes) (15,58,68), 
and with each host-parasite combination 
(11,15,52). Non-efficient hosts of M. incognita 
become progressively efficient as temperature 
rises (11,18,19,24,34,38). However, some plants 
and cultivars of the same plant species do not 
respond similarly (11,19,37). The equilibrium 
density for nematode reproduction may also be 
different among plants of the same crop (11). 
This response suggests the possibility of 
selecting for stable resistance a t  high tem- 
peratures. 

The fact that plants become efficient hosts a t  
high temperatures is probably due to three fac- 
tors: 1) high temperatures are optimum condi- 
tions for nematode activity; 2) stress caused by 
high temperature makes the plants more 
vulnerable to nematode attack; and 3) chemicals 
responsible for cell necrosis may not be 
produced or may be neutralized or counter- 
acted a t  high temperature. 

In plants under environmental stress (except 
nutritional stress), nematode reproduction is 
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higher (27,76). The optimum temperature for 
hatching was reported to be 27°C (7,69); em- 
bryogenesis is faster and migration and 
penetration by the nematode is favored by high 
temperatures (2,54,69,75). The nematode life cy- 
cle is also completed faster a t  high temperature; 
therefore, more generations are produced 
(16,52,69). Moreover, a t  high temperatures, 
fewer males develop (16). 

Differential plant responses to nematodes a t  
high temperatures are probably due to quan- 
titative differences in the enzymatic reactions 
occurring in the plant-nematode relationship. 
The progressive increase in host efficiency with 
temperature increase supports this hypothesis. 

Plant Age at Inoculation Time 
Nematode effect on the growth of susceptible 

plants is influenced by plant age a t  inoculation. 
Older plants have more tissue already differ- 
entiated which the nematode usually does not 
penetrate (13). Thus, more root growth remains 
undamaged (36). Plant age also influences host 
efficiency for M. incognita and the resulting 
nematode damage in resistant plants of several 
crops (7.36,43,45), but not in all crops (11,16,27). 

High nematode Pf in older plants is probably 
a function of this greater availability of roots 
and less individual competition (45). The scarce 
root systems of younger plants a t  transplant- 

ing time cause a concentration of juveniles 
around the root tips. When this situation oc- 
curs, root tip growth can stop, resulting in a 
dramatic reduction in size of root system (10). 
The number of eggs/g of root is usually higher 
in young plants. The response of young plants to 
root-knot nematodes, if not qualitatively, is 
sometimes quantitatively different from that  of 
older plants. This difference should be taken 
into consideration in experiments with small 
seedlings where it is assumed that  seedling 
response is the same as that  of older plants 
(24,43). This assumption may be in relation to 
nematode reproduction or in relation to 
nematode damage to the plants. 

Origin of Plants 
Nematode reproduction in some susceptible 

plants is greatly affected by origin of plant. In 
potato, for example, the nematode Pf is higher 
in plants originating from cuttings and tubers, 
while number of eggs/g of root is higher in seed- 
lings (11). 

It seems likely that a combined effect of the 
nematode and high temperature would be of 
sufficient magnitude to kill the young plants or 
seedlings of non-efficient or efficient hosts. The 
planting of such crops in heavily infested land 
should be avoided. 
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THE ROLE OF THE NEMATOLOGIST IN 
THE DEVELOPMENT OF RESISTANT CULTIVARS 

George Fassuliotis 
U.S. Vegetable Laboratory 
Agricultural Research Senn'ce; USDA 
Charleston, South Carolina, USA 

The extent of damage to crop plants by root- 
knot nematodes (Meloidogyne spp.) has been 
well documented (29,38). Minimizing that loss 
through the use of nematicides has been effec- 
tive in the past, but expensive. The cancellations 
of DBCP (1,2-dibromo-3-chloropropane) and 
EDB (ethylene dibromide), because of their 
potential hazards to human health, have 
reduced the available number of chemicals to 
the less effective nonfumigant and systemic 
nematicides. The lack of effective and inexpen- 
sive nematicides has made breeding for root- 
knot nematode resistance an attractive alter- 
native. The potential return for the dollars in- 
vested in breeding for resistance justifies incor- 
poration of root-knot-nematode resistance into 
the objectives of every plant-breeding program. 
Unlike chemical methods, nematode manage- 
ment with resistant cultivars requires no 
special equipment or extra capital investment 
by growers .  Marketable y i e lds  f rom 
homozygous resistant cultivars are significantly 
greater than those from homozygous suscepti- 
ble cultivars grown in nematode-infested soils 
(22,51). Target nematode species are managed 
as well a s  or better than with nematicides (8,51). 

There is international interest in the breeding 
work of the U.S. Vegetable Laboratory because 
root-knot nematode resistance is included in all 
of the breeding programs in which resistant 
genes are available. Four of the five plant 
breeders a t  this station strive for root-knot 
nema tode  r e s i s t ance  in t h e i r  breeding  
programs. Crops include tomato (Lycopersicon 
esculentum, Mill.), pepper (Capsicum annuum 
L.), bean (Phaseolus vulgaris L.), sweet potato 
(Ipomoea batatas (L.) Lam.), sweet corn (Zea 
mays L.), and cowpea (Vigna unguiculata (L.) 
Walp.). Cantaloupe (Cucumis melo L.) and okra 
(Abelmoschus esculentus (L.) Moench.) would 

be included if sexually compatible, resistant 
germ plasm were available to cross with these 
species. 

The number of root-knot-nematode-resistant 
cultivars is increasing. Contributions to the lists 
of germ plasm and cultivars are being made by 
nematologists, pathologists, agronomists, and 
geneticists in s t a t e  universities, USDA 
laboratories and commercial seed companies. 

Some of the most significant discoveries with 
regard to root-knot-nematode resistance were 
made between 1900 and 1948 when all root-knot 
nematodes were regarded a s  one species. The 
era of genetic manipulation for resistance to 
root-knot nematodes began with the discovery 
that cowpeas exhibited genetic variability for 
susceptibility (48) and that  resistance could be 
transferred genetically to a susceptible cultivar 
(33). During the following four decades, a con- 
siderable amount of work centered around 
screening plants for resistance to the root-knot 
nematode. Resistant germ plasm was identified 
in about a dozen major crops (16), some of which 
provided the foundation for many of the current 
resistant cultivars. In crops where resistance 
was developed through breeding, the resistant 
germ plasm was usually cross-compatible with 
the crop species. Resistance was readily 
transferred by a series of crosses, backcrosses 
and selections. However in tomato, root-knot- 
nematode susceptibility seemed to be fixed 
within the cultivated species, and genes for 
resistance could be transferred only through in- 
terspecific hybridization with L. peruvianum 
(L.) Mill., an incompatible wild species, by 
means of embryo culture techniques (43). 

Prior to 1949, the root-knot nematodes were 
considered to be a single species, Heterodera 
marioni. Subsequent taxonomic revisions, 
however, established the existence of four major 
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species: Meloidogyne incognita, M. javanica, M. 
arenaria, and M. hapla (5,45). The recognition of 
different Meloidogyne species provided workers 
with a sounder scientific and effective approach 
to plant breeding. An explanation was available 
for much of the discrepancy involving root-knot 
nematode react ions observed by various 
workers. Re-evaluation of resistance to the 
various species showed that  some crop plants 
were resistant to two or more species whereas 
others carried resistance to only one species 
(16). For example, tomato with the Mi gene was 
found to carry resistance to M. incognita, M. 
javanica and M. arenaria. The common bean 
was resistant only to M. incognita; sweet potato 
was resistant to M. incognita and M. javanica; 
and pepper was found to have resistance to M. 
incognita, M. arenaria and M. javanica but not 
M. hapla. In a recently published check list of 
crop plants, over 450 cultivars in 13 botanical 
families were reported to carry resistance to a t  
least one Meloidogyne species (40). 

SPECIFIC RESPONSIBILITIES OF THE 
NEMATOLOGIST 

In the chain of events that  transpires in a 
breeding program for root-knot nematode 
resistance, there are a number of tasks that  I 
believe should be the responsibility of a 
nematologist. As the project progresses, and an 
i n t e r r e l a t i o n s h i p  develops be tween t h e  
nematologist and the plant breeder, each may 
extend his or her involvement into the other's 
sphere of expertise, depending on personal in- 
terests and objectives. 

Survey and Assess the Magnitude of the 
Nematode Problem 

Before initiation of a plant breeding program 
in which root-knot-nematode resistance is incor- 
porated into a specific crop, the prevalence, dis- 
tribution and importance of the nematodes 
should be assessed. Putting resources into 
breeding for resistance against a pathogen that  
is of minor importance makes little sense. After 
the nematode problem has been defined, an ac- 
curate identification of the nematode must be 
made. Species determination is made through 
microscopic examination of morphological 
characters with special attention paid to the 
morphology of the perineal pattern, stylet and 
head (10). Further identification is made by 
means of the North Carolina Differential Host 
Test (44). This test is useful for confirmation of 
the identification of the most widely distributed 
root-knot nematode species and race, e.g. M. 
incognita (4 races), M. arenaria (2 races), M. 

javanica, and M. hapla. An outline of the Dif- 
ferential Host Test has been published by 
Taylor and Sasser (44). 

Establish Pure Cultures 
Availability of a nematode population con- 

taining a single species is essential to the 
progress of a plant-breeding program. Natural 
field populations often consist of a mixture of 
species, and greenhouse populations often 
become contaminated by other nematode 
species. A population of a single nematode 
species can be prepared as  follows. Individual 
egg masses are placed in water in a watch glass, 
and a slide is prepared of the perineal pattern of 
the corresponding females for microscopic ex- 
amination. Some nematologists s tar t  a pure 
population from a single egg mass while others 
use several egg masses. The latter method is 
better because it enables retention of the 
natural variability that  may be available within 
a field population. The egg masses  a r e  
transferred to a 10-cm pot of sterile soil contain- 
ing a susceptible tomato seedling. After 45-50 
days, the root system is examined for galling 
and nematode reproduction. When the egg 
masses are a tan color, the infected roots are 
subdivided among other pots and replanted 
with susceptible tomato seedlings so the popula- 
tion can be increased. Once enough inoculum is 
available for the breeding project, it should be 
retested on the Host Plant Differentials, and 
perineal patterns of a t  least ten specimens made 
for confirmation of the initial identification to 
species and race. If the culture is subsequently 
maintained in the greenhouse on a suitable host 
plant, a continuous source of inoculum for 
screening plant material will be available (16). 

Prepare Inoculum 
Most workers currently involved in screening 

p lan ts  for  resis tance use egg inoculum. 
Collecting eggs for inoculum from infected roots 
is a relatively easy process. Perhaps one of the 
most significant contributions to nematode 
methodology was made by Hussey and Barker 
(27) when they developed the technique for ex- 
tracting and collecting root-knot-nematode 
eggs. This technique is extremely useful in plant 
breeding. Infected roots are shaken vigorously 
in 200 ml of 20% commercial bleaching solution 
(approximately 1% sodium hypochlorite) in a 
one-liter container for 4 min. The bleaching 
solution is passed through a combination of 200- 
and 500-mesh sieves. The eggs collected on the 
500-mesh sieve are rinsed thoroughly with tap 
water. Rinsing the remaining roots two more 



times with water removes additional eggs. The dug and rated for resistance. When advanced 
suspension is transferred to a beaker, and the breeding lines containing root-knot-nematode- 
egg concentration is calculated. Root-knot- resistant genes are being evaluated, the paren- 
nematode eggs extracted by this method are tal source of resistance, and that of suscep- 
surface sterilized and relatively free of other tibility, should be included. 
organisms. The suspension is diluted with water Speedling trays are useful for screening large 
so that when agitated, it contains about 1000 plant populations in a minimum of space and 
eggs/ml. Any pipetting apparatus that  can be soil (15). Each flat consists of 128, 3.8-cm 
calibrated to deliver preset volumes of i n ~ d u l u m . ~  square, ilrverted-pyramid-shaped root cells. 
is satisfactory. In our work, we use the Each cell is filled with a fertilized soil mixture, 
PistolpetR (Manostat, 519 Eighth Ave., New inoculated with 2000 eggs and then planted with 
York, NY) for tests involving large numbers of either a seed or seedling. The trays are set on 
plants to be screened. This apparatus dispenses rails allowing roots that  grow through the hole 
egg inoculum with rapidity and accuracy. a t  the bottom of each cell to be air pruned. 

Infested soil containing infective second-stage Because of the restrictive root growth within 
juveniles or infected roots with egg masses can the cell, one can easily rate the root system after 
be used as  inoculum, but they present certain removal. We have found these trays suitable for 
disadvantages (16). Inoculum levels cannot be screening corn, tomato, bean, and melon. R. S. 
easily quantified, and fungal and bacterial dis- Hussey and others (personal communication) 
ease organisms in the  soil biosphere or have found this system extremely useful for 
rhizosphere may interact with the nematode to screening soybean for cyst nematode resistance. 
produce undesirable complexes (34). When plants are screened for resistance, con- 

sideration must be given to the growth habit of 
Develop Screening Techniques the plant. The most desirable plant type is one 

Various laboratory, field and greenhouse that can be uprooted, evaluated and replanted 
so that  seed or rhizomes may eventually be screening techniques ha'' been reviewed (16). collected from a resistant plant (e .g. tomato, Screening techniques must be devised that 'p- sweet potato). Plant types that do not usually timize the amount of inoculum for differentia- survive transplanting (corn, bean, cowpea, soy- tion of plant response among genotypes. Even 

the most resistant plant can be stressed if i t  is bean) must either be evaluated after seed have 
developed, or must be evaluated by special 

by a large number of infective techniques that  do not kill the roots (16,50). Ad- nematode juveniles. I t  is important that  the in- vanced breeding lines are tested in replicated Oculum level be limited that field trials. Before release, promising lines that  pressures from extremely high dosages do not show low galling and reproduction are retested injure the root system and mask potentially in as many different geographic regions as 
genetic The  screening possible so their adaptability and resistance to procedures should be simple, not laborious. and 

many Meloidogyne populations be deter- allow virtually no plants to escape contact with mined under different environmental condi- 
the infective juveniles. tions. Yield potential of resistant lines is com- Screening should be done under conditions pared with that of similar lines grown in the that are conducive for good plant growth. At our same soil mix, but treated with a nematicide laboratory, all screening of plant material for 
resistance to Meloidoaune SDD. is done in the (22,51). 

greenhouse on benches or in Todd Planter Flats, 
which we refer to a s  speedling trays (Speedling 
Manufacturing Inc., P.O. Box 238, Sun City, 
Florida 33586). Greenhouse benches are filled 
with a steam-sterilized growing medium con- 
sisting of vermiculite and peat moss). Holes, 2- 
cm deep, are made a t  4- to 5-cm intervals in 
rows 10 cm part. Before the seeds or seedlings 
are planted, each hole is inoculated with approx- 
imately 2000 eggs. Soil temperature is main- 
tained between 22 and 26°C. A susceptible plant 
with a known root-knot nematode reaction is in- 
cluded with the plantings. Rutgers tomato is a 
good plant for indicating when plants should be 

Establish Rating Scheme for Resistance 
In simplest terms, resistance can be defined 

a s  the character, or characters, of a plant that 
inhibit nematode reproduction (44). The various 
methods of rating plants for resistance to root- 
knot nematodes have been reviewed (16). Plants 
vary greatly in their response to root-knot 
nematodes. Upon infection, most genotypes 
show a galling response within 24 hours and 
reproduct ion i s  evident  within 20 days.  
However, within some plant species, response to 
infection may vary greatly. Cultigens of beans, 
for  example,  may show ext reme gal l ing 
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response to M. incognita or none a t  all. 
However, in both cases, reproduction will be 
similar. Other plant species may gall following 
penetrat ion by juveniles, bu t  nematode 
reproduction is significantly reduced (18,23,24). 
Most workers use galling and reproductive 
responses in evaluating plants for resistance. 
An index scale of 0-5 is most commonly used to 
indicate the severity of galling and degree of 
reproduction of the nematode: 0 =no galling or 
reproduction, 1 = trace of galling or reproduc- 
tion (1% or less of the susceptible check plant), 2 
= light galling or reproduction (2-10% of a 
susceptible plant), 3 = moderate galling or 
reproduction (11-25% of a susceptible plant), 4 
= moderately heavy galling or reproduction (26- 
50% of a susceptible plant), and 5 = heavy gall- 
ing or reproduction (51-100% of a susceptible 
plant). Plants falling in categories 0, 1, 2, and 3 
are considered immune, highly resistant, very 
resistant and moderately resistant, respec- 
tively. Often susceptible plants adjacent to the 
edges of the screening bench do not show ex- 
pected susceptible reactions because of dif- 
ferences in moisture and temperature stresses 
on the plants within the bench. As a result, such 
plants become classified a s  resistant. Fery and 
Dukes (21) used the outermost two rows around 
each bench as buffers to overcome this problem. 
When plants are reevaluated for resistance, it is 
extremely important that they be inoculated 
with the  same population of root-knot 
nematode. Populations of the same species can 
vary in aggressiveness if they are from different 
sources. Viglierchio (46) found great variability 
in aggressiveness to tomato among California 
populations of M. i,ncognita. 

Identify Sources of Resistance 
The most limiting factor in the expansion of 

food crops with root-knot-nematode resistance 
is the lack of genetic material among some plant 
species. It is obvious that  a breeding program 
for root-knot-nematode resistance requires 
resistant germ plasm from which traits can be 
transferred to horticultural plants. Transfer of 
resistance is greatly simplified if resistant germ 
plasm can be found in adapted cultivars or in 
advanced breeding lines containing otherwise 
good horticultural qualities. Over the past 25 
years, many tomato cultivars and breeding lines 
have been developed from which root-knot- 
nematode-resistant genotypes can be selected 
for use in a tomato breeding program (41). 
Development of a useful cultivar would be ex- 
tremely prolonged if the program was started 
with the wild tomato, L. peruvianum, as the 
source of resistance (25). 

Among other vegetable crops in which wide 
gene pools exist for genetic resistance to root- 
knot nematodes are cowpea, bean and sweet 
potato. When resistance does not exist in es- 
tablished cultivars, the breeder's working 
collection should be examined. If this search is 
fruitless, attention may then be turned to collec- 
tions of primitive cultivars. Last of all, wild 
species that are closely or distantly related are 
evaluated if no other resistant germ plasm can 
be found. Several wild species have been iden- 
tified with root-knot-nematode resistance 
(11,18), but their use in crop improvement can- 
not be realized until they can be genetically in- 
tegrated into conventional breeding programs. 
Another disadvantage in the use of primitive or 
wild species is that  many undesirable charac- 
ters are expressed that  can have an effect on 
quality, yield and agronomic suitability. In the 
development of the M. incognita-resistant snap 
bean 'NemaSnap,' repeated backcrossings to the 
horticultural types and selections were made 
for elimination of unacceptable characters pre- 
sent in the primitive cultivar (52,53). Introduc- 
tion of nematode resistance into the tomato 
from L. peruvianum required a combination of 
embryo culture (43) and 15 years of work by 
plant breeders before a root-knot-nematode- 
resistant cultivar was released (36). 

Cucurbitaceae constitutes a large botanical 
family consisting of the various types of melon, 
squash, pumpkin, etc. (49). No sources of 
resistance to root-knot nematodes are known in 
these cultivated species. Plant breeders and 
nematologists have been especially interested in 
utilizing resistance found in the African horned 
cucumber, Cucurnis metuliferus Naud., for 
possible transfer to cantaloupe (13,14). 

The ability to cross cantaloupe genotypes 
with related resistant wild species would have 
significant impact toward improvement of this 
crop since the genetic base is very narrow. In- 
terspecific hybridization would introduce 
desirable genetic factors such as nematode and 
disease resistances into cultivated species (35). 
Such crosses are difficult to make. Cross 
pollination efforts over the past several years 
indicate that hybridization of C. metuliferus 
with C. melo is highly probable. C. melo pollen 
penetrated ovules of the wild species, and em- 
bryos developed in a small percentage of the 
ovules (13). The embryos, however, did not 
develop to maturity. Embryos have been 
rescued from the ovary and placed in culture 
media but none have been converted into viable 
transplants (14). The primary obstacle to 
further progress with embryo rescue techniques 
appears to be the lack of a defined medium on 



which the hybrid embryo can be cultured. The 
nutritional requirements of the immature em- 
bryos are much more complex than those of the 
mature embryo. Detailed studies are required if 
culture media and conditions for the conversion 
of immature embryos to viable transplants are 
to be defined. Our current work is primarily to 
define the nutritional requirements of im- 
mature C. m e t u l i f m s  embryos for develop- 
ment into whole plants. It  is likely that embryo 
culture can have as great an impact on can- 
taloupe improvement as  it has had on tomato 
improvement (37). 

FACTORS INFUENCING RESISTANCE 
Several factors may alter the expression of 

resistance. Genetic resistance to Melddogyne 
spp. is sensitive to soil temperatures above 
28°C. Tomato, bean, and sweet potato lose 
resis tance in elevated soil tempera tures  
(6,20,26,28). High soil temperatures appear to be 
the main reason tha t  root-knot nematode 
resistance is not effective in Florida, USA (47), 
and in many tropical countries. There is some 
evidence that reproduction of M. incognita a t  
elevated soil temperatures may be race depen- 
dent. Recent results by Araujo et al. (1) indicate 
that race 4 reproduces better on resistant tomato 
genotypes a t  32.5"C than does race 1. 

In split-root experiments with resistant 'NC 
95' tobacco, Eisenback (9) found that plant 
resistance to M. incognita can be modified by 
the presence of another root-knot nematode 
species on the same root system. This observa- 
tion may explain one of the causes of resistance 
breakdown which was previously attributed to 
development of aggressive biotypes. 

Dropkin et al. (7) found that application of ex- 
ogenous kinetin to tomato seedlings altered 
their expression for resistance. There is some 
indication that tissue culture techniques which 
use phytohormones in the media for plant 
regeneration from various tissues may reverse 
the resistance of plants to root-knot nematodes 
(17). 

FUTURE RESEARCH N E E D S  A N D  
OUTLOOK 

How will we manage o r  suppress t he  
nematode problems in the future if environmen- 
tally safe and inexpensive nematicides are not 
available? Clearly, a t  the present time intensive 
efforts must be devoted to development of 
genetic solutions to the problem. If resistant 

plants are included in cropping systems, target 
nematode populations can be suppressed 
(22,51). Also, resistant or tolerant cultivars 
make low dosage rates of less potent, non- 
fumigant nematicides a more practical and 
viable management option. These compounds 
applied in combination with resistant lines may 
make the difference between success and failure 
of a crop. Much research is needed to expand the 
list of crops and cultivars with resistance to 
root-knot nematodes. In crops in which 
resistance genes are readily available (e.g. sweet 
potato, pepper, cowpea, bean), conventional 
breeding methods can be used to produce new 
cultivars readily. 

The recognition of races within M. incognita 
and M. arenaria opens new areas for research. 
Many, if not all of the cultivars already reported 
to have some resistance value will have to be re- 
evaluated. Previously reported resistance may 
be race specific. Recently, McCleod et al. (31) 
reported the occurrence of several plant in- 
troductions (PI) of okra with resistance to M. 
incognita race 3. These same PIS, however, were 
susceptible to race 1 (G. Fassuliotis, un- 
published); thus, resistance to M. incognita may 
be race specific. The nematologist and plant 
breeder are challenged to develop resistance to 
two or more of the important Melddogyne 
species in those crops that carry resistance fac- 
tors to none or only one species. The Inter- 
national Meloidogyne Project (IMP) has been in- 
strumental in providing a worldwide view of 
root-knot nematodes and their distribution. 
From the data that has been collected, a crop 
having resistance to M. incognita and M. 
javanica would be resistant to 82% of the major 
Meloidogyne populations around the world. 
Tomato carrying resistance to M. incognita, M. 
javanica and M. arenaria would be resistant to 
90% of the root-knot populations (39). The com- 
mon bean which has resistance to M. incognita 
would have greater economic value if a cultivar 
could be developed with resistance to M. 
javanica, as well. Resistant genes to this 
nematode species have yet to be found. 

The effect of temperature stress on the ex- 
pression and reversal of resistance will have to 
be addressed fur ther .  Germ plasm with 
tolerance to soil temperatures above 28°C is 
needed so that resistant plants developed in the 
temperate climates will be useful in more 
tropical climates. If L. peruvianum lines are 
evaluated a t  soil temperatures above 28"C, 
germ plasm that retains its resistance under 
high temperature stress may possibly be iden- 
tified. 

Advances in plant biotechnology, often 
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referred to as  "genetic engineering," have 
emerged which plant breeders hope can be used 
in the transfer of genetic factors into breeding 
lines (2). The degree to which this new 
technology will be used for plant breeding and, 
in particular, for transfer of resistance genes 
for root-knot nematodes is questionable a t  this 
time. The new biotechnology will have to be ex- 
plored further for its application to nematode 
resistance. 

Fassuliotis and Bhatt (17) proposed the use of 
somatic hybridization for transfer of resistance 
factor(s) from the wild species Solanum sisynz- 
briifolium to the  cultivated eggplant (S. 
nzelongena L.) since the species were sexually 
incompatible. Essential to the application of 
this technology is the isolation of protoplasts 
and the subsequent regeneration of whole 
plants from them (4). Both the eggplant and S. 
sisymSriifolium were regenerated from callus 
cultures and from protoplasts (3, 12, 19). Re- 
cently, S. Gleddie, Ottawa Research Station, 
regenerated hybrid plants by fusing their 
protoplasts. These plants have not yet been 
tested for root-knot-nematode resistance (per- 
sonal communication). Although somatic 
hybridization may have scientific value in that  
genes may be transferred between incompatible 
species, it has not yet led to marketable plants. 
The practical use of this technique is still to be 
realized. There are four other reports (42) of 
somatic hybrids having been formed from the 
fusion of protoplasts of sexually incompatible 
plant species. One of these was a hybrid 
produced by protoplast fusion of potato and 
tomato; however, neither the fruit nor tubers 
were edible (32). Whether protoplast fusion can 
be utilized to transfer root-knot-nematode 
resistance to horticultural crops is yet to be 
determined. As the technology advances and as  
protoplast fusion and regeneration become 
standard routine laboratory techniques, the 
transfer of resistance from distantly related 

species seems more and more feasible: for ex- 
ample ,  t r ans fe r  of root-knot nematode 
resistance to okra from Egyptian cotton, 
Gossypiuni burbadense L., (41) or development 
of resistant cucumbers and squash through the 
African horned cucumber. 

Recent advances in recombinant DNA (gene 
splicing) technology may prove useful in plant 
protection (2). One day, movement of single 
genes or blocks of genes known to express 
resistance to root-knot and other nematodes 
may be possible by the recombination of this 
genetic information into plants a t  the molecular 
level. Crop plants with greater nematode 
resistance may also be developed through 
genetic engineering, such as  the transfer of 
genetic pathways required to synthesize 
metabolites that  provide resistance. 

Evidence abounds that  genetic variability is 
often generated with cell culture techniques 
(30) .  Al though r e s i s t ance  t o  root -knot  
nematodes has been observed to be reversed af- 
ter tissue culture, i t  is possible tha t  some plants 
derived from tissue culture methods may yield 
variants with increased resistance and should 
be evaluated. 

The new biotechnology is advancing rapidly. 
While many of the procedures may not be ap- 
plicable to nematology today, nematologists and 
plant breeders may one day be able to utilize 
this technology to develop root-knot-nematode- 
resistant plant lines that  have been impossible 
for scientists to produce with conventional 
breeding procedures. As the new biotechnology 
is evolving there is still much work to be done in 
plant breeding by conventional methods with 
the germ plasm on hand. Nematological involve- 
ment in a plant-breeding program for root-knot 
nematode resistance can be both challenging 
and rewarding. A great deal of gratification 
results from participation in the development of 
a cultivar that  thrives in fields heavily infested 
with root-knot nematodes. 
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The first effective nematicides (D-D and 
ethylene dibromide) were soil fumigants which 
were discovered in the early 1940's. Most of the 
recent ly developed nematicides a r e  non- 
fumigants.  The introduction of effective 
nematicides in the 1940's facilitated demonstra- 
tion of the crop-damage potential of plant- 
parasitic nematodes. Surprisingly, there are 
few fumigant nematicides and only a small 
number of nonfumigants currently registered. 

Nematicides are  -used primarily to reduce 
nematode population densities below damaging 
levels. The fumigants are  rated to be approx- 
imately 50-90% effective in reducing popula- 
tions. Nonfumigants may not kill nematodes a t  
recommended usage rates, but cause behavioral 
changes that  limit their parasitic activity. 

Rotation with a nonhost or use of a resistant 
cultivar is generally more effective in nematode 
control than are  nematicides. However, crop 
rotation may not be economical or feasible, and 
resistant cultivars often are  unavailable. Thus, 
nematicides frequently are  an  attractive alter- 
native for controlling pathogenic nematodes in 
order to  grow a high yielding, good quality crop. 

Currently available nematicides generally are  
not broad-spectrum biocides. They have dif- 
ferential effects on species of nematodes, and 
their activity is affected by physical and 
chemical properties of the soil, other pesticides, 
and the environment. Factors such as  rainfall 
and soil texture have a major impact on the ef- 
ficacy of these chemicals. 

Developing a marketable nematicide is a long- 
term and expensive process. Many chemical com- 
pounds are  screened for nematicidal properties, 
but only a few have sufficient activity to justify 
further testing. Those chemicals that  are  promis- 
ing candidates as  nematicides usually must be 
studied for toxicological and environmental im- 

pacts. These requirements may slow the registra- 
tion process. 

The development process of a nematicide will 
be discussed in three phases: 1) exploratory 
screening, 2) preliminary testing, and 3) advan- 
ced testing (Table 1). Some general comments are 
offered about statistical design, nematode assay, 
data  collection and analysis, and reporting. These 
areas will be covered in depth in Chapters 1 and 13 
of Volume 11. 

EXPLORATORY SCREENING OF 
CHEMICALS FOR 
NEMATICIDAL PROPERTIES 

Essentially all initial screening of chemicals 
for activity against various types of pests is 
done by industry. Chemicals synthesized by 
chemists are  evaluated for a wide range of 
biological effects. The target organisms in these 
evaluations may include weeds, insects, fungi, 
bacteria, nematodes, rodents, and perhaps some 
others.  Only a small percentage of these 
chemicals ever show significant activity against 
nematodes. 

The exploratory screening of candidate com- 
pounds typically is limited to  one or rarely a few 
s p e c i e s  of p l a n t - p a r a s i t i c  n e m a t o d e s .  
Meloidogyne incognita is the most frequently 
used test organism and the one most recommen- 
ded (9). This economically important pest is an 
excellent test animal because i t  induces easily 
recognizable symptoms (root galls), is easy to 
rear, and produces large quantities of eggs. 
Good candidate chemicals, however, may be 
overlooked in tests using one or two nematode 
species because of the specific activity of some 
chemicals (20, 27). 

I t  is impractical to use a number of nematode 
species as  test organisms in this early stage of 
nematicide assessment. Nevertheless, i t  may be 
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Table 1. Major aspects for consideration in evaluating a chemical for nematicidal activity. 

Level of 
investigation Methods 

Level of 
investigation Methods 

Discovery: Laboratory screening of many 
chemicals. 

Preliminary: Greenhouse & Growth Chamber 
Soil Treatment: 
1. Infest soil, using sufficient 

treatments to include 3-4 
nematode species. 

2. Treat soil with candidate 
nematicides. 

3. Assay soil and root for 
nematodes. 

Greenhouse & Gro'wth Chamber 
Foliar Treatments: 
1. Establish plants in infested 

soil. 

2. Spray foliage not allowing any 
soil contact by the nematicide. 

3. Perform nematode assay of soil 
and/or foliage. 

Field Evaluation for Fumigants: 
1. Place infested soil and/or 

infected root tissue in cheese- 
cloth bags in trenches in the 
field a t  7.5-cm intervals for 2 m. 

2. Fumigate a t  mid-point. 
3. Remove bags from field and 

bioassay soil in the 
greenhouse. 

Field Evaluation for 
Nonvolcrtile Che'micals: 
1. Plant susceptible seedlings 

in a 1-m2 area of soil in- 
fested with an endoparasite. 

2. Treat soil. 

3. Carefully dig roots, wash and 
stain. 

Advanced Evaluation of 
Testing: Formulated Material 

Field Crop Evaluation: 
1. Select site. 
2. Characterize the site 

physically, chemically, and 
biologically. 

3. Assay each plot prior to 
treatment, midseason, and 
harvest. 

4. Test chemicals a t  several rates, 
methods of application and 
incorporation. 

5. Determine crop response. 
6. Evaluate and search for 

nontarget effect. 

Greenhouse Soil Nematode 
Evalziation: 
Follow the preliminary 
greenhouse-and growth-chamber 
treatment for pot culture; field- 
crop-evaluation treatment 
(advanced testing) for residual 
soil. 

G reew house Foliar Nematode 
Evaluation: 
1. Establish plants and 

inoculate foliage. 
2. Spray foliage or treat soil. 
3. Assay foliage. 

beneficial to test several species and determine 
which ones are good indicator organisms of 
nematicidal properties. Much experience has 
been gained in the last four decades in the 
evaluation of nematicides and candidate com- 
pounds for nematicidal activity. This experience 
should facilitate more effective evaluation of 
test compounds. Knowledge about key charac- 
teristics of a chemical, such a s  solubility in 
water, adsorption properties, volatility, tox- 
icity, and systemic activity should facilitate the 
evaluation process. 

PRELIMINARY TESTING OF 
CANDIDATE COMPOUNDS 

Preliminary testing usually is  done in 
greenhouses and growth chambers, and rarely 
under field conditions. I t  is practical to have 
broad, general guidelines because of different 
expe r imen ta l  condi t ions  a n d  m a r k e t s .  
Suggested specific guidelines for comparative 
purposes involve inoculation of tomato with 
Meloidogyrze incogrzita, soil treatment with ex- 
perimental chemicals, and then assessment of 



root penetration and galling after a predeter- 
mined period (9). 

Three to four economically important species 
with different metabolic, sensory, and cuticular 
characteristics will indicate the range of 
nematicidal activity of any given chemical. The 
chemical's efficacy is based on how well it per- 
meates physical barriers such as  the cuticle, in- 
testinal wall, internal membranes and egg mem- 
branes (30) and how well it affects the sensory 
system or metabolism. Some nematodes are able 
to metabolize a pesticide without any adverse ef- 
fect, whereas others are affected and may die. 
Four nematode taxa a re  suggested a s  test  
a n i m a l s :  C a e n o r h a b d i t i s  e l e g a n s  (20) ,  
Meloidogyne spp. (9), Heterodera spp. (27), and 
Aphelenchus avenae (16). 

The classical method of rearing nematodes 
for  nematicide evaluat ions has  been in 
greenhouse pot cultures. The species suggested 
herein can be cultured gnotobiotically, but this 
method is not practical for most plant-parasitic 
nematode species. The major consideration in 
preparing inoculum is to  assure tha t  the 
nematodes are healthy and vigorous. Eggs or in- 
fective vermiform stages can be used as  in- 
oculum (see Vol. 11, Chapter 2). Population den- 
sities that cause damage should be used. 

Inoculum placement into the growing media 
can be achieved several ways. I t  is preferable to 
distribute the inoculum uniformly without in- 
juring the nematodes. Eggs can be dispersed by 
limited, gentle mechanical mixing. The ver- 
miform stages are much more sensitive to mix- 
ing and may need to be layered as uniformly as 
possible and covered with 2-3 cm of soil. 

Evaluation of chemicals for nematicidal ac- 
t ivi ty should include the technical and for- 
mulated products. Soil systems are used most 
commonly in the evaluation of nematicides, but 
soil-free solutions can also be utilized (13). Test 
nematodes can be placed directly into a range of 
concentrations of nematicide solutions. The 
nematodes can be observed directly for mor- 
tality and/or differential behavior. Soil-free 
test systems with growing plants also have 
merit (22). Seeds of a susceptible plant can be 
placed in or on absorbent growth media (paper 
pouches or towels) that  allow germination and 
root growth. As roots emerge, an aliquant of 
Meloidogyne juveniles can be placed on the 
developing roots, and the paper growth medium 
treated with nematicides. Since galls develop 
quickly, chemical efficacy can be evaluated 
within 4 to 8 days. 

The placement of the test chemical into soil is 
dependent upon its volatility, solubility and/or 
adsorptive properties. If the activity is un- 

known, it may be necessary to evaluate the 
mater ia l s  a s  a volatile and nonvolatile 
nematicide. Volatile chemicals generally diffuse 
upward and laterally in the soil system. Such 
materials can be applied with a syringe or 
placed by aliquants a t  some predetermined dis- 
tance into the infested soil. 

Nonvolatile chemicals should be incorporated 
into the soil mechanically or with irrigation. In 
addition, systemic candidates ought to be 
evaluated in a foliar test for basipetal move- 
ment (8, 29). The foliage of the plant is sprayed 
carefully to ensure that no material reaches the 
soil. The plant can be tilted on its side, sprayed, 
allowed to dry, and then set upright in the 
greenhouse or growth chamber, or the soil can 
be covered with a barrier that would prevent 
any contact between the soil and runoff from 
the leaves. 

Testing for systemic activity by soil applica- 
tion is more difficult. Additional research is 
needed on methods by which acropetal systemic 
activity may be determined, but feeding 
bioassays offer possibilities. For a foliar feeding 
bioassay, foliar-feeding nematodes are placed 
on the leaves and the soil treated with test 
chemicals.  The  number  of foliar-feeding 
nematodes should be determined 3-4 wks later. 
With a split-root technique, soil in one-half of 
the root system is infested with nematodes, and 
the other half is treated with the candidate 
nematicide. Significant translocation within the 
plant will suppress or kill the nematodes. 

Field evaluation is usually limited to advanced 
testing of candidate compounds. A satisfac- 
tory method for fumigants was developed by 
Christie (5). The method involves digging a 
trench 15 cm deep and 2 meters long. Infested 
soil is placed in cheesecloth bags a t  7.5-cm inter- 
vals in the trench and covered with soil. The 
fumigant is injected 15 cm deep a t  the midpoint 
of each trench. The bags can be removed a t  a 
predetermined interval and a bioassay per- 
formed (see Vol. 11, Chapter 2). The advantage 
of this method is the relative ease with which 
the efficacy of many compounds in a small area 
and under field conditions can be compared. In 
addition, considerable data can be generated in 
a short period of time. 

A simple, rapid field test is not readily 
available for nonvolatile materials because 
nematodes generally are not killed a t  the con- 
centrations used in the field. Because these 
nematicides primarily interfere with orienta- 
tion during the infective and reproductive 
processes, a possible test might involve the 
planting of susceptible seedlings in small areas 
of treated soil infested with an endoparasitic 
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nematode such as  Meloidogyne or Heterodera. 
At  some specified time (5-10 days af ter  
planting), plants are dug gently from the area 
that was treated and the roots stained (see Vol. 
11, Chapter 3) so the amount of infection can be 
assessed. In the case of Meloidogyne spp., the 
number of galls could be counted or indexed. 

Preliminary testing usually involves a 
relatively large number of chemicals. Thus, it is 
important that the moisture and temperature of 
the soil medium (characterized for nutrient 
status and texture) be as  near optimal as  possi- 
ble if proper growth of the host and activity of 
the nematode are to be ensured. 

ADVANCED TESTING 
Once a chemical is known to have potential as 

a nematicide, it should be tested in replicated 
field trials and on crops of anticipated usage. 
This usage pattern is largely dictated by market 
potential. Consequently, crops with high value 
and large acreage are normally chosen. Close at- 
tention must be given to experimental design, 
replication and type of analysis in order to in- 
crease the probabilities of successful experi- 
ments (18, 19). 

Characterization of the Formulated Material 
An effective nematicide is of little value if it 

cannot be delivered to the target. Therefore, 
handling fea tures ,  flow character is t ics ,  
chemical changes occurring in the delivery 
system, effects on equipment (e.g. corrosion), 
water solubility, or other aspects of the material 
that inhibit its delivery to the soil or to the 
target should be noted so that formulation 
chemists can improve it. 

Field Crops 
Field testing typically requires considerable 

time and space. There a re  usually more 
problems associated with field testing than with 
growth chambers and greenhouses. Special 
precautions will ensure that valid data are at- 
tained in field tests (14). 

The most critical aspect in testing materials 
in the field is site selection (3, 14). A site should 
be infested with numbers above the damage 
threshold of the desired test species. Each plot 
should be sampled so the initial population den- 
sity can be determined because there is con- 
siderable variation in the vertical and horizon- 
tal distribution (2,32). Soil is not uniform in any 
field, and major soil type differences within the 
experimental site should be avoided. The soil 
also should have physical and chemical charac- 
teristics that will support good crop growth. 

Weeds, pathogens and insects can be con- 
founding factors and should be controlled. 
Characterization of the site for soil physical and 
chemical properties, nematodes and other 
pathogens, weeds, and insects is an important 
aspect of nematicide research. The crop should 
be a suitable, sensitive host but not hypersen- 
sitive. 

Documentation of edaphic and environmental 
factors is valuable because chemical behavior 
may vary in different soils. The variable 
behavior of pesticides in d i f fe ren t  soils 
necessitates that  methods of application, place- 
ment, and rates be tested. The ultimate, effec- 
tive use of the product is dependent upon ob- 
taining reliable data on all of these aspects. 

Placement and Incorporation 
Placement depends somewhat on the type of 

crop and nematicide (volatile or nonvolatile) be- 
ing tested. Generally, volatile materials will 
become a gas that is lighter than air and will 
diffuse upward in the soil profile. However, it is 
possible that  the gas may be somewhat heavier 
than air, thus placement near the surface is 
necessary. Suggested placement depths are 7.5, 
15, and 30 cm. Volatile materials should be tried 
in the row and 10 to 15 cm on one or both sides 
of the row. The need for evaluating nematicides 
in several soil types cannot be overemphasized. 
For example, DBCP placed shallow or deep has 
effectively controlled Hoplolairnus columbus in 
a Marlboro soil (17). This pesticide controlled 
Meloidogyxe incognita better when placed 20 cm 
deep than 40 cm deep in a Fuquay soil (17). Con- 
trol of Heterodera glycines was consistent if 
EDB was placed a t  least 25 cm deep, whereas 
shallower placement resulted in erratic results 
(Schmitt, unpublished). 

The method of nematicide application is 
dependent on the volatility and formulation of 
the product (23). I t  is essential to test methods 
of incorporation, the depth of placement, and 
the various rates on several types of soils and 
several crops (11, 28). 

The placement of nonvolatile materials is 
dependent upon their solubility and adsorption 
properties. These chemicals should be tested 
through placement in the furrow and on the soil 
surface in bands ranging from 6 to 30 cm wide 
on soils tilled level or prepared with high beds. 
The banded treatments should be incorporated 
to several depths up to 15 cm, and compared to 
an unincorporated treatment. Aldicarb in- 
creased yields when it  was incorporated in a 
clay loam soil infested with Heterodera 
goettingiuna, regardless of the depth of incor- 



poration, but did not give any benefit when it  
was applied in the furrow (31). However, incor- 
poration of aldicarb to a 15-cm depth in a sandy 
loam gave the greatest yield increases. Imple- 
ments vary in their ability to incorporate or dis- 
tribute materials in soils, thus affecting the 
nematicide's efficacy. For example, control of 
Globodera pallida and G. rostochiensis was bet- 
t e r  when aldicarb was incorporated with 
rotavators than with a rotary harrow (31). 
Readily soluble nematicides also can be incor- 
porated by irrigation (12). 

Chemical  roo t  d i p s  of nonphyto toxic  
nematicides may be tested on plant species 
propagated vegetatively and infected with en- 
doparasites. Several rates and times of exposure 
should be evaluated. The principal element of 
chemical root dips is the absorption of sufficient 
concentrations to prevent or minimize infection 
(7,21). Treated root stock are planted along with 
appropriate control plants in sterile soil for 
determination of treatment effectiveness. This 
test involves an  assay or bioassay after 4-8 wks 
for assessment of host infection and nematode 
reproduction. Noninfected plants should also be 
treated and ~ l a n t e d  into infested soil so it  can be 
determined whether a sufficient concentration 
of the nematicide(s) was absorbed to prevent or 
retard infection. 

Any newly developed systemic nematicides 
are worthy of being evaluated for foliar applica- 
tion (8). An effective foliar-applied nematicide 
results in greater ease of application and 
possibly lower rates. 

Rates 
Much confusion in delivery of information to 

growers can be avoided if a standard is adopted 
for the reporting of data (10,14). The most com- 
mon recommendation is weight or volume of ac- 
tive and formulated material per thousand feet 
of row, or per 100 or 1000 square feet. Treat- 
ments may also be expressed in grams or 
milliliters of active and formulated product per 
100 meters for row and band treatments and in 
grams and milliliters of active and formulated 
product per square meter for broadcast treat- 
ments. 

Advanced nematicide trials provide the most 
useful information if rates ranging from zero to 
excessively high levels are used. At least three 
rates and preferably five or more spaced equally 
or in a gradient are recommended. This type of 
design will aid analysis and interpretation of 
data because response models can be used (18). 
Such in te rpre ta t ions  of d a t a  a r e  more 
meaningful than the separation of means or a 

statement that  one treatment is significantly 
different from another (18). 

Nematode mortality and disease parameters 
should be determined (see Chapter 1). The 
proportion of a soil-living nematode population 
killed by a treatment with a chemical depends 
on the concentration and time of exposure (26). 
The concentration X time parameter must be 
measured. This factor is not reported very fre- 
quently (26), probably because it  is not easily es- 
timated, especially with nonvolatile nemati- 
cides. 

Greenhouse Crops 
Greenhouse management has advanced to the 

stage where nematodes are rarely a limiting 
factor in the soil. The soil is generally treated 
with methyl bromide (6) or is steam sterilized; 
also sterile, artificial media often are used (D. 
Strider, personal communication). Conversely, 
foliar-feeding nematodes often pose a problem 
to greenhouse crops. 

When nematicide application is tested in the 
greenhouse, refer to the section on preliminary 
testing of crops grown in pots, or the section on 
field crops for those grown in residual soil but 
covered by a greenhouse. If nematicidal activity 
of chemicals against foliar nematodes is to be 
determined, plants should be established in 
growing media before the foliage is inoculated 
with the pathogen. Several concentrations of 
the nematicides may be used either as  foliar 
spray or soil treatments (9, 29). Foliar-applied 
nematicides must not come in contact with the 
soil. 

Environmental Effects on Nematicidal 
Activity 

Many edaphic and environmental factors in- 
fluence the behavior of nematicides, the most 
important being soil type and moisture (23,32). 
Soil temperature, pH, organic matter, nutrient 
status, and soil physical characteristics, es- 
pecially porosity and texture are among the 
numerous factors that may also influence ef- 
ficacy of nematicides. In te rpre ta t ion  of 
nematicide data  is facilitated when these fac- 
tors and the soil profile are characterized. With 
such information, inferences can be made about 
the adsorption properties of the clay and 
organic matter of the soil in relation to the 
chemical used. A certain range of air space and 
moisture is important for the activity of the 
fumigants and indirectly important for the non- 
fumigant (nonvolatile) nematicides. Moisture is 
important for activation of nonfumigants, and 
it  affects the dispersal of fumigants. For exam- 
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ple, adsorption of a fumigant is reduced by an 
increase in temperature and a decrease in soil 
moisture (15). The concentration-time product 
is inversely related to soil porosity (4j. The pH 
may also affect nematicidal activity (1, 24). 

Nematode Population Dynamics 
Any effective nematicide must necessarily af- 

fect the population dynamics of pathogenic 
species in a nematode community. I t  may alter 
the structure of the entire community. Thus, i t  
is essential that adequate data be collected so 
t h a t  m a j o r  changes  in t h e  popula t ion  
throughout a growing season can be charac- 
terized. Important times to sample are prior to 
treatment, soon after treatment, a t  midseason, 
and a t  harvest (See Vol. 11, Chapter 1). 

Crop Response 
Yield and quality of the crop are the ultimate 

measurements in a nematicide trial. In addi- 
tion, other important variables to be measured 
d u r i n g  t h e  g rowing  season  a t  va r ious  
phenological stages of plant growth are plant 
vigor, disease, root galling and necrosis. These 
parameters can be used to make inferences 
about the activity of nematicides over the 
season. Dry matter accumulation from planting 
until harvest is useful for interpreting biological 
and nematicidal interactions that affect a 
nematicide's performance. 

Ecological Impact 
Increasing concern for the environment 

warrants assessment of the nontarget ecological 
impact of pesticides. Comprehensive studies of 
this type require a major commitment and are 
usually carried out by environmental scientists. 
However, certain nematicide-induced adverse 
effects can be readily detected. The researcher 
should look for impacts such as  death or illness 
of wildlife, shifts in the microflora and 
microfauna, death or stress of desirable vegeta- 
tion, and any other aspects. Related informa- 
tion or data may be useful in our attempts to 
protect the ecosystem in which we are trying to 
grow crops as  well as  those distally removed. 

Pesticide Interactions 
Many classes of pesticides are applied to a 

given crop during the growing season. Potential 
interactions, whether antagonistic or  syn- 
ergistic, should be determined during the ad- 
vanced s tages  of nematicide evaluat ion.  
Researchers should use chemicals (herbicides, 
insecticides, fertilizers, etc.) that  a farmer is 
likely to use in growing the crop. Major 

problems like increased or decreased toxicity to 
the crop are readily detected (25). The subtle ef- 
fects are usually overlooked except in experi- 
ments designed specifically for pest and 
pesticide interactions. 

EXPERIMENTAL DESIGN 
The experimental design for nematicide 

testing should be simple and balanced (18, 19). 
Satisfactory designs for nematicide testing in- 
clude the randomized-complete-block design 
with treatments factorially arranged, the Latin 
square for a small number of treatments, and 
the lattice design for experiments with a large 
number of treatments. A split-plot design is 
also practical in many cases. Replication is par- 
tially dependent on the design and expected 
variation, but sufficient replications should be 
used to assure an estimate of the experimental 
error and provide a fair level of precision for an 
estimate of the mean and sensitivity of test of 
significance. Each experiment has its own re- 
quirement for replications and cannot be dic- 
tated. Generally, the greater number of replica- 
tions there are, the better the precision will be, 
but there is a point of diminishing returns (18). 
Typically, 6-8 replicates are required for reliable 
results in field tests, whereas 4-6 replicates may 
be satisfactory for greenhouse and growth 
chamber experiments (See Vol. 11, Chapter 13). 

DATA ANALYSES 
The analysis of data in well-designed experi- 

ments is relatively straightforward. There are 
several advantages to statistical analysis of a 
nematicide experiment: 1) it  aids in the separa- 
tion of treatment and random effects; 2) it 
facilitates the condensing of data for presenta- 
tion; and 3) i t  provides a standard error that 
gives a measure of the precision of the experi- 
ment(sj. An investigator should not set a 
significance level of probability for the deter- 
mination of the effectiveness of a material. It is 
better to use response models or develop an es- 
timate of the magnitude of mean differences 
(18). Refer to Vol. 11, Chapter 13, for types of 
analyses (19). 

REPORTING RESULTS 
Effective communicat ion of resu l t s  is 

achieved by a well-written, concise report. The 
materials and methods should include all the 
important details: e.g., site description (soil tex- 
ture, soil analysis, etc.), test organisms, test 
procedures, types of da ta  and statistical 
procedures. The results should be a summariza- 
tion of the interpretated data. Large tables of 



unsummarized data  with little or no interpreta- clear and simple but provide sufficient informa- 
tion are a poor means of communication of tion to be self explanatory. 
research findings. Tables and graphs should be 
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THE ROLE OF NEMATICIDES IN NEMATODE MANAGEMENT 

Superriswry Research Plant Pathologist 
USDA-ARS 
Coastal Plain Experiment Station 
Tifton, Georgia, USA 

Several events have had a profound influence 
on opinion in the United States regarding the 
importance of plant-parasitic nematodes. One 
important event that  educated the farmers on 
damage caused by nematodes was the introduc- 
t i o n  of t h e  so i l  f u m i g a n t s  D-D (1 ,3-  
dichloropropene and 1,2-dichloropropane and 
related hydrocarbons) (I) ,  EDB (ethylene 
d ib romide ) ,  a n d  DBCP (1,2-dibromo-3- 
chloropropane) (3), making available for the 
first time nematicides that could be used effec- 
tively and practically on a field scale. The 
rapidity and extent to which these and other 
fumigants came into use is one of the most in- 
teresting and surprising responses in the 
history of pesticides. 

Nematicides are one of the most important 
and reliable means of controlling a wide variety 
of nematodes. Commercial use of nematicides 
began about 1945, and suitable application 
methods have been devised for several highly ef- 
fective nematicides. Their use increased slowly 
for the first several years, but has increased 
rapidly during the last 15 years. The principal 
use of nematicides is for control of nematode 
populations in the soil before planting crops. 
Nematicides are used to protect a number of 
highly susceptible crops from nematode infec- 
tion. These chemicals are used on approx- 
imately 1.7 million acres, which is less than one 
percent of the cultivated agricultural land in the 
United States. 

listed in Table 1, but many of these are 
registered for use on only a few crops. 

Soil Fumigants 
The search for chemicals effective for con- 

trolling nematodes has been going on for many 
years, but was not pursued vigorously until af- 
ter the introduction of D-D soil fumigant in 
1943. The success of D-D and  ethylene 
dibromide, which came into use in 1951, 
stimulated widespread interest in soil fumiga- 
tion. The first nematicides developed were li- 
quids which are injected beneath the soil sur- 
face. These nematicides volatilize to produce 
vapors that  kill nematodes. Vapors from soil 
fumigants diffuse through the soil, are dis- 
solved in soil water, and enter nematode bodies 
through the cuticle. 

Various authors have postulated the proper- 
ties t ha t  make a chemical a n  ideal soil 
fumigant. According to Hollis (7), an ideal 
nematicide will confer protection to crop plants 
for prolonged periods (4 months to 3 years); 
possess a high proportion of active ingredients 
and effectiveness aga ins t  plant-parasi t ic  
nematodes a t  dosage levels of 10 to 60 pounds 
per acre on an  overall application basis; move 
independently of the water phase in the soil a t  
vapor pressures in the range of 0.5 to 5 mm Hg 
a t  30°C; be soluble in the range of 0.09 to 0.41 
percent for the halogenated hydrocarbons; 
possess requisi te  character is t ics  of non- 

TYPES OF NEMATICIDES phytotoxicity and low mammalian toxicity and 
be free from the residual properties which There are two types of nematicides for control might render food crops unfit for consumption; 

of nematodes on fumigants and non- confer prolonged to crop plants by a 
fumigants. Nematicides that are available are complete kill of nematodes in all morphological 

'All research on intensive cropping systems mentioned in stages; be chemically stable or possess a 
this paper was conducted cooperatively with Dr. C. C. relatively long chemical half-life (60 to 90 days) Dowler, Dr. N. C. Glaze, Dr. D. R. Sumner, and Dr. R. B. 
Chalfant a t  the Coastal Plain Experiment Station, Tifton, in arable soils of tropical and subtropical 
Georgia. regions; and kill nematodes by the action of its 
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Table 1. Nematicides available on world markets. 

Registered tradename Formulation and 
Common name and manufacturer Chemical name classification 

Aldicarb 

Carbofuran 

Chloropicrin 

1,3-D 

DD Mixturea 

E D B ~  

Ethoprop 

Fenarniphos 

Fensulfothion 

Methyl Bromide 

Oxarnyl 

(TEM1K)Union Carbide Corp. Granular nernaticide/ 
insecticide 

(FURADAN) Niagra Chern. 
Div., FMCCorp. 

2,3-dihydro-2,2-dirnethyl- 
7-benzofuranyl methyl- 
carbarnate 

Granular and flowable 
nernaticide/insecticide 

Great LakesChern. Corp. trichloronitrornethane Liquid fumigant nernaticide/ 
insecticide 

(TELONE 11) Dow Chern. 
Co . 

l,3-dichloropropeneand 
related chlorinated Ce 
hydrocarbons 

Liquid furnigantnernaticide 

(DD) Shell Dev. Co. 
(VIDDEN-D)Dow Chern. 
Co. 

(DOWFUME W-85)Dow 
Chern. Co. 
(SOILBROM90) Great Lakes 
Chern. Corp. 

(MOCAP) Rhone-Poulenc 
Chem.Co. 

(NEMACUR) Chernagro 
Agri. Div., MOBAY Chern. Co. 

(DASAN1T)Chernagro Agri. 
Div., MOBAY Chern. Co. 

1,3-dichloropropeneand 1,2- 
dichloropropaneand related 
chlorinated hydrocarbons 

Liquidfumigantnernaticide 

ethylenedibrornide Liquid furnigantnernaticide 

0-ethy1S.S-dipropyl 
phosphorodithioate 

ethyl 4-(rnethylthi0)-nl-tolyl 
isopropylphosphorarnidate 

0.O-diethy](&)-(rnethylsul- 
finyl)phenyl]phosphoro- 
thioate 

brornornethane 

Granular orernulsifiable liquid 
nernaticide/insecticide 

Granular or emulsifiable liquid 
nernaticide 

Granular nernaticide 

Broad spectrum soil fumigant 
Chern. Co. 
(BROM-0-GAS) Great Lakes 

(VYDATE)E. 1.duPontde 
Nernoursand Co. 

methyl-N'Jv"-dimethyl-N- 
[(rnethylcarbarnoyl) oxyl-1- 
thiooxarnirnidate 

Ernulsifiableliquid 
nernaticidehnsecticide 

a Not available after March 1984. 
b EDB suspended a s  a soil fumigant September 30, 1983. 

chemical breakdown products. I t  is becoming in- 
creasingly obvious that there is no such thing a s  
an ideal nematicide or even an ideal soil 
fumigant. A chemical with properties that  
would make it ideal for one purpose or use un- 
der one set of conditions might make it quite un- 
suitable for another purpose or use under 
another set of conditions. 

ded and can be used safely a t  planting or as a 
post-plant application. 

Systemics 
The newest  types of nematicides a r e  

systemic. They can be taken up by the roots 
from the soil, or by foliage after being sprayed 
with the material, then translocated to roots 
where thev kill nematodes that  feed on the roots " 

Nonfumigants or prevent nematodes from feeding on the roots. 
Some recently developed nematicides are Presumably, they are taken into the nematodes 

water soluble and are called unonfumigants,v during feeding, but they might also enter 
 hi^ relatively new group of chemicals repre- nematode bodies through the cuticle in contact 

sents an entirely new c o n c e ~ t  in chemical con- with and plant tissue. 
trol of nematodes. These -chemicals dc  not 
fumigate the soil. They are distributed into the 
soil by incor~oration and by ~ercolation of APPLYING NEMATICIDES 
water-so that' they come in contact with the Nematicides can be applied as  overall, row, 
nematodes. These chemicals generally are not strip, spot, side-dress, and irrigation treatments 
toxic to the plants on which they are recommen- to crops. 
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Overall Treatment and soil conditions. The bed is leveled a t  
Overall treatment of soil consists of applying planting with a blade, built-up sweep, board or 

nematicides evenly to the entire field. In an opening plows and shovels which move the un- 
overall treatment, soil fumigants are generally treated top portion of the bed into the furrow. 
injected into furrows or slits spaced 8 to 12 in- During seeding or transplanting, it is important 
ches apart. Chisels work best when the shanks that treated be used the 
are staggered on the tool bar so that  adjacent 
chisels are several inches apart from front to Granular nematicides may be applied behind 
back. This staggering of shanks helps keep the a" opening shovel, in furrow, in a band across 
chisels from becoming clogged with crop the seed furrow a t  planting, or in a band and in- 
residue. A bed shaper following the chisel tool corporated into the t o ~  Cinch soil layer- 
bar will seal the soil and prevent rapid Some fumigants can be applied under the row 
volatilization of fumigants from the soil. Areas a t  planting time. When such chemicals are used, 
treated with methyl bromide + chloropicrin or they should be placed a t  a minimum depth of six 
other chemicals with high vapor pressure inches and a t  least two inches beneath and to 

be with polyethylene and the the side of the seed. This procedure minimizes 
edges immediately after application. the possibility of injury to germinating seed and 
~ ~ ~ i ~ ~ ~ t  nematicides may also be applied young seedlings as  well as  interference with 
overall with a moldboard plow. Chemical seed placement- 
delivery tubes are attached to discharge the strip or ~~d Treatment 
nematicide into the bottom of an open furrow 
which is then covered immediately with soil Strip or bed treatment is a modified overall 

from the following plow. treatment. It is limited to wide row crops, such 

Granular or liquid nonfumigants may also be as  orchards, vineyards, groves and some nur- 

applied overall. They are spread or sprayed uni- sery planting. Most of the equipment, methods 

formly to the soil surface and incorporated into and chemicals used for overall treatment can be 
used for strip or bed treatment. The treated the upper four inches A disk may strip or bed is centered on the future planting also be used to incorporate nematicides into the 

soil. Thorough mixing of the nonvolatile site and is usually 4 to 10 feet wide. The treated 

nematicides with the soil is desirable. area varies from one-third to one-half the land 

New nematicide application technology is be- area, depending on width of the strips or beds 

ing developed for nemagation (application of and the number of strips or beds per acre. 

nematicides through irrigation systems). The The advantage of strip or bed application is 

nematicide is injected by pump into the water the saving in time and chemical required per 

as  it passes through the irrigation system. acre. The chief disadvantage is the possibility of 

Several advantages of nemagation include: 1) introducing nematodes soon after planting by 

uniformity of application; 2) prescription ap- the movement of soil from untreated areas. 

plication; 3) timeliness of application; 4) easy in- Spot Treatment 
corporation and activation; 5 )  reduction of soil Spot treatment be used where nematode compaction; 6) reduction of operator hazards; 7) damage is to a well-defined spot or reduced nematicide requirements; 8) less risk spots in the field. If surrounding areas are for environmental contamination; 9) effec- relatively free of plant-parasitic nematodes, tiveness; and 10) economic benefits. these spots can be treated individually. The 

Row Application moldboard-plow applicator can be used for spot 
treatment by simply turning on the fumigant 

Row application of nematicides may be used applicator when the plow passes through the in- 
in crop production. Pressurized or gravit~-flow fested area. Also, nematicides suitable for ap- 
equipment  can be used l iquid plication during planting can be released as  the 
nematicides. In ~re-p lan t  row application, the planter moves through the heavily infested 
chemical should be placed six to eight inches areas. Spots can also be treated with an overall 
deeper than the original soil surface, then chisel applicator after plowing but before 
covered with a listed bed of soil formed by two planting. Overall application is usually best for 
discs mounted behind the fumigation chisels. spot treatment, 
These beds tend to seal volatile fumigants in the 
soil. Side-dressing Treatment of Established 

After nematicide application, the beds should 'lants 
remain undisturbed for 7 to 21 days, depending Side-dressing treatment of established plants 
on the type of fumigants used, dosage, weather can be used where nematodes become a problem 
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Table 2. Effect of film mulch and nematicides on root-gall indices of crops. 

Nematicide Root-gall indicesa 
rate Slicing Summer Pole 

Treatment (kaa.i./ha) cucumber sauash Okra bean 
Unmulched 

Control - 4.58 a 5.00 a 4.01 a 3.41 a 
DD-MENCS 376 2.35 b 2.50 b 2.20 c 1.00 c 

Film mulch 
Control - 4.35 a 5.00 a 3.63 a 2.82 b 
DD-MENCS 376 1.00 c 1.00 c 1.30 d 1.00 c 
MBR-CP 376 N.I. N.I. 1.01 d 1.00 c 
E t h o ~ r o ~  8.96 N.I. N.1. 2.85 bc 1.33 c 

a Means for the same crop followed by unlike letters are signi 
test; NI: Treatment not included in test. 

soon after an orchard; vineyard or nursery is es- 
tablished. This type of treatment will often 
restore vigor and increase yields, but it is a poor 
substitute for preplant treatment. Annual crops 
usually do not benefit from post-planting 
treatment. ~~~ ~ ~ 

Nematicides are used to protect principally 
tobacco (Nicot iana tabacum L.), cotton 
(Gossypium hirsutum L.), soybean (Glycine 
max [L.] Merr.), peanut (Amchis hypogaea L.), 
corn (Zea mays L.), sugar beet (Beta vulgaris 
L.), potato (Solanum tuberosum L.), pineapple 
(Ananas cosmosus [L.] Merr.) and a number of 
fruits and vegetables-all highly susceptible to 
nematode attack (6). 

For the purpose bf this paper, I will use se- 
lected examples of crop management practices 
and discuss the role of nematicides in nematode 
management. I have restricted most of my 
presentat ion t o  work conducted in t h e  
Southeastern Coastal Plain of the United 
States. 

Film Mulch and Drip Irrigation 
A series of studies were conducted a t  the 

Coastal Plain Experiment Station, Tifton, 
Georgia, on the influence of film mulch, drip 
irrigation and nematicides on nematode popula- 
tions and yield of high value crops. The soil was 
naturally infested with Meloidogyne incognita 
(Kofoid & White) Chitwood. Soil was prepared, 
nematicides applied, drip-irrigation tubing laid, 
and all plots covered and sealed with film 
mulch. Beds were left undisturbed for 1 to 3 
weeks. Holes were then cut in the film mulch to 
accommodate row spacing and seeding rates for 
each crop and to allow aeration. Seeds of 
various crops were hand planted through each 
hole 1 week later. 

Soil was assayed for parasitic nematodes 

~ficantly different (P = 0.05) according to Duncan's multiple range 

before treatment, a t  planting, and a t  various in- 
tervals after planting. Twenty cores (2.5 x 15cm) 
of soil were collected from the root zone of 
plants in the center 6 m of each plot, composited 
and mixed thoroughly. A 150-cm3 aliquant was 
processed by a centrifugal-flotation method (9). 
Plants were indexed for galls caused by root- 
knot nematodes during the growing season and 
after the final harvest. Individual plants were 
rated on a 1-5 scale (1 = no galls, 2 = 1-25%, 3 = 
26-50%, 4 = 51-75%, and 5 = 76-100% roots 
galled). 

Numbers of M. incognita juveniles in the soil 
were positively correlated (correlation coef- 
ficient r = 0.75 to 0.92) with root-gall indices; 
therefore, only root-gall indices are reported in 
this paper. Root-gall indices were lower in un- 
mulched plots treated with DD-MENCS (20% 
methyl isothiocyanate + 80% chlorinated C3 
hydrocarbons) and in film-mulched plots 
treated with DD-MENCS, MBR-CP (98% 
methyl bromide + 2% chloropicrin), and 
e t h o p r o p  ( O - e t h y l  S ,  S - d i p r o p y l  
phosphorodithioate) than in untreated plots 
(Table 2). 

Yield increases from DD-MENCS-treated 
plots  ranged f rom 128% for  pole bean 
(Phaseolus vulgaris L.) to 1175% for cucumber 
(Cucumis satizfus L.) (Table 3). Yields of all 
crops from film-mulched plots were always 
greater than those from unmulched plots. Yield 
increases from crops in film-mulched plots 
treated with soil fumigants ranged from 8% 
(pole bean-MBR-CP) to 581% (sweet corn- 
DD-MENCS). Ethoprop  applied t o  film- 
mulched  p lo t s  i nc reased  yield of o k r a  
(Abelmoschus esculentus L.) 38% over the con- 
trol, but decreased yield of pole bean 18% over 
the control. Detailed results of these studies 
have been reported (2, 8, 16, 19). 



Table 3. Effect of film mulch and nematicides on marketable yield of crops. 

Percent yield increase over controlsa 
Rate Slicing Summer Sweet Pole 

Treatment (k~a.i./ha) cucumber sauash corn Okra Okra bean 
Unmulched 

DD-MENCS 376 1175 180 220 507 173 128 
Film mulch 

DD-MENCS 376 208 53 58 1 454 235 17 
MBR-CP 336 N.I. N.I. N.I. N.I. 208 8 
Ethoprop 8.96 N.I. N.I. N.I. N.1 38 -18 

a NI: Treatment not included in test. 

Table 4. Total marketable yield of cucumber as influenced by film mulch and soil chemical treat- 
ments. 

Marketable yield (quintals/ha)a Marketable 
Rate yield as % of 

Treatment (ka.i./ha) Crop1 Crop2 Crop3 Total total yield 
Unmulched 

Bensulide (B), control 6.70 58 d 0 d 120 c 178 d 58 c 
DD-MENCS + B 376.0 + 6.70 332 b 6 d 273 b 611 b 71 cd 

Film mulch 
Bensulide (B), control 6.70 187 c 89ab 180c 456 c 75 bc 
DD-MENCS 376.0 646 a 77 bc 371 a 1094 a 79 ab 
Sodium azide(SA) 33.6 263 a 51 c 174 c 488 bc 71 cd 
Chloroneb + B 26.9 + 6.70 250 bc 62 bc 138 c 450 c 71 cd 
SAA + ethoprop 33.6 + 8.96 330 b 55 c 128 c 513 bc 68 d 
Ethoprop 8.96 238 bc 52 c 160 c 450 c 70 cd 
MBR-CP 336.0 703 a 118 a 387 a 1208 a 81 a 

a Data are means for four replicate plots. Within each column, values followed by the same letter arenot significantly different (P 
= < 0.05) according to Duncan's multiple-range test. Absence of letters indicates that values in the column are not significantly 
different. 

Use of t r ickle  i r r iga t ion f o r  high-value 
vegetable crops has increased greatly in the 
southeastern USA in the past five years. This 
practice, especially in conjunction with soil 
fumigation and plastic-film mulching has  
resulted in remarkable yield increases for many 
crops (2,8,16,19,37). Because of the high initial 
costs of this production system, there is con- 
siderable interest in multiple cropping (growing 
two or three crops in succession) and in reducing 
the amount of fumigant. 

Pepper (Capsicum fmtescens L.) and summer 
squash [Cucurbita pep0 var. rnelopepo (L.)Alef .] 
were grown in immediate succession in un- 
disturbed beds using trickle irrigation and DD- 
MENCS (21). The highest combined yield in 
metric tons/ha for both crops was obtained with 
film mulch + DD-MENCS (117.6) followed by 
film mulch (112.3), DD-MENCS (93.4) and con- 
trol (69.0). Yield from the second crop was 
negatively correlated (r = -0.87) with the degree 

of plant  infection wi th  M. incognita. Multiple 
cropping of pepper and squash with trickle 
irrigation has an  excellent potential provided 
nematodes and other soil-borne pathogens can 
be adequately controlled. 

More recently three crops of cucumber were 
grown in succession in beds by use of trickle 
irrigation, plastic film mulch, and soil chemical 
treatments over a 17-month period, including a 
fallow winter season (18). Total yield of the 
three crops was highest (1208 quintaldha)  in 
film-mulched plots treated with MBR-CP, and 
the next highest in film-mulched plots treated 
with DD-MENCS (1094 quintaldha); total yield 
was only 456 quintals/ha in film-mulched con- 
trol (untreated) plots (Table 4). Plant growth 
and yields were greatest when populations of 
root-knot nematodes were suppressed to very 
low levels (Table 5). Data from this study in- 
dicate that it is possible to control root-knot 
nematodes and increase yields of three con- 
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Table 5. Growth and root-gall of cucumber as influenced by film mulch and soil chemical treat- 
ment. 

Crop 1 Crop 2 Crop3 
Nematicide 125days lOOdays 80days 

rate Growth after after after 
Treatment (kga.i./ha) indexa planting planting planting 

Unmulched 
Bensulide (B), control 6.70 1.75 d 3.90 a b  4.00 a b  5.00 a 
DD-MENCS + B 376.0 + 6.70 3.50 bc 1.00 c 1.10 c 2.53 b 

Film mulch 
Bensulide(B), control 6.70 2.75 c 4.86 a 3.40 b 5.00 a 

DD-MENCS 376.0 4.25 a b  1.03 c 1.00 c 1.48 c 
Sodium azide (SA) 33.6 4.50 a 4.81 a 4.53 a 4.98 a 

Chloroneb + B 26.9 + 6.70 2.75 c 4.38 a 3.83 a b  5.00 a 
SA + ethoprop 33.6 + 8.96 4.50 a 3.26 b 4.33 a 5.00 a 

Ethoprop 8.96 3.50 bc 3.27 b 3.83 a b  4.85 a 
MBR-CP 336.0 5.00 a 1.00 c 1.13 c 1.00 c 

a 1-5 scale: 1 = plants small, chlorotic, nonvigorous; and 5 = plants large, dark green, vigorous. 
b Index on a scale of 1-5, in which 1 = no galls and 5 = 76-100% roots galled. Data are means for four replicate plots. Within each 

column, values follo\ved by a letter in common are not significantlydifferent (P = < 0.05) according to Duncan's multiple-range 
test. 

secutive crops of cucumber with one application 
of a soil fumigant such as  DD-MENCS or MBR- 
CP before film mulching. The study was discon- 
tinued after cultivation of three crops, but since 
populations of nematodes were still reduced a t  
the last harvest, a fourth crop could probably 
have been grown successfully in fumigated soil. 
Intensive production in this manner allows 
fixed costs to be defrayed over several crops, 
thus increasing the magnitude of return per 
dollar invested. 

Since multiple cropping has been successful 
with film mulching, trickle irrigation, and soil 
fumigation (18,21), there has been considerable 
interest in the concurrent reduction of soil 
fumigant rate under tha t  crop production 
system. A study was conducted to evaluate DD- 
MENCS a t  various rates in a cucumber-squash- 
cucumber cropping system with film mulch and 
trickle irrigation (17). The results of tha t  study 
indicate that  growth and yield of all crops were 
greatest when nematodes and soil-borne fungi 
were controlled. M. incogn.ita control, in plots 
treated with DD-MENCS a t  215 kg/ha was 
greater (P = 0.05), based on root-gall indices, 
than in untreated plots 54 days after the third 
crop (cucumberj was planted. The recommen- 
ded rate of DD-MENCS (376 kg/ha) for control 
of nematodes and fungi under conventional 
production practices can be reduced by 43% and 
still maintain adequate nematode control and 
yield increase of vegetable crops under the film- 
mulch and trickle irrigation production system. 

A series of studies to evaluate drip irrigation 
as  a vehicle for applying nematicides was con- 
ducted in Florida by Overman from 1974 to pre- 
sent. Current information indicates a drip 
irrigation system can be an efficient, convenient 
means of distributing nematicides into a crop 
area  (30). Emulsifiable or  water-miscible 
materials are most readily distributed through 
drip irrigaion. Broad spectrum soil fumigants 
and fumigant nematicides have been applied to 
the soil with minimal amounts of water (23, 24, 
25, 26, 27, 28, 29, 31). Efficacy of several 
chemicals has compared favorably with stan- 
dard machine application procedures by injec- 
tion, incorporation, or drench into the soil. In 
Florida, metham (sodium methyl dithiocar- 
bamate), oxamyl [methyl N', N'-dimethyl-N- 
{ (methylcarbamoyl) oxyl-1-thiooxamimidate], 
and ethylene dibromide in drip irrigation water 
have increased yield of Chrysanthemum over 
water alone. Methyl bromide and emulsifiable 
formulations of ethylene dibromide alone or 
combined with chloropicrin have improved yield 
of tomato over nontreated controls when the 
chemicals were injected a t  labeled rates into 
drip irrigation. 

ANNUAL AND PERENNIAL CROPS 
T h e  b e n e f i t s  r e s u l t i n g  f r o m  u s e  of 

nematicides are clearly documented in an F A 0  
analysis of 779 experimental field tests in which 
nematodes were controlled (38). There is in- 
t e r e s t  in t h e  use of broadspec t rum soil 



fumigants to control soil-borne pests (primarily 
nematodes and fungi), and recent research in- 
dicates spring application of certain fumigants 
improves marketable yields and reduces plant 
pathogens below damaging levels (22). Growers 
have been hesitant to use these chemicals 
because of high cost, phytotoxicity with early 
season application, and reinfestation of the 
treated soil. An evaluation study was conducted 
on the fall application of methyl bromide- 
chloropicrin (67-33%) gas mixture a t  392 kg/ha, 
methyl bromide-chloropicrin (67-31%) gel a t  246 
kg/ha, DD-MENCS a t  187 and 327 l i terdha,  
metham a t  748 l i terdha,  fenamiphos (ethyl 4- 
(methylthi0)-WL-tolyl isopropylphosphorami- 
date) a t  9 kg/ha, and ethylene dibromide (85%) 
a t  56 liters/ha in vegetable transplant produc- 
tion. Methyl bromide-chloropicrin gas mixture 
and the two rates of DD-MENCS increased 
marketable transplant yields of pepper, tomato 
(L ycopersico~~ esculen tu nl Mill.) and cabbage 
(Brassica oleracea var. capitata L.) by 1235%, 
118'%, and 29'36, respectively, over that  of the 
nontreated plots. These treatments also in- 
creased the fresh weights of plants and reduced 
populations of root-knot nematodes. Metham 
and methyl bromide chloropicrin gel were 
generally less effective than methyl bromide- 
chloropicrin gas or DD-MENCS. Neither 
fenamiphos nor ethylene dibromide reduced 
root-galls on tomato below detectable levels or 
improved the marketable yield of the three 
crops. Fall fumigation eliminated phytotoxicity. 

More recent reports of the benefits of 
nematicides in crop production have been 
published in Plant Disease Reporter, Plant Dis- 
ease, Journal oj' Nernatology, Phytopathology, 
and Fuugicide a~zd Netr~aticide Tests. With this 
volume of literature available, no further con- 
sideration will be given the annual application 
of nematicides for nematode control in crop 
production. 

INTENSIVE CROPPING SYSTEMS 
Millet (Pennisetum americanum [L.] Leek), 

milo (Sorghu nt uulgare Pers.), soy bean (Glycine 
w z m  [L.] Merr. 'Bragg'), crotalaria (Crotalaria 
spectabilis Roth.), and pigeon pea (Cajanus ca- 
jan [L.] Millsp. 'Norman') were used in conjunc- 
tion with clean fallow and a nematicide (fen- 
sulfothion, 0,O-diethyl 0-(p-(methylsulf-  
iny1)phenyl) phosphorothioate) for managing 
root-knot nematode populations in the produc- 
tion of tomato transplants (14). Clean fallow 
was the most effective treatment in suppressing 
nematode numbers. After two years in tomato, 
root-knot nematode populations increased to 
damaging levels, and fallow was no longer effec- 

tive for complete control (i.e. no evidence of 
nematode infection) even in conjunction with 
fensulfothion. The rank of crops and cultural 
practice from the least effective to the most ef- 
fective for control of M. incognita was milo 
(Sorghum sp.), soybean, crotalaria, millet, 
pigeon pea, and fallow. Although root-knot 
nematode control was nearly 99% in fallowed 
plots treated with fensulfothion annually for 
four years, this degree of control did not meet 
the standards of Georgia certification regula- 
tions which state that  there be no evidence of 
nematode infection. In other cropping systems, 
the integrated use of fensulfothion and cultural 
practices such as  clean fallow may be beneficial 
where control of root-knot nematodes need not 
be complete. 

In a four-year study (1971-1974), various com- 
binations of eight crop plants-turnip (Brassica 
rapa L.), corn, snap bean (Phaseolus vulgaris 
L.), peanut, soybean, cabbage, cucumber, and 
southern pea (Vigna sinensis [Torner] Savi)- 
were planted in six annual intensive cropping 
systems in soils naturally infested with root- 
knot nematodes (ca. 90% M. incognita and 10% 
M. hapla Chitwood) and other nematodes (15). 
The cropping systems were: Turnip-corn-snap 
bean (T-GSNB), turnip-peanut-snap bean (T-P- 
SNB), turnip-corn-turnip (T-C-T), turnip- 
peanut-turnip (T-P-T), snap bean-soybean- 
cabbage (SNB-SB-CB), and turnip-cucumber- 
southern pea-turnip (T-CU-SP-T). A nematicide 
(ethoprop 10G) was broadcast a t  9 kg a.i./ha 
and incorporated immediately into the top 15 
cm of soil with a tractor-mounted rototiller once 
each spring just before planting corn, peanut, 
snap bean, and cucumber. 

Root-gall indices of crops in the T-C-SNB, T- 
P-SNB, T-C-T, T-P-T, and SNB-SB-CB systems 
were not significantly affected by ethoprop. 
Root-gall indices of cucumber in the T-CU-SP-T 
system were lower each year in ethoprop- 
treated plots than in untreated plots (Table 6). 
Root-gall indices of southern pea following 
cucumber in plots treated with ethoprop were 
lower than those in untreated plots in 1971 and 
1972, but not in 1973 and 1974. 

Application of ethoprop before planting corn, 
peanut, and snap bean did not increase yields, 
but yields of cucumber were consistently in- 
creased 85% (range 50-118%) (Table 7). More 
details of this study are presented in the chapter 
"Specific crop rotation effects combined with 
cultural practices and nematicides." 

The effects of annual applications of methyl 
bromide-chloropicrin (MBR-CP), DD-MENCS, 
and nonvolatile nematicides (ethoprop and 
fenamiphos) were studied in an integrated 
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Table 6. Effect of ethoprop on root-gall indices for a turnip-cucumber-southern pea-turnip crop- 
ping system, 1971-743 

Root-gall Indicesc 
Nematicide Southern 
treatmentb Turnip Cucumber pea Turnip 

1971 

Southern 
Turnip Cucumber pea Turnip 

1972 

No 1.02 2.01 a 2.41 a 1.09 
Yes 1.02 1.15 b 1.57 b 1.05 

1973 

No 1.35 a 3.02 a 2.50 1.11 
Yes 1.09 b 1.76 b 2.19 1.21 

Root-gall index on 1-5 scale: 1 = no galling, 2 = 1-25%, 3 = 26-50%, 4 = 51-75%, and 5 = 76-100% roots galled. 
Ethoprop 10G was applied (8.96 kga.i./ha) and incorporated into the soil 15 cm deep with a tractor-powered rototiller just before 
planting cucumber each year. Ethoprop was not applied before planting other crops. 
Within each column, values followed by different letters are significant (P = <0.05) according to Duncan's multiple-range test. 
Absence of letters indicates that values in the column are not significantly different. 

Table 7. Effects of ethoprop on yield of crops in a turnip-cucumber-southern pea-turnip cropping 
system, 1971-74. 

Yield (ksz/ha# 

Nematicide Southern Southern 
treatments Turnip Cucumber pea Turnip Turnip Cucumber pea Turnip 

1971 1972 

No 16007 6024 b 4170 17168 12358 3519 b 1120 15795 
Yes 16458 9035 a 3892 18291 13147 7679 a 1410 22121 

1973 1974 

No 8483 5024 b 1707 9331 9074 4502 b 842 7531 
Yes 7028 10123 a 1901 7875 8723 8390 a 814 9147 

a Ethoprop IOG wasapplied(8.96 kga.i./ha)and incorporated into the soil 15cmdeep with a tractor-powered rototiller just before 
planting cucumber. Ethoprop was not applied before planting other crops. 

b Within each column, values followed by different letters are significant (P = < 0.05) according to Duncan's multiple-range test. 
Absence of letters indicates that values in the column are not significantly different. 

pest management program under irrigation 
with three intensive multi-cropping systems. 
The cropping systems were: turnip, peanut, 
cucumber, turnip, cucumber, soybean (T-P-CU- 
T-CU-SB); swee t  co rn ,  soybean ,  w h e a t  
(Triticum aestivum L.), soybean, spinach 
(Spi~zacia oleracea L.) (SC-SB-W-SB-S); and tur- 
nip, field corn, and southern pea (T-FC-SP). The 
first two systems were two-year cycles and the 
last, a one-year cycle. 

Numbers of root-knot nematode juveniles 
were lowest in the SC-SB-W-SB-S cropping 
system, intermediate in the T-P-CU-T-CU-SB 
system, and highest in the T-FC-SP system 
(Figs. 1,2,3). Generally, numbers of root-knot 
nematodes in plots treated with MBR-CP and 
DD-MENCS were near or below detectable 
levels on the first two crops, but increased on a 
third susceptible crop. Fenamiphos was more 

effective than ethoprop in suppressing numbers 
of root-knot nematodes. Average yield increases 
across all crops in all cropping systems from 
plots treated with MBR-CP, DD-MENCS, and 
ethoprop/fenamiphos were 47%, 14%, and 1%, 
respectively (Table 8). 

Economic data  presented in Table 9 indicate 
that  treatments with MBR-CP and DD-MENCS 
were not economically feasible. The ethoprop 
treatment, though not feasible on the T-P-CU- 
T-CU-SB system, was successful on the SC-SB- 
W-SB-S and T-FC-SP cropping systems. More 
details of this study are presented in Chapter 
25. 

NEMATICIDE APPLICATION THROUGH 
SPRINKLER IRRIGATION 

In the southeastern Coastal Plain where 
nematodes cause severe damage to many crops, 
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Fig. 1. Effect of four pest management levels on population densities of Meloidogyne spp. in three intensive crop- 
ping systems: A) SC-SB-W-SB-S = sweetcorn-soybean-wheat-soybean-spinach; B) T-P-CU-T-CU-SB = 
turnip-peanut-cucumber-(fallow)-turnip-cucumber-soybean-(fallow); C) T-FC-SP = turnip-field corn- 
southern pea-(fallow). A = L.S.D. 0.05 for different pest management levels on the same sampling date; B 
= L.S.D. 0.05 for the same pest management level on different sampling dates. MBR-CP = 98% methyl 
bromide + 2% chloropicrin, 392 kg/ha injected 25 cm deep into the soil with chisels 20 cm apart, applied in 
November or December each year. Maximum = DD-MENCS, 376.3 kg/ha applied in November or Decem- 
ber each year plus ethoprop, 8.96 kg a.i./ha applied by spreading granules on the soil surface and incor- 
porating 15 cm deep with a tractor-driven rototiller before planting each crop in 1975 and 1976; after 1976, 
the application of ethoprop was discontinued. As Needed = ethoprop was applied a s  described above before 
planting each crop from 1975-1978 when numbers of root-knot juveniles in the soil exceeded 25/150 cm3 soil 
on the preceding crop and fenamiphos (8.96 kg a.i./ha) was used in a similar manner in 1979 and 1980. 
Minimum = control, nematicides were not used. 

(B and C on following page) 
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Table 8. Effect of three intensive cropping systems and nematicides on yield of crops averaged 
across each system, 1975-1980. 

-- -- 

Pest Yield 
managernentcSlb Turnip Peanut Cucumber Turnip Cucumber Soybean %increase 
levela (T/A) (lb/A) (lb/A) (T/A) (Ib/A) (bu/A) over control 

MBR-CP 8.5 5263 11904 7.2 29162 49.6 87 
DD-MENCS 6.2 5365 5982 4.3 13413 44.4 21 
Ethoprop/ 
Fenamiphos  6.6 3449 5939 5.0 8257 39.4 1 
Control 5.0 3142 7236 5.8 7733 43.9 - 

Sweet 
CS2 corn Soy bean Wheat Soy bean Spinach %increase 

(T/A) (bu/A) (bu/A) (bu/A) (T/A) over control 
MBR-CP 9.3 49.6 24 50.5 5.4 15 
DD-MENCS 9.3 36.4 23 46.4 5.2 4 
Ethoprop/ 
Fenamiphos  8.6 39.0 28 40.1 4.4 1 
Control 7.8 36.0 28 41.0 4.9 - 

Southern pea 
(lb/A shelled) . . 

CS3 Turnip Cabbage % increase 
(T/A) (bu/A) 'Pinkeye Purple Hull' 'Worthmore' over control 

MBR-CP 8.3 200 1341 2188 29 
DD-MENCS 5.6 200 1336 2113 16 
Ethoprop/ 
Fenamiphos  5.0 187 963 2092 1 
Control 5.9 183 883 1938 - 

total%sieldincreasedue to PML 

PML 
- - - 

MBR-CP 47 
DD-MENCS 14 
Ethoprop/ 

Fenamiphos  1 

a Pest management level: MBR-CP = 98% methyl bromide + 2% chloropicrin, applied a t  392 kg/ha annually in November or 
December; DD-MENCS = 20% methyl isothiocyanate + 80% chlorinated C, hydrocarbons, applied a t  376.3 kg/ha annually; 
Ethoprop/Fenamiphos = ethoprop applied a t  8.96 kg a.i./ha before planting each crop from 1975-1978 and fenamiphos ap- 
plied a t  8.96 kg a.i./ha before planting each crop in 1979 and 1980; and Control = no nematicide. 

b c S ~  = Cropping system 1, two-year cycle; CS2 = Cropping system 2, two-year cycle; and CS3 = Cropping system 3, one-year 
cycle. 

almost all commercial vegetables and many 
agronomic crops are grown under overhead- 
sprinkler irrigation with a planned pest 
management program. Application of chemicals 
through sprinkler irrigation water is a promis- 
ing method of pest management. The applica- 
tion of nematicides through sprinkler irrigation 
is still in its infancy. Only limited information 
is available on the response of crops treated a t  
planting and efficacy of nematicides applied 
through sprinkler irrigation. 

Tomato 
Johnson (10) reported that fenamiphos and 

carbofuran increased growth and yield of direct- 

seeded tomatoes grown for transplants and 
decreased root-galling induced by root-knot 
nematodes. These results were obtained when 
the chemicals were applied a t  11.2 kg a.i./ha 
through a sprinkler irrigation system with 
risers equipped with an  eductor, needle valve, 
and siphon hose. Nematicides were premixed 
with 3.8 liters of water. The flow of nematicides 
from the container through the siphon hose into 
the riser was controlled with the needle valve to 
allow the nematicide-water mixture to be 
siphoned from the container as  the sprinkler 
head (0.80-cm opening diam.) completed ten 
revolutions (approximately 1.24 cm water/ha). 
Immediately after nematicide application, all 
plots were i rr igated with about  1.2 cm 
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Table 9. Mean returns and costs ($/acre) or crops and pest control inputs by pest management 
levels in three intensive cropping systems.a 

Returns 
Cropping Pest management Pesticide 
systemb level Gross Net costs c 
T-P-CU-T-CU-SB MBR-CP d 

(1975-76) DD-MENCS 
Ethoprop/Fenamiphos  
Control  

SGSB-W-SB-S MBR-CP 
(1975-76) DD-MENCS 

Ethoprop/Fenamiphos  

Control  

T-FGSP MBR-CP 

(1975-79) DD-MENCS 
E thoprop /Fenamiphos  
Control  

a All computations are based on representative annual input and output prices. 
b T = turnip, P = peanut, CU = cucumber, SB = soybean, SC = sweet corn, W = wheat, S = spinach, FC = field corn, and SP  = 

southern pea. 
c Includes costs of scouting and pesticide application. 
d Pest management level: MBR-CP = 98% methyl bromide + 2% chloropicrin, applied a t  392 kg/ha annually in November o r  

December; DD-MENCS = 20% methyl isothiocyanate + 80% chlorinated C, hydrocarbons, applied a t  376.3 kg/ha annually; 
Ethoprop/Fenamiphos = ethoprop applied a t  8.96 kg a.i./ha before planting each crop from 1975-1978 and fenamiphos ap- 
plied a t  8.96 kg a.i./ha before planting each crop in 1979 and 1980; and Control = no nematicide. 

Table 10. Growth, yield, and root-gall indices of tomato transplants as influenced by application 
of nematicides through a sprinkler irrigation system. 

Yield (1000's/ha)c 
Nematicide Growth Root-gall 
treatments indexb Marketable Cull Total indexd 

Control 
Fenamiphos  
E thoprop  
Carbofuran 

a Nematicides applied a t  11.2 kg a.i./ha. 
h 1-5 scale: 1 = poor and 5 = excellent growth. 
C Small letters indicate Duncan's multiple range groupings of treatments tha t  do not differ significantly a t  the 5% level of 

probability. 
d 1-5 scale: 1 = no galls, 2 = 1-25%, 3 = 26-50%, 4 = 51-75%, and 5 = 76-100% of roots galled. 

water/ha. Approximately 0.3 cm of water was 
applied daily for 15 days to improve seedling 
emergence. Ethoprop, a t  the same dosage ap- 
plied in a similar manner, was phytotoxic, but 
reduced the number of root galls when com- 
pared with untreated controls (Table 10). None 
of the nematicides reduced root-knot nematodes 
M. incognita below detectable levels, which is 
necessary in tomato transplant production. The 
results of this application concept were en- 
couraging and warranted further study. 

Cucumber 
The principal use of nematicides is for control 

of nematode populations in soil before planting 

annual crops (39). Preliminary evaluations of 
fenamiphos (6.7 kg a.i./ha) applied to cucum- 
ber a t  the blossom stage (one month after 
planting) through a center pivot irrigation 
system with 8 mm of water was not phytotoxic. 
When applied this way, it appeared to inhibit 
plant damage from root-knot nematodes, even 
though yields were reduced from nematode in- 
fection prior to the application (Johnson, un- 
published data). 

Snap Bean 
Smittle and Johnson (36) reported tha t  

fenamiphos applied a t  6.7 kg a.i./ha through a 
solid set or a center pivot irrigation system with 



Table 11. Effect of tillage methods and a nematicide on root-gall index, pod yield, and crop value 
of 'Eagle' snap bean in the spring of 1980a. 

Pod yield Crop value 
Root-gall 

Treatment indexb (MT/ha) (dplant) ($/ha) 
Tillage 

Moldboard plow 
Subsoil-plant 

Nematicide 

Control 
Fenamiphos 1.0 b 15.2 a 124 a 2145 a 

a Means within columns followed by the same letter are notsignificantly different(P = 0.05)accordingtoDuncan's multiplerange 
test. No letters indicates no significant difference. 

b 1-5 scale: 1 = no galls, 2 = 1-25%,3 = 26-50%, 4 = 51-75%, and 5 = 76-100% of roots galled. 

Table 12. Effect of tillage methods and a nematicide on root-gall index, pod yield, and crop value 
of 'Eagle' snap bean in the fall of 1980.a 

Number Root-gall 
M. incognita index Pod yield Crop 

per 11 wkafter value 
Treatment 150cm3soilb plantine MTha g/plant ($ha)  
Tillage 

Disk 124 a 3.0 a 1.4 a 37 a 200 a 
Su bsoil-bed 75 a 3.1 a 3.2 a 48 a 426 a 

Nematicide 

Control 134 a 4.5 a 1.2 b 36 b 157 b 
Fenamiphos 65 b 1.7 b 3.5 a 49 a 468 a 

a Means withincolumns followed by thesameletter arenot significantly differentaccordingtoDuncan'smultiple-range test,(P = 
0.05). No letters indicate no significant difference. 

b Samples collected 16 July before incorporation of corn residue. 
c 1-5 scale: 1 = no galls, 2 = 1-25%. 3 = 26-50%, 4 = 51-75%, and 5 = 76-100% of roots galled. 

2.8 cm of water/ha effectively controlled M. 
incognita and significantly increased snap bean 
yields regardless of growing season, tillage 
method, or cover crop system. The value ($/ha) 
of the spring crop treated with fenamiphos 
was $664 greater than the value of the untreat- 
ed crop (Table 11). Although the value of the fall 
crop was lower than the value of the spring 
crop, the application of fenamiphos increased 
crop value by $311 over the untreated control 
(Table 12). 

Squash, Corn, and Southern Pea 
Johnson et al. (20) compared two methods of 

application of ethoprop and fenamiphos and 
one method of application of carbofuran a t  6.7 
kg a.i./ha on summer squash, corn, and 
southern pea for c o ~ t r o l  of M. incognita: (i)  
granules of ethoprop and fenamiphos were ap- 
plied over the soil surface and incorporated 15 
cm deep with a tractor-drawn rototiller 
(designated System Ro); and (ii) emulsified con- 

c e n t r a t e  f o r m u l a t i o n s  of  e t h o p r o p ,  
fenamiphos, and carbofuran (2,3-dihydro-2,2- 
dimethyl-7-benzofuranyl methyl carbamate) 
were injected through irrigation system with 
123,000 liters water/ha (designated System Ir). 
Root-gall indices of all crops recorded 30 days 
after planting were lower in treated plots than 
in untreated plots (Table 13). Root-gall indices 
of squash and corn were lower in plots treated 
with fenamiphos than in plots treated with 
ethoprop. Root-gall indices of squash were 
lower in Ro plots than in Ir  plots. However, 
t he re  were  no significant differences in 
nematode population densities and root-gall in- 
dices in plots treated with carbofuran (Ir) vs. 
fenamiphos (Ir) o r  in the fenamiphos vs. 
ethoprop and Ir  vs. Ro interactions (Table 13). 

Yield of squash was 196% greater from 
treated plots than from untreated plots (Table 
14). Yield of southern pea was not affected by 
treatments compared with untreated controls, 
but yield from plots treated with fenamiphos 
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Table 13. Root-gall indices on squash, corn, and southern pea as influenced by nematicides and 
method of application 30 days after planting. 

~oot-gal l  indexb 
Treatment and 
method of Southern 
applicationa Squash Corn Pea 
Control (CK) 
Fenamiphos (P)/Ir 
Fenamiphos (P)/Ro 
Ethoprop (E)/Ir 
Ethoprop (E)/Ro 
Carbofuran (C)/Ir 

Comparisons: 

Ckvsother treatments 

C(1r) vs. P(1r) 

P(Ir + Ro) vs 
E(Ir + Ro) 

Interactions: 

P v s  Eand I r  vs Ro 

a Nernaticides applied a t  6.7 kga.i./ha. Ir = injected via sprinkler irrigation system; Ro = granules incorporated 15-crn deep with 
tractor-powered rototiller. 

b 1-5scale: 1 = nogalls, 2 = 1-25%,3 = 26-50%, 4 = 51-75%, and 5 = 76-100% of roots galled. Meansunderlined by continous lineare 
not significantly different. 

Table 14. Yield of squash, southern pea and corn as affected by nematicides and method of ap- 
plication. 

Yield (kg/ha)b 
Treatment and 
method of Corn 
applicationa Squash Southern pea (grain) 
Control (CK) 2659 1317 2372 
Fenamiphos (P)/Ir 8054 1433 3306 
Fenamiphos (P)/Ro 9204 1189 3959 
Ethoprop (E)/Ir 7884 1067 3405 
Ethoprop (E)/Ro 6403 1382 3603 
Carbofuran (C)/Ir 7810 901 3965 

Comparisons: 

Ck vs other 
treatments 2659 7871 1317 1194 2372 3648 - - - - 

C(1r) vs. P(1r) 7180 8054 - 901 1433 3965 3306 - 
P(Ir + Ro) vs 

E(Ir + Ro) 8629 7144 1311 1225 3633 3504 

Ir(P + E) vs 
Ro(P + E) 7969 7804 1250 1286 3356 3781 

Interactions: 

PvsEand IrvsRo 7229 8544 1408 1128 3455 3682 

a Nernaticides applied a t  6.7 kga.i./ha. Ir = injectedvia sprinkler irrigation system; Ro = granules incorporated 15-cm deep with 
tractor-powered rototiller. 

b Means underlined by continous line are not significantly different. 



Table 15. Effect of fenamiphos (6.7 kg a.i./ha) on root-gall indices and yield of squash, 1981.a 

Root-gall indexd Totalmkt. 
Water May 25 July 13 yield kg/ha 

~reatmentb (cm)c 
Ape PPe AP PP AP PP 

Control 0.64 4.90 a 4.80 a 5.00 a 5.00 a 1616 c 874 b 
PI 0.25 1.33 b 3.45 a 2.95 c 4.90 a 7938 a 5062 a 

Mean 1.97 z 4.31 Y 3.45 z 4.88 y 6445 Y 4545 z 
a Data in columns followed by the same letter and data underscored by the same line in rows are not significantly ( P  = 0.05) dif- 

ferent according to the Waller-Duncan K-ratio t-test. 
b PI = fenarniphos applied through an irrigation simulator; 

PG = fenamiphos granules spread on surface of soil and incorporated 15 crn deep with a tractor-powered rototiller AP, and 
granules spread on surface of the soil and not incorporated PP. 

c Applied through an irrigation simulator. 
d 1-5 scale: 1 = no galls, 2 = 1-25%, 3 = 26-50%, 4 = 51-75%, and 5 = 76-100% of roots galled. 
e AP = Immediately after planting and PP = 2 weeks after planting. 

(Ir) was 59% greater than yield from plots 
treated with carbofuran (Ir). Yield of corn 
(grain) was 54% greater from treated plots than 
from untreated plots. Yields of all crops were 
unaffected by method of nematicide applica- 
tion. 

Fenamiphos a t  6.7 kg a.i./ha was applied 
through an  irrigation simulator with 0.25, 0.64, 
1.27, and 1.91 cm water (11, 12). Root-gall in- 
dices of p lan ts  f rom plots t rea ted  with 
fenamiphos immediately after planting (AP) 
were lower than those from untreated plots, but 
were not affected by different amounts of water 
in most plots (Table 15). Root-gall indices of 
plants from plots treated 2 weeks after planting 
(PP) were not different from controls on either 
sampling date. Across all treatments applied, 
root-gall index means from AP were lower than 
those from P P  plots on both sampling dates. 

Yields of squash from AP plots treated with 
fenamiphos in irrigation water were 325% 
(range 248%-391%) greater than yield from non- 
treated plots (Table 15). Yield from plants in 
plots treated with nematicide granules was 
492% greater than yield from plants in non- 
treated plots, but was not different from most 
nematicide/water treatments. Yield from 
plants in P P  plots treated with fenamiphos in 
irrigation water was 512% (range 433%-597%) 
greater than yield from plants in nontreated 
plots. The yield mean across all AP treatments 
was 42% greater than the mean across all P P  
treatments. 

A similar test was established on corn, 
'Pioneer X 304C,' following squash, except the 
P P  treatments were applied one week after 
planting. Corn was planted on July 28, and the 
AP treatments were applied the next day. Root- 
gall indices of corn were lower (P = 0.05) in all 
treated plots than in controls following both AP 
and P P  treatments on both sampling dates 
(Table 16). The mean root-gall indices across all 
treatments were lower from AP plots than 
those from P P  plots. 

Yields from plants in plots treated with 
fenamiphos AP and P P  were 160% (range 
128%-181%) and 147% (range 116%-181%) 
greater than yields from nontreated plots, 
respectively. The average yield from plants in 
plots treated with fenamiphos AP was 15% 
greater than that  of plants from plots treated 
with the nematicide one week after planting. 

Potato 
The Columbia (M. chitwoodi) and northern 

(M. hapla) root-knot nematodes are a severe 
problem in potato production in the Pacific 
northwest because they reduce the quantity and 
quality of the potato tuber (34). Approximately 
90% of the potato acreage in Washington is 
grown under overhead sprinkler irrigation 
systems with 60-70% of this acreage receiving 
some type of nematicide treatment to control 
root-knot nematodes. The nematicides most 
commonly used have been D-D and Telone I1 
(1,3-dichloropropene) soil fumigants. However, 
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Table 16. Effect of fenamiphos (6.7 kg a.i./ha) on root-gall indices and yield of field corn, 19813 

Root-gall indexc 
Yield grain 

Water Sept. 10 Dec. 16 (kgha)  
Treatmentb (cm)b 

AN ~ p d  AP P P  AP P P  

Control 0.64 2.00 a 2.38 a 2.15 a 2.65 a 1182 c 1081 c 

PI 0.25 1.05 b 1.70 b 1.13 b 1.18 b 3323 a 3033 a 

PI 0.64 1.00 b 1.48 b 1.00 b 1.13 b 3006 a 2520 b 

PI 1.27 1.00 b 1.43 b 1.13 b 1.60 b 2696 b 2333 b 

PI 1.91 1.00 b 1.55 b 1.03 b 1.28 b 3221 a 2790 ab 

Mean 1.21 z 1.71 v 1.29 z 1.57 v 2686 z 2351 v 
a Data in columns followed by the same letter and data underscored by the same line in rows are not significantly (P = 0.05) 

different according to the Waller-Duncan K-ratio t-test. 
b PI (fenamiphos) and water both applied through an irrigation simulator. 
c 1-5 scale: 1 = no galls, 2 = 1-25%. 3 = 26-50%, 4 = 51-75%, and 5 = 76-100% of roots galled. 
d AP = 1 day after planting and PP = 1 week after planting. 

Table 17. Control of Meloidogyne hapla on alfalfa with metham applied through a center pivot 
system. 

M. hapla juveniles/250 cc soila Alfalfa 
Pre-treatment Post-treatment rootsa 

Metham 
(litersha) Oct. 78 Mar. 79 Apr. 79 Apr. 79 

Nontreated 
374 
468 
701 

a Values represent means of five samples, except for nontreal 

the use of metham has become more popular in 
recent years for controlling nematodes and 
other pests and diseases on potato since Gerstl 
e t  al. (4) demonstrated that  metham was most 
effective in controlling Verticillium dahliae on 
potato when applied to soil in irrigation water. 

Metham was applied October, 1978, for con- 
trol of M. hapla on a 3-year-old alfalfa field by 
injection into the mainline of a center pivot 
irrigation system (33). 'Russet Burbank' 
potatoes were planted in April, 1979, following 
alfalfa (Medicago sativa L.). The results showed 
that  metham effectively controlled M. hapla in 
soil and alfalfa roots (Table 17). Nematodes 
were not found in treated plots as  compared 
with the nontreated controls. Tubers examined 
for nematode infection a t  late harvest (October 
24) showed that  M. hapla females were not 
detected in the 468 and 701 liter/ha treatments, 
whereas 19 and 69% of the tubers were infected 
in the 374 liter/ha treatment and control plots, 
respectively (Table 18). 

Grapes 
Several species of nematodes are of economic 

importance in grape (Vitis californica Benth.) 

:ed means, which consisted of 15 samples. 

production in Washington. Yield increases of 
13% to 44% have been achieved the second year 
af ter  application of aldicarb (2-methyl-2- 
(methylthio)  propionaldehyde 0-(methyl-  
c a r b a m o y l )  o x i m e ) ,  c a r b o f u r a n ,  a n d  
fenamiphos (35). Approximately 40% of the 
grapes  in Washington a r e  grown under 
overhead sprinkler irrigation. In 1981, oxamyl 
was applied via solidset overhead sprinkler 
system and evaluated for control of ring 
(Criconemella x e n o p h  Raski) and root-knot M. 
hapla nematodes. Results of this study indicate 
no significant (P= 0.05) differences in numbers 
of nematodes and yield among treatments 
(Table 19). These treatments were repeated in 
1982, and yields from plants in plots treated 
with oxamyl (1.12 and 2.24 kg a.i./ha) were 
greater than  those from untreated plots. 
Significant yield increases have been obtained 
on wine grapes in California with multiple ap- 
plications of oxamyl by sprinkler irrigation the 
f i r s t  y e a r  (35). D a t a  f r o m  nonvola t i le  
nematicide plots on Concord grapes  in 
Washington indicate that  yield increases do not 
occur until a t  least the second year after 
application. 



Table 18. Effect of metham on Meloidogyne Several states have suspended use of aldicarb 
hapla infection of 'Russet Bur- for control of nematodes on certain crops. In ad- 
bank' potato tubers, 1979. dition, EDB has been found in ground water and 

has been suspended for use as  a soil fumigant 
Percent tubersinfected with since october 1983. Metham M. haplaa 

(litersha) October 24 Rohde e t  al. (32) reported that following ap- 
plication of ethoprop a t  8.96 kg a.i./ha, concen- 

Nontreated 69 trations of the nematicide in the 0-15-cm soil 
374 19 layer were near 6pg/g of soil immediately after 
468 0 application, but were < 1 pg/g of soil 5 days 
701 0 later on corn and southern pea and 30 days later 
a Values represent means of five samples, except for "on- On turnip. Johnson et ale (13) reported that 

treated means, which consisted of 15 samples. following application of fenamiphos a t  4.5, 6.7, 
9.0, and 18.0 kg a.i./ha via injection into a 

Table 19. Yields of Concord grapes as af- sprinkler irrigation system, concentration of the 
fected by oxamyl applied through nematicide was < 1 pg/g of soil in the top 0-15 
solid-set overhead sprinklers, cm soil layer. 
1981-1983. 

Yield (MT/ha)a 
Rate 

Treatments kga.i./ha 1981 1982 1983 

Nontreated 0 22.0 41.1 37.5 
Oxamyl 0.56 20.8 45.9 37.7 
Nontreated 0 19.7 40.6 b 39.2 
Oxamy 1 1.12 20.8 46.7 a 41.1 
Nontreated 0 20.4 41.3 b 35.5 
Oxamvl 2.24 26.0 52.3 a 39.4 

a Within eachcolumn, valuesfor nontreatedvsoxamylatdif- 
ferent rates followed by different letters are significant (P 
= <0.05) according to Duncan's multiple-range test. Ab- 
sence of letters indicates that values in the column are not 
significantly different. 

DETRIMENTAL EFFECTS OF 
NEMATICIDES 

Limited information exists on the long-term 
ecological effects of frequent or repeated use of 
nematicides on agricultural soils. A review by 
Good (5) includes certain detrimental effects of 
halogenated soil fumigants. 

Several years ago DBCP was found to affect 
adversely the fertility of workers in a factory 
manufacturing and packaging DBCP (40). Sub- 
sequently, DBCP was found in a well on that  
pesticide manufacturer's property and also in 
both agricultural and domestic wells in the San 
Joaquin Valley in California where t ha t  
chemical had been used extensively for control 
of nematodes on grape, peach, and citrus. As a 
result of these and other reports, the Environ- 
mental Protection Agency (EPA) suspended 
registration of DBCP in 1977. 

More recently, the carbamate oxime insec- 
ticide/nematicide, aldicarb, was found in 
ground water on Long Island in New York, and 
in Wisconsin where it  was used for Colorado 
po ta to  bee t le  a n d / o r  golden nema tode  
(Globodera rostochier~sis Wollenweber) control. 

RESEARCH NEEDS ON NEMATICIDES 
Much additional information is needed on 

nematicides in order to improve their effec- 
tiveness, reduce the amount of chemical ap- 
plied, and minimize potential environmental 
hazards in soil, ground water, and crop residues. 
Improvements can be made in application 
equipment, in the timing of application in rela- 
tion to dosage needed, and time of planting 
crops especially in relation to soil and weather 
conditions that affect nematode populations. 
The status of sequential or simultaneous ap- 
plication of nematicides with other pesticides is 
currently being studied so the interactions 
among pesticides, on phytotoxicity to crops, and 
on soil and plant residues can be determined. 
Additional information is needed on factors 
governing the movement and persistence of 
nematicides that can be applied as  therapeu- 
tants to established crops, especially perennials, 
after nematode damage becomes apparent. 
Development of such chemicals will reduce the 
amount of nematicides applied to soil. 

The greatest need in the area of nematicidal 
research is  the development of improved 
methods of forecasting potential nematode 
damage so that  use of nematicides will be 
recommended only when nematode populations 
are predicted to reach economic threshold 
levels. 

For the foreseeable future nematicides will 
play a major role in nematode population 
management for the production of a number of 
food and fiber crops and for use in regulatory 
and quarantine programs. Increased capitaliza- 
tion and specialization of farms dictate an  ever- 
increasing shift toward mono-cropping and/or 
intensive cropping systems tha t  invariably 
leads to increased crop losses by nematodes. 
Therefore, use of nematicides is a necessary ad- 
junct to continuous cropping of land, or to a 
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greatly narrowed crop rotation base (5). In such 
a system, more highly effective nematicides 
must be developed that  will control nematodes 
with lower amounts of active ingredient per 
unit of land. 

Increased reliance on nematicides will be 
necessary for the production of many crops in 
the United States, unless integrated control 
systems are devised. Knowledge of the separate 
components of an  integrated control system is 
sufficiently advanced that the establishment of 
integrated control systems for plant-parasitic 
nematodes can begin. Managing nematode pop- 
ulations by integrated systems may employ all 
or parts of the following components: produc- 

tion of nematode-free seed and propagating 
materials; destruction of nematode-infected 
plant materials immediately after harvest; use 
of clean fallow and flooding where appropriate; 
use of resistant and susceptible crop cultivars in 
rotations; use of nonhost and trap crops; and ad- 
ditions of biodegradable organic matter to soil 
to encourage biological control where practical. 
High level control can be obtained for many 
species of nematodes using the above non- 
chemical means; then nematicides need only be 
used to supplement the above control practices. 
These are intriguing challenges to modern 
scientific agriculture. 
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MODE OF ACTION OF NEMATICIDES1 

Harvey W. Spurr, Jr. 
Oxford Tobacco Research Laboratory 
Oxford, North Carolina, USA 

Nematicides are taken for granted: that  is, 
they are accepted and used, often without 
enthusiasm, and not credited for the large 
measure of nematode control they provide. 
Nematologists are primarily biologists; thus, 
l i t t le  research is devoted to  s tudies  of 
nematicides and their mode of action. This 
presentat ion is a brief introduct ion to  
nematicides and their mode of action. Perhaps 
this knowledge will stimulate an interest in the 
major method of nematode control. Also, it is 
important that we know something about the 
products on which U.S. growers spend more 
than $100 million per year. This awareness 
could assist the future discovery and develop- 
ment of new nematicides and other chemicals 
that control nematodes. 

Nematicides by definition are toxic to nema- 
todes. Death results from contact with a lethal 
dose or concentration of nematicide. The ap- 
plication of nemat i s ta t ic  chemicals may  
decrease crop losses also. In this presentation, 
nematicidal mode of action refers to the lethal 
e f f ec t  r e s u l t i n g  f r o m  an i n t e r a c t i o n  b e t w e e n  a 
chemical applied for control and a specific site 
within a nematode. Several reviews a r e  
available (2,3,4,10,15,19,26,28). A recent text, 
Introduction to Biochemical Toxicology edited 
by Hodgson and Guthrie (7), has an excellent 
discussion of insecticide toxicology and mode of 
action that is pertinent to nematicidal mode of 
action (12,13). 

Cooperative investigations of Agricultural Research 
Service, U. S. Department of Agriculture, and North 
Carolina State University, Department of Plant Pathology, 
Raleigh. Use of trade names does not imply its endorse- 
ment by the USDA or the North Carolina Agricultural 
Research Service of the products named or similar ones not 
mentioned. 

' Research Plant Pathologist, Southern Region, ARS, 
USDA, Oxford Tobacco Research Laboratory, Oxford, NC 
27565 also, Professor of Plant Pathology, North Carolina 
State University, Raleigh 27695-7616. 

FUMIGANT AND NONFUMIGANT 
NEMATICIDES 

Nematicides for the control of plant-parasitic 
nematodes are usually applied to soil. A few 
nematicides are applied to plants a s  foliar 
sprays. Most plant-parasitic nematodes are soil 
inhabitants during a part of their life. Since 
some nematicides are systemic, soil applications 
can serve as  a means for control of certain foliar 
nematodes also. Nematicides can be classified 
according to chemical, physical or biological 
properties; however, a two category classifica- 
tion system has developed over time with 
reference to  nematicide movement in soil 
following application. Thus, nematicides are 
usually labeled as  fumigants or nonfumigants 
(Table 1). Developing a knowledge of this 
classification is useful in understanding 
nematicidal mode of action. 

Widespread use of fumigants started about 
1950. Fumigant nematicides are usually formu- 
lated as  liquids which vaporize and move 
t h r o u g h  a i r  s p a c e s  i n  s o i l  a f t e r  v a p o r i z i n g .  T h e y  
tend to move deep in soil, have a broad spectrum 
of biocidal activity (may kill fungi and seeds), 
and are applied a t  high rates. Since they are also 
phyto toxic ,  except  f o r  1,2-dibromo-3- 
choropropane (DBCP), a waiting period of two- 
three weeks is required between application and 
planting. Fumigants are organic halides or 
organic sulfurs and may be referred to as alkyl 
halides. 

Nonfumigant and systemic nematicides were 
introduced commercially in 1970. These 
nematicides are often formulated on granules 
but some are available as liquids for spraying on 
soil or foliage. Compared to fumigants, non- 
fumigants move by percolation in soil water, do 
not move deeply in soil, tend to have a narrower 
spectrum of biocidal activity, are nonphyto- 
toxic a t  suggested use rates, and are active a t  
lower dosages. Many commonly used nonfumi- 
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Table 1. Common nematicides and probable modes of action. 

Nematicide Mode of action 
Fumigants 

Water: (required to activate toxicity in soil) 

MIT (methyl isothiocyanate) 
metham (Vapam) 
dazomet (Mylone) 

Air: (required for movement in soil) 

1,3-D (1,3-dichloropropene) 
EDB (ethylene dibromide) 
DBCP (Nemagon) 
MB (methyl bromide) 
chloropicrin 

MIT may react with amino acids, oxidases and 
nucleophilic sites on proteins; metham and 
dazomet form MIT 

alkyl halides may react with nucleophilic sites 
on proteins and oxidize iron porphyrins and 
hemeproteins 

Combinations or multipurpose fumigants: 

Vorlex (15% MIT + 85% D-D) 
Terr-0-Cide(s) (EDB + chloropicrin) see above 
Telone C17 (dichloropropene + chloropicrin) 

Nonfumigants 

Phosphates: 

ethoprop (Mocap) 
fensulfothion (Dasanit) 
fenamiphos (Nemacur) 

irreversible binding of acetylcholinesterase, 
esterase inhibition and various pharmacologic 
actions 

Carbamates: 

carbofuran (Furadan) reversible binding of acetylcholinesterase, 
aldicarb (Temik) esterase inhibition and various pharmacologic 
oxamyl (Vydate) actions 

- -- - - -- - - - - - -  

gants are organic phosphates or carbamates, 
and many are systemic in plants (Table 1). 

In 1984, three fumigants [methyl bromide 
(MB); 1,3-dichloropropene (1,3-D); and methyl 
isothiocyanate (MIT)] and two nonfumigants 
(aldicarb and ethoprop) will account for about 
90% of nematicides sold commercially. Once in 
the soil, nematicides are subjected to chemical, 
p h y s i c a l  a n d  b i o l o g i c a l  p r o c e s s e s  
simultaneously. These processes mitigate ac- 
tivity or, stated another way, influence efficacy. 
Nematicidal efficacy is also influenced by fac- 
tors such as  length of exposure, stage of 
nematode development, location of nematode to 
the chemical toxicant, temperature, moisture, 
and soil composition. 

In order to kill or inactivate, a nematicide 
must come in contact with a nematode. Direct 
penetration of the cuticle or ingestion during 
feeding are two methods of contact. Available 
evidence indicates that  fumigants such as  
ethylene dibromide (EDB) (14) and nonfumi- 
gants such as  aldicarb (18,19) both are able to 
penetrate the nematode cuticle directly and 

reach an equilibrium a t  similar rates or within 
about 30 minutes. Direct penetration of the cuti- 
cle by nematicides appears to be the main route 
to vital sites. 

NEMATICIDAL MODE OF ACTION 
Mode of action will be covered according to 

the outline in Table 1. I t  is important to realize 
the difficulties encountered in doing research to 
prove that  a specific biochemical interaction be- 
tween a nematicide and a specific site or struc- 
ture within a nematode is the direct cause of 
death or  inactivation. In most instances, 
nematicides interact a t  numerous sites or may 
have a multiplicity of effects. The examples pre- 
sented are based on results derived from the 
research of many investigators. 

Fumigants 
Metham and dazomet decompose in water to 

form MIT (Fig. 1) which directly penetrates the 
cuticle and reacts with amino acids, oxidases 
and nucleophilic sites on proteins (11). The exact 
mechanisms have not been rigorously demon- 
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Fig. 1. Reaction of metham in water to form methyl isothiocyanate, methylamine 
and carbon disulfide. 

strated. The breakdown and spread of MIT from 
metham and dazomet in warm, well-aerated soil 
is rapid. 

Alkyl halides (MB; DBCP; 1,3-D) also directly 
penetrate the cuticle. Moje (16) observed a 
correlation between toxicity and relative ac- 
t iv i ty  of alkyl hal ides in biomolecular 
nucleophilic substitution reactions (NH2, SH, 
OH) on protein surfaces. These reactions are 
considered relatively slow, and more recently, 
Wade and Castro (27) suggested that the rapid 
action of these toxicants could be explained by 
t h e  oxida t ion  of i ron  p o r p h y r i n s  a n d  
hemeproteins. Iron porphyrins are components 
of hemeprotein molecules and are found in ter- 
minal oxidases or mitochondria1 oxidases. The 
oxidation of heme centers in the respiratory 
system is very rapid. Many enzymes or 
metabolic sites are  inhibited simultaneously 
thus  stopping several vital processes and 
leading to a rapid death. I t  was suggested in a 
review by Evans (4) that the toxicity of 1,3-D 
and related compounds may relate to their 
solvolysis in water. 

Nonfumigants 
Phosphate (e.g. ethoprop) and carbamate (e.g. 

a ldicarb)  nematicides direct ly penet ra te  
nematodes and inhibit acetylcholinesterase 
(AChE), cholinesterase and other esterase en- 
zymes .  Hydro lys i s  of ace ty lchol ine  by 
acetylcholinesterase is a vital part of neuro- 
transmission a t  cholinergic synapses in the ner- 
vous system (13). Cholinesterase and other es- 
terases also function in various metabolic 
systems, the importance of which is less well 
understood. These nematicides are developed as 
a "spin-off" from the development of insec- 
ticides. The inhibition of AChE in insects has 

been extensively documented (10). Organophos- 
phates irreversibly phosphorylate active sites 
on AChE. Carbamoylation of AChE tends to be 
more reversible. 

The existence of AChE in plant-parasitic 
nematodes was first demonstrated by Rohde 
(21) using a site-specific acetylthiocholine sub- 
strate reaction that  was inactivated by known 
cholinesterase inhibitors. The staining sites ob- 
served included the nerve ring and associated 
ganglia, amphids, phasmids and papillae on the 
lips and body surface. Nerve rings were stained 
more consistently by an  improved staining tech- 
nique following an ultrasonic pretreatment (29). 
A pretreatment with acetone for 12 hours prior 
to staining with the thiocholine direct-coloring 
method resulted in coloring throughout the 
body of Panagrellus redivivus with the anterior 
nerve ring most intensely stained (Alan Ayers, 
unpublished). Cric~tzemella ornata did not res- 
pond to the acetone pretreatment in the same 
way, possibly due to its thicker cuticle. 

Narcosis and Behavioral Effects 
Narcotic and behavioral changes in plant- 

parasitic nematodes have been described for 
both fumigant and nonfumigant nematicides. 
These are the symptomatic changes observed 
and may be referred to also a s  pharmacologic 
actions of nematicides. An example is the effect 
of nematicides on the rate of nematode move- 
ment. Hyperactivity may be an  initial reaction 
to contact with an alkyl halide and may be 
followed by decreased activity and paralysis. 
Similar changes in movement were observed in 
relation to contact with carbamates. Responses 
vary with chemical structure. Nelmes (17) 
studied the effect of aldicarb on behavior of 
Globodera rostochiensis. Aldicarb rapidly in- 
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Table 2. Toxicity of aldicarb, aldicarb metabolites, and related structures to plants, insects, 
mites, and nematodes. 

- 
Toxicity ~ a t i n g  b 

Com- Metabo- 

pound litesa Insectsc Mite Nema 

no. Structure S P A 1  A d A w M B F y  A E  
CHBSC(CHB)ZCHNOC(O)NHCHB x x x x 5 5 3 5  5 5  5 
CH~SOC(CH~)ZCHNOC(O)NHCH~ x x x x  5 5 5 5  5 1  4 
CH~SO~C(CH~)ZCHNOC(O)NHCH~ x x x x  1 1 5 5  5 3  4 
CH~SO(CH~)ZCHNOC(O)NH~ 1 1 1 5  1 1  3 
CH~SC(CH~)ZCHNOC(O)NHCH~OH 3 1 1 5  5 1  1 
CHBSO~C(CHJ)~CHNOC(O)NHCH~OH 1 1 1 3  1 1  1 
CH~SC(CH~)ZCHNOH x 1 1 1 1  1 1  1 
CH~SOC(CH~)ZCHNOH 1 1 1 1  1 1  1 
CH~SOZC(CH~)ZCHNOH 1 1 1 1  1 1  1 
CH~SC(CH~)ZCN 1 1 1 1  1 1  1 
CH~SOC(CH~)ZCN x x x x 1 1 1 3  1 1  1 
CH~SOZC(CH~)ZCN x x x  1 1 1 3  1 1  1 
CH~SC(CH~)ZCONHZ 1 1 1 1  1 1  1 
CH~SOC(CH~)ZCH~OH x 1 1 1 1  1 1  1 
CH3SC(CH3)2COOH x 1 1 1 1  1 1  1 
CH~SOC(CH~)ZCOOH x 1 1  1 1  1 1  1 
CH~SOZC(CH~)ZCOOH x 1 1 1 1  1 1  1 

a Compounds which have been identified as  metabolites of aldicarb in S=soil, P=plants, A=animals, I=insects. 
b Toxicity ratings from 1 = no control to 5 = complete control. 
c Abbreviations and rates (a.i.), insect, mite and nematode laboratory tests: 

Ad Bean Aphid, Aphis fabae Scopoli 100 ppm 
Aw Southern Armyworm, Spodoptcra (Prodeniu) eridania Cramer 1000 ppm 
MB Mexican Bean Beetle, Epilachna varivestis Mulsant 100 ppm 
Fy Housefly, Musca domestica L. 1000 ppm 
A Two-spotted Spider Mite, Adult 1000 ppm 
E Two-spotted Spider Mite, Egg 

Tetranychus urticae Koch 
Nema Root-knot Nematode, Meloidogyne incognita (Kofoid and White! 84 kg/ha 

hibited body activity and stimulated abnormal 
stylet movement following contact. A 24-hr 
post-nematicide water treatment allowed effec- 
tive recovery of body vigor and cessation of ab- 
normal stylet movement of the nematodes 
treated with lower concentrations. At higher 
concentrat ions,  t h e  nematodes remained 
paralyzed, the toxic effect being apparently 
irreversible. Nelmes suggested the inhibition of 
body activity may result from AChE inhibition 
that  was irreversible a t  higher concentrations 
due to continued binding of the enzyme. Various 
other effects observed include the prevention of 
or decrease in egg hatching, decreased motility, 
and delays in the molting processes (8,9). Many 
of these behavior changes may relate to inhibi- 
tion of various esterase enzymes. A detailed ex- 
planat ion of cholinesterase inhibition is 
described by Main (12,13). 

NEMATICIDE DETOXIFICATION 
As previously stated, immediately following 

application, physical, chemical and biological 
interactions occur between a nematicide and the 
constituents in its environment. These interac- 
tions include metabolism by microorganisms 
and other living systems. The net result is a 
breakdown or degradation of the nematicide 
molecule and its detoxification. The breakdown 
products or metabolites are integrated with 
time into the environment. Often the environ- 
ment can potentiate nematicidal activity. For 
example, the nematicidal activity of vapam and 
dazomet depends upon reactions with water to 
initiate the formation of toxic MIT and ensuing 
reactions. The nonfumigant nematicide aldicarb 
is metabolized to its sulfoxide, which is equally 
potent as  a nematicide, and the nitrile sulfoxide 
which is non-nematicidal. Over time the  
aldicarb sulfoxide is hydrolyzed to the oxime 
sulfoxide and nitrile sulfoxide which are non- 
toxic (Fig. 2, Table 2) (1,25). 

Both insecticidal and nematicidal activity de- 
pend upon the carbamate structure being intact. 
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Fig. 2. A metabolic pathway of aldicarb in cotton plants. 
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Table 3. Inhibition (ISOM) of three esterases separated by ammonium sulfate precipitation (20, 
50, 70% saturation) from Panagrellw redivivw. 

Enzvme fraction and substrate used 
70% 

20% 50% o-Methoxyphenyl 
Inhibitor Acetylcholinea Acetylcholinea acetateb 
Aldicarb 6.8 x 1.2 x 10-5 1.0 x 10-4 

Eserine 

Bidrin 
CH30"\ 7 3  7 ,CH3 

P-O-C = GC-N 

a 0.01 M acetylcholine used as  substrate 
b 0.001 M o-Methoxyphenyl acetate used as substrate 

Hydrolysis of carbamates and phosphates 
removes the portion of the molecule that  oc- 
cupies the esteratic site of AChE thereby 
precluding inhibition and thus toxicity (10,13). 
Figure 2 illustrates the metabolism of aldicarb 
in the cotton plant, which is fairly similar to 
metabolism in soil or other biological systems. 
All of the  carbamates ,  compounds wi th  
0zCNHCH3, are active insecticides-nemati- 
cides, and the other compounds are metabolites 
and are essentially inactive as  shown in Table 2. 

Spurr and Chancey (23,24) demonstrated the 
effectiveness of oxime carbamate nematicides 
to inhibit esterase enzymes using the free-living 
nematode Panagrellus redivivus as  a model. 
Three enzymes capable of hydrolyzing ester 
bonds were separated by ammonium sulfate 
fractionation from cell-free preparations and 
differed in substrate specificity and molecular 
w e i g h t .  T w o  o f  t h e  e n z y m e s  w e r e  
cholinesterases (acetylcholinesterase or cholin- 
esterase), and the other did not hydrolyze 
choline substrates but did hydrolyze aliphatic 

and aromatic esters. These enzymes were effec- 
tively inhibited by phosphate and carbamate in- 
secticides (Table 3). Aldicarb inhibited 
acetylcholine hydrolysis a t  150 = 6.5 X 10-6M, a 
concentration 1000 times less than that  required 
to inhibit this nematode in a water contact test 
(ED50 = 2.6 X 10-3M).  T h i s  f i n d i n g  
demonstrated the effectiveness of these struc- 
tures for the inhibition of esterase activity and 
their correlated toxicity to nematodes. 

The importance of the mode of action studies, 
such as  those on cholinesterase inhibition and 
associated behavioral changes, is often over- 
looked or not understood. These studies provide 
information on how the chemical structure 
relates to toxicity, enzyme inhibition, and 
behavior. Also, these studies provide informa- 
tion on how chemical structures can be modi- 
fied to improve penetration of the cuticle, 
overall inhibition, and finally the efficacy of 
nematicides.  Most s tud ies  of nematicide 
metabolism relate to studies of mode of action 
(1). This process in turn leads to following 



nematicidally active metabolites and their 
degradation or detoxification and integration 
into the environment after nematode control is 
achieved (25). Mechanisms other than enzyme 
inhibitions should also be considered and have 
not been studied in relation to nematicidal mode 
of action. A review of the fundamental princi- 
ples of toxicant-receptor interactions may 
provide the insight for future explorations in 
this area (12). 

SUMMARY AND CONCLUSIONS 
Modern nematicides must fulfill many re- 

quirements including the control of nematodes 
to be acceptable for widespread application. The 
knowledge generated by studies of chemistry 
and biology together can lead to many improve- 
ments in this important technology. The giant 
increase in nematode control, following the 
widespread introduction of fumigants in 1950 
and organic phosphates and carbamates in 1970 
can be matched by the development of sophisti- 
cated management techniques employing 
chemical tools. 

Even as  this report is being written, excite- 
ment is being generated by the results of a new 
class of insecticide-nematicide, the avermectins. 

They have demonstrated a broad spectrum of 
antihelmintic activity. Promising results for the 
control of root-knot nematodes have been re- 
ported (6,22). Avermectins, produced by the soil 
microbe Streptomyces avermitilis, block the 
transmission of electrical potentials between in- 
terneurons and excitatory motoneurons in the 
ventral nerve cord. They inhibit transmission 
between inhibitory motoneurons and muscle by 
opening the chloride channels on the mem- 
branes but have little effect on excitatory 
neuromuscular junctions. The block of inter- 
neuron to excitatory motoneuron transmission 
can be reversed by picrotoxin, a known gamma- 
aminobutyric acid (GABA) antagonist. Aver- 
mectins cause release of GABA from brain syn- 
aptosomes in rats (20). Interference with the 
chloride gate was observed by Fritz (5). 

Other potential control chemicals for the 
future also differ in mode of action from 
chemicals now in use. These include antifeed- 
ants, pheromones and other hormones. Their 
potential as  insecticides of the future is pre- 
sented in a review by Hummel (lo). The impor- 
t an t  role of chemicals for the control of 
nematodes will continue in the future. 
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Root knot incited by Meloidogyne spp. is a 
major problem particularly under tropical con- 
ditions. Its severity increases when susceptible 
crops are planted together or in succession in 
the same ground. The use of nematicides to con- 
trol root knot is well known. In many instances, 
however, cost of nematicides is beyond the 
means of the average crop grower. Consequent- 
ly, other methods of nematode control, in- 
cluding appropriate cropping systems should be 
identified to give the crop grower a range of op- 
tions for nematode management. 

In this paper, cropping system is defined as 
the sequence of growing crops along with the re- 
quired technologies for their production. 
Sequence can be of two kinds: spatial and 
temporal. 

SPATIAL CROP SEQUENCE AND ROOT- 
KNOT NEMATODE CONTROL 

Spatial sequence refers to the arrangement of 
different crop species in a piece of land. Such 
terms as mixed cropping, row intercropping and 
strip cropping connote such arrangment. Tem- 
poral sequence refers to distribution of crops 
over a period of time. Such terms as crop rota- 
tion, relay cropping, discontinuous planting and 
fallow rotation give connotation of this distribu- 
tion. 

Studies on crop diversity through mixed crop- 
ping and insect pest damage relationships are 
available (2,20,24). Similar work relating to 
nematodes are wanting. As is true with insect 
pests, a number of investigators have found 
reduced damage when root-knot-nematode 
susceptible hosts are mixed with other crops 
(4,7,8,13,19,26). Possible explanations for such 
reductions have also been offered. Intercropping 
with marigold (Tagetes sp.) adversely affected 
various nematodes, including Meloidogyne sp., 
that would have severely damaged susceptible 

hosts in mixtures. I t  was suggested tha t  
marigold acted as an antagonistic crop in that 
its roots released chemicals that repelled or 
killed nematodes (26). 

Hackney and Dickerson (8) recorded that the 
association of tomato (Lycopersicon sp.) with 
castor bean (Ricinus communis) resulted in con- 
siderable reduction in the number of galls in 
tomato. When tomato was associated with 
marigold or Chrysanthemum, however, i t  was 
apparent that tomato was the more hospitable 
crop as shown by the consistently larger galls 
compared with the galls on marigold and 
Chrysanthemum. The nematode-suppressing 
properties of marigold could have been due to 
nematicidal compounds like terthienyl (2,2', 5', 
2' thienyl) which have been claimed to be pre- 
sent on such plants (7). In interplanting studies 
by Choudhury (4), the number of root knots and 
mature females in the susceptible brinjal crop 
(Solanum melongena) was significantly fewer in 
plots planted with both brinjal and Tagetes than 
in plots where brinjal was grown alone. 

In crop association studies, i t  has been found 
that there is considerably less severe galling by 
M. incognita on potato (Solanum tuberosum) 
roots intercropped with onion (Allium sp.) and 
corn (Zea mays) compared with the galling 
found on potato alone (19). Potatoes intercrop- 
ped with corn have been found to be extremely 
vigorous with well-developed root systems. A 
possible physiological basis for this improved 
plant growth was offered by Midmore (13). 

The highly favorable environment for potato 
growth and development, which resulted from 
intercropping with corn, may have been respon- 
sible for the reduced root damage on potato. 
With optimum growth and a well-developed 
root system, chances for the nematodes to infect 
and establish themselves successfully were 
likely to have been remarkably reduced. 
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Composites of crops in the mixture determine 
extent of root-knot nematode damage. In the 
Ivory Coast, cassava is grown simultaneously 
along with other plants. In this way nematode 
attacks are not serious except when cassava 
(Muuihot esculenta) is grown mixed with 
suitable hosts such as okra (Abelmoschus 
escu1e)ltus) or eggplant (11). In the latter in- 
stance, a continuum of susceptible hosts are 
simultaneously present in the same ground thus 
resulting in the rapid spread of infection. 

TEMPORAL CROP SEQUENCE AND 
ROOT-KNOT NEMATODE CONTROL 
IN DEVELOPING COUNTRIES 

Crop rotation is the best known method of 
temporal sequence management to reduce 
damage by nematodes. The principle behind 
crop rotation is that nematode multiplication is 
restricted and damage correspondingly reduced 
when continuous cultivation of root-knot 
susceptible crops is avoided. 

Crop sequences which give good control of 
root-knot nematodes have been reported by 
various investigators. Smit and Bos (23) report- 
ed that wheat (Triticurrl sp.) and onion reduced 
high root-knot population levels when used a s  
rotation crops. Merny (12) mentioned that one 
year of tomato and two years of rice (Oryxrr 
scrtica) had  given effect ive cont ro l  of 
Meloidoyy~~e populations and facilitated com- 
mercial tomato production in Ivory Coast. 
Ogunfowora (17) stated that  inclusion of rice, 
maize, groundnut (Arachis hypogaen) and 
Sfy1oxn)tfhes in rotation sequences controlled 
root-knot nematodes and increased yields of the 
main crop, tomato. 

In croprotation trials in Senegal, it was found 
that a crop of peanut (groundnut) or strawberry 
(Fmgctric~ sp.) grown prior to tomato in soil 
heavily infested with root-knot nematodes 
greatly increased yields of tomato as compared 
to those of a previous crop of tomato (16). In the 
wet highlands of Sri Lanka, rotation of root- 
knot susceptible crops like tomato with leek 
( A  lliu ),I port-ti m )  reduces both M. incognita and 
M. jallu)~icu (22). Other crops are claimed to be 
effective in rotations in Sri Lanka, such as 
onion, groundnut and the legume, sun hemp 
(Crotolrr-iu jzi)tcea). Groundnut or corn in rota- 
tion with sweet potato decreased numbers of M. 
irtcognita to low levels in second rotation (3). 
Meanwhile, cabbage (Brussica oleracea capi- 
tctta) as a monocrop and groundnut/corn and 
sweet potato/cabbage as multicrops suppressed 
numbers of M. i)lcog?litn to low levels in the 
third rotation. Cabbage in rotation with corn, 

however, did not decrease the number of 
nematodes in the third rotation. 

In Indonesia, Widjaja and Windrich (27) have 
shown that marigold (Tngetes patula), Glycine 
ja ~nnica ,  Crotolarin usarrmoensis, corn and 
sweet potato (Ipomoea batatas) are useful 
plants for reducing Meloidogyne spp. density in 
the soil. For cereal-based cropping systems, the 
following crop sequences for root-knot 
nematode control are recommended in the 
Philippines: rice-mung bean (Phaseolus 
nureus) -corn-cabbage-r ice ,  r ice-tobacco 
(Nicotiann tobacum)-rice, rice-cotton-rice and 
rice-watermelon (Citmllus vulgaris)-rice (6). 
Myint (15) wrote tha t  kohlrabi (Brassica 
oleracen cauLorapa)-tomato-bitter gourd 
(Momordica charantiu)-sweet potato-tomato 
rotat ion dramatical ly reduced root-knot 
damage. 

On tobacco, Muro (14) reported that such 
crops as peanut, corn, wheat and Sorghum sp. 
when planted prior to tobacco significantly 
reduced the incidence of M. incognita. A similar 
observation was recorded by Cortado and 
Davide (5). In Chile, cultural rotation using 
grain crops such as wheat and corn have helped 
in reducing root-knot nematode populations in 
the soil (21). In Morocco, turnip and carrots 
have been reported to inhibit nematode devel- 
opment (1). 

From the foregoing studies, one can see that 
the use of crop rotation to control root-knot 
nematodes occurs worldwide. Most of the works 
cited involve planting of root-knot susceptible 
crops in alternate seasons with more resistant 
species. A rotation which seems to be quite com- 
mon is that of solanaceous crops with cereals. 

CONSIDERATIONS TO IMPROVE 
EFFICIENCY OF CROP 
ROTATION SYSTEM 

Good root-knot nematode control is one of 
several criteria for identification of useful crop 
rotation syst.ems. For the efficiency of the 
system to be increased, several factors should 
be understood thoroughly. Some of these in- 
clude: nematode interaction with other soil 
organisms (fungi, bacteria, viruses, other 
nematodes, etc.), the ability of such interaction 
to influence root-knot nematode development, 
and its direct or indirect damage on the rotation 
crops. It is not the purpose of this paper to 
describe such interactions which have already 
been covered in a number of publications 
(10,18,25). 

In addition to the effects of other soil 
organisms on root-knot nematodes, various 



other factors are equally important in the Effective Control of Other Pests 
development of efficient crop rotation systems. Various above-ground pests that can harm 
The factors that I consider to be of major impor- selected rotation crops are ever present. ~f 
tance are discussed in the following paragraphs. meaningful use of these crops is expected, effec- 
Usefulness of the Crop 

The crops in a rotation scheme should be of 
economic value to the user of the system. 
Marigold suppresses nematode multiplication, 
but it does not have economic value in the 
Philippines. Consequently, any rotation system 
with marigold as one of its components would 
not serve much use under conditions in the 
Philippines. On the other hand, marigold would 
be a welcome component if the system were 
used in Peru because anthocyanin is extracted 
from this crop and used as an ingredient for 
locally processed poultry feeds. 

A crop rotation utilizing different crop 
species could be a useful tool for root-knot con- 
trol for some growers. To others, however, rota- 
tions of varieties (of the same crop species) with 
different genes for resistance (gene rotation) 
could better serve their purpose. 

The gene rotation approach could be par- 
ticularly useful in places where monoculture is 
indispensable. In Nigeria, monocropping of 
tomato has aggravated damage by Melm'dogyne 
spp .  so  much t h a t  yields have declined 
remarkably (23). However, due to the high price 
of tomatoes, the growers were reluctant to plant 
other crops because even the low tomato yields 
gave them good economic returns. 

The concept of plant disease control through 
gene rotation relies heavily on the precise iden- 
tification of nematode race, pathotype or strain 
(9). Much work has been done on pathogenic 
variation among MeloidogyT~e species. It is 
known that variation exists within species. 
However, for the gene rotation approach to be 
used efficiently, much research is needed to 
clarify the na ture  and  origin of in t ra-  
Meloidogytle species variation. 

Adaptability of Crops to Local Environment 

A rotation crop not only should help reduce or 
stabilize nematode populations but also should 
yield satisfactorily. Local conditions including 
short day length, poor soil type and extremes of 
temperature are all detrimental for normal 
growth and development and hence adversely 
affect the yields of previously selected rotation 
crops. I t  is important, therefore, that  these 
crops should be grown in the field not only so 
their reaction to the nematode can be deter- 
mined but also their total adaptability to the 
local enviroment. 

tive control for such pests should be a t  hand. 
Planting rice to reduce Meloidogyne populations 
is meaningless if the rice plants are blighted by 
the blast fungus. Similarly, onion may inhibit 
root-knot nematodes, but the crop is of no use if 
it is killed by thrips. Likewise, poor ear forma- 
tion due to attack by maize streak virus could 
negate the usefulness of corn in a root-knot con- 
trol rotation scheme. 

Several below-ground pests, completely dis- 
tinct and unrelated to root-knot infection, can 
be highly devastating, and an effective method 
of control may or may not be available. Root- 
knot-resistant potato can be rendered unfit for 
use if the tubers are severely damaged by tuber 
moth. Likewise, garlic (A  lliunt sativum) could 
reduce root-knot damage but would be disad- 
vantageous as a rotation crop if Sclerotiun~ bulb 
rot were left uncontrolled. Root-knot-resistant 
tomato cultivars would be doubly useful if they 
were res is tan t  to t he  devas ta t ing  foliar 
pathogen Cludospom't~rn fulvurn. 

Applicability of Rotation Scheme to Local 
Conditions 

Rotation schemes incorporating a fallow 
period have been found effective against root- 
knot nematodes. This approach would be feas- 
ible were adequate land available. With the 
diminishing acreage of cultivable land, 
however, pressure to put every available area 
under cultivation continues. For this reason, the 
need to identify suitable cultivars to be used for 
either an inter-species or intra-species crop 
rotation scheme becomes even more acute. 

Certain crop rotation systems incorporate 
grass or weed fallow. The system would be at- 
tractive in localities where livestock form a part 
of the farming system. Otherwise, adoption of 
the rotation scheme is questionable. 

Availability of Resources to Meet Normal 
Growth Requirements of Rotation Crops 

Crops like rice need a lot of water; paddy rice 
requires more than upland rice. Such require- 
ments can be met in one of two ways: use of ar- 
tificial irrigation or dependence upon natural 
precipitation. Either of the two should appear 
certain before a decision is made in favor of in- 
cluding rice or other water-loving crops in a 
rotation cycle. Certain crops also have specific 
nutritional requirements. One should ensure 
that sources of such nutrients are guaranteed 
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before these crops are used in a rotation scheme. designed. What is good for the nematologist 
From the above, it is clear that the total may not be good for the agronomist or the 

physical and biological environment, as  well as economist. If the system evolves with a mul- 
the accompanying socio-economic forces, are of tidisciplinary approach, the likelihood of its be- 
utmost importance in designing meaningful ing adopted by the intended users is almost 
crop rotation systems. Disciplines must be in- certain. 
tegrated in order for such systems to be 
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SPECIFIC CROP ROTATION EFFECTS COMBINED 
WITH CULTURAL PRACTICES AND NEMATICIDES 

Superuisorg Research Plant Pathologist 
USDA-ARS 
Cocrstal Plain Experiment Stat ion 
Tifton. Georgia, USA 

Crop rotation is one of the oldest and most 
important methods for managing nematodes 
that  feed on roots of annual crop plants (5). 
Strategies utilizing crop rotations for managing 
nematodes are based on the resistance, suscep- 
tibility, or tolerance of crops to the predominant 
species of pathogenic nematodes in a specific 
area. In an optimum crop rotation system, the 
preceding crop prevents damage to the follow- 
ing crop by the target nematode species and 
suppresses the nematode population without in- 
creasing other species of nematodes that  may be 
parasitic to the future crop. Other species of 
nematodes that might cause economic damage 
under a favorable crop rotation system also 
must be considered. For example, corn (Zea 
mays) will suppress populations of the northern 
root-knot nematode (Meloidogyne hapla), 
whereas population densities of some other 
root-knot, stubby-root, lesion, sting, lance, and 
ring nematodes may increase when corn is plan- 
ted frequently. Severe crop damage may result 
from certain nematodes when susceptible crops 
are monocultured too frequently or when a rota- 
tion system with nonhost or poor-host crops is 
too short. Although investigations of crop rota- 
tion systems continue, our knowledge of their 
effects on nematode population dynamics is ad- 
vanced enough for making management recom- 
mendations. Numerous cropping systems for 
managing nematodes have been reviewed (5, 6, 
20, 23-25, 29). 

Integrated pest management (IPM) programs 
use a variety of tactics to manage one or more 

'All research on intensive cropping systems mentioned in 
this paper was conducted cooperatively with Dr. C. C. 
Dowler, Dr. N. C. Glaze. Dr. D. R. Sumner, and Dr. R. B. 
Chalfant a t  the Coastal Plain Experiment Station, Tifton, 
Georgia. 

pests. The objective of coordinating different 
tactics to manage plant pests increases the ef- 
ficient production of food and fiber while reduc- 
ing the overall unfavorable effects of the 
various practices. IPM systems vary with pests, 
crops, locations, and producers; recommenda- 
tions may vary for a given crop a t  a given loca- 
tion because of changes in pests, management 
techniques, weather conditions, and economic 
circumstances. Thus, IPM is a complex, 
dynamic group of practices that  defies precise 
description (4). Integrated pest management is 
rapidly becoming accepted as a crop production 
system that integrates methodologies across 
crop production disciplines in a fashion that is 
compatible with the crop production system. 
Therefore, IPM could also mean "integrated 
production management." Although much has 
been written and spoken about integrated con- 
trol and pest management (I), little information 
is currently available on integrated manage- 
ment of nematodes by means of specific crop 
rotations, cultural practices, nematicides, and 
other parameters (2, 4, 5, 9-11, 13, 14, 18, 26, 28, 
29). 

Intensive cropping is feasible in the southern 
United States because of the long growing 
season; thus many farmers produce two or three 
crops each year on the same land area (intensive 
or multiple-cropping) to maximize utilization of 
the land, resources, and profits. However, little 
is known about the effects of intensive cropping 
on nematode populations. 

1. A STUDY USING EIGHT CROPS 
PLANTED IN SIX ANNUAL 
CROPPING SEQUENCES 
Materials and Methods 

In a 4-year study (1971-1974), various com- 

PREVIOUS PAGE BLANK 
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binations of eight crop plants were grown in six 
annual intensive cropping systems on plots of 
Tifton, Carnegie, and Dothan loamy sands 
(about 76% sand, 16% silt, and 9% clay, pH 6.0- 
6.7, OM< 1%). The soils were naturally infested 
with mixed populations of Meloidogyne 
incognita (Kofoid & White) Chitwood (90%) and 
M. hapla Chitwood (10%); Pratylenchus zeae 
Graham (85%) and P. brachyums (Godfrey) 
Filip. & Sch.-Stek. (15%); Paratrichodoms 
minor (Colbran) Siddiqi, Macroposthonia ornata 
(Raski) De Grisse & Loof, and Helicotylenchus 
dihystera (Cobb) Sher. Only data related to 
Meloidogyne spp.  a r e  presented in th i s  
manuscript. Data on other nematodes have been 
published (14). 

The land had been in cultivation more than 30 
years, primarily with corn, tobacco, soybean, 
and small grain. A split-split-plot randomized 
complete-block design of 5 replications was 
used. Whole plots included the following six an- 
nual cropping systems: turnip-corn-snap bean 
(T-C-SNB); turnip-peanut-snap bean (T-P- 
SNB); turnip-corn-turnip (T-C-T); turnip- 
peanut-turnip (T-P-T); snap bean-soybean- 
cabbage (SNB-SB-CB); and turnip-cucumber- 
southern pea-turnip (T-CU-SP-T). The crops, 
cultivars, and planting dates are listed in Table 
1. Crops in each system were grown in the same 
plots from February 1971 through January 
1975. Subplots included nematicide vs. no 
nematicide, and sub-subplots included herbicide 
vs. cultivation. 

The  nemat ic ide  0 - e t h y l  8 , s - d i p r o p y l  
phosphorodithioate (ethoprop 10G) was applied 
overall (9 kg a.i./ha) during the spring just prior 
to planting corn, peanut, snap bean, or cucum- 
ber. It was incorporated immediately into the 
top 15 cm of soil with a tractor-mounted 
rototiller. The herbicides applied to all crops are 
listed in Table 2. Each pesticide treatment and 
cropping system was maintained on the same 
sub-plot for the duration of the experiment. 

The soil was disk-harrowed and turned 25-30 
cm deep with a moldboard plow after each crop 
was harvested. The following crop was planted 2 
to 7 days after incorporating residue from the 
preceding crop. Plots were clean-fallowed after 
the fall crops of snap bean (90 days) and turnip 
(60 days) were harvested. 

Soil samples (20 cores, 2.1 by 20 cm) contain- 
ing both rhizospheric and nonrhizospheric soil 
were collected monthly from within the rows of 
plants beginning February 1971 and extending 
through January 1975 (except during December 
1971, January and December 1972, and January 
1973) for information on nematode population 

dynamics. The soil from each plot was mixed 
thoroughly, and a 150-cm3 aliquant was 
processed by a centrifugal-flotation method (7) 
to separate nematodes from the soil. 

At harvest, 20 plants were removed from each 
plot, except those planted to corn and peanut, 
and rated on a scale of 1 to 5 for percentage of 
roots galled by root-knot nematodes, as  follows: 
1 = no galling, 2 = 1-25, 3 = 26-50, 4 = 51-75, 
and 5 = 76-100%. Turnip, corn, soybean, peanut, 
snap bean, and southern pea were harvested 
mechanically, and cucumber and cabbage were 
hand-harvested. Yields were recorded in 
kilograms per hectare. 

The experimental variables used in this study 
were limited to ethoprop vs. no nematicide, her- 
bicides vs. cultivation, and cropping systems. 
The effects of herbicides on nematode popula- 
tions and crop response are not included in this 
paper. 

Results and Discussion-1971-1974 
Population densities of root-knot nematodes 

were influenced by different cropping systems 
and crops within each system (Figs. 1, 2). The 
greatest numbers occurred in the SNB-SB-CB 
and T-CU-SP-T systems. Numbers of root-knot 
nematodes in the SNB-SB-CB system were 
greatest on soybean in October of each year. 
Numbers of these nematodes on snap bean were 
low to moderate (< 130/150 cm3 soil). Applica- 
tion of ethoprop immediately before snap bean 
was  planted did not  suppress  root-knot 
nematodes or prevent increase of nematode 
populations on succeeding crops. Cabbage sup- 
ported low numbers (< 130/150 cm3 soil) of 
root-knot nematodes. 

Numbers of these nematodes in the T-CU-SP- 
T sequence were greatest in July and August of 
each year on southern pea following cucumber 
and lowest following the two consecutive crops 
of turnip. Application of ethoprop immediately 
before cucumber was planted caused a signifi- 
can t  reduction in numbers  of root-knot 
nematodes in plots planted to southern pea in 
1971 and 1972, but not in 1973 and 1974. Popula- 
tion densities of root-knot nematodes in the T- 
GSNB and the T-C-T systems did not exceed 
140/150 cm3 soil during 1971 and 1972, but they 
increased rapidly to near 700/150 cm3 soil on 
corn in August in 1973 and 1974 in both crop- 
ping systems and to 850/150 cm3 soil on snap 
bean following corn in 1973. Population den- 
sities of these nematodes were near or below 
detectable levels in the T-P-SNB and T-P-T 
systems on most sampling dates. 

Root-galling of crops in the T-C-SNB, T-P- 



Table 1. Cultivars and planting dates for crops in intensive cropping systems, 1971-74. 

C ~ O D  Cultivar 197 1 1972 1973 1974 
Turnipa 

Spring 
Fall 

Snap bean 
Spring 'GV50' 
Fall 'GV50' 

Corn 'Funks (34761' 
Peanut 'Tifspan' 
Soybean 'Davis' 
Cucumber 'Chipper' 
Cabbage 'Market Prize' 

Feb. 
Sept. 

Mar. 
Sept. 
Apr.! 
Apr. 
June 
Apr. 
Oct. 

18 Feb. 
9 Sept. 

18 Mar. 
8 Sept. . , 

la . 

10 Apr. 
1 May 

12 Apr. 
25 Nov. 

Feb. 
Sept. 

Mar. 
Sept. 
Apr. 
Apr. 
June 
Apr. 
Oct. 

Feb. 26 
Sept. 19 

Mar. 20c 
Sept. 18 
Apr. 10 
Apr. 10 
June 20 
Apr. 24 
Oct. 25 

Southern pea 'Pinkeye Purple Hull' June 30 June 14 June 20 June 20 

a The following cultivars were used in spring and fall crops: 'Purple Top' and 'White Globe', 1971-72; 'Shogoin', 1973-74. 
b Replanted A&. 18 
c Replanted Apr. 23 
d Replanted May 1. 

Table 2. Common and chemical names, rate and method of application for herbicides used on 
various crops in intensive cropping systems-1971-74. 

Rate 
crop Common name Chemical (kg-a.i./ha) Methodof application 
Corn butylate S-ethyl diisobutylthio- 3.36 inject a t  planting 

carbamate 
atrazine + 2-chloro-4-(ethylamin0)-6- 1.68 overtopof 10-cm tallcorn 

phytoblendoil (isopropy1amino)-s-triazine 
ametryne 2-(ethylamin0)-4-(isopropyl- 1.12 as directedpostemergence 

amino)-6-(methy1thio)-s- spray in nitrogen solution 
triazine 6weeksafterplanting 

Peanut benefin N-butyl-N-ethyl-a,a,a- 1.4 preplan t incorporated 
trifluoro-2,6-dinitro-p- 
toluidine 

vernolate S-propyldipropylthio- 
carbamate 

2.24 injectat planting 

dinoseb 2-sec-butyl-4,6-dinitrophenol 0.56 over topof crop as five 
repeated sprays 

Soybean vernolate S-propyl dipropylthio- 2.24 inject a t  planting 
carbamate 

chloroxuron 3-[p-(p-chlorophenoxy) 1.12 directed spray to8-cm 
phenyll-1,l-dimethylurea tall soybean 

dinoseb 2-sec-butyl-4,6-dinitrophenol 0.56 directedspray to 15-20-cm 
tall soybean 

linuron 3-(3,4-dichloropheny1)-1- 1.12 directedspray to38-cm 
methoxy-1-methylurea tall soybean 

Turnip DCPA dimethyl tetrachlorotereph- 8.96 preemergence 
thalate 

Southernpea trifluralin a,a,a-trifluoro-2,6-dinitro- 0.56 preplant incorporated 
&snapbean dinoseb N,N-dipropyl-p-toluidine 

2-sec-butyl-4,6-dinitrophenol 1.68 a t  groundcracking 
Cabbage DCPA dimethyl tetrachlorotereph- 8.96 at transplanting 

thalate 
Cucumber nitralin 4-(methylsulfonyl)2,6-dinitro- 0.84 premergence + irrigation 

N,N-dipropylaniline 
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T I M E  OF S A M P L I N G  
Fig. 1. Effect of four intensive cropping systems on population densities of Meloidogyne spp. a s  determined a t  

monthly intervals for 4 years. A = L.S.D. 0.05 for different cropping systems on the same sampling date. B 
= L.S.D. 0.05 for the same cropping system on different sampling dates. T, C, SNB, SB, CB, CU, SP, and F 
= turnip, corn, snap bean, soybean, cabbage, cucumber, southern pea, and fallow, respectively. 



I I 1 I I I 1 I I I I I 

l3-4 T-C-SNB 
- * T-C-T - 

- - 

- - 

- - 

- - 

- - 

- - 
+ F - T - C U S N B - F -  
C - - F - T - C A T - F  
+CB-F+SNB-SB-cB 
+ F L T - C U - S - T L F -  
I I I I I I I I I I I I 

J F M A M J J A S O N D  

T I M E  SAMPL I NG 

Fig. 2. Effect of four intensive cropping systems on population densities of Meloidogyne spp. as determined by 
plotting means of five replicates for each month over 4 years. A = L.S.D. 0.05 for different cropping systems 
on the same sampling date. B = L.S.D. 0.05 for the same cropping system on different sampling dates. 
T, C, SNB, SB, CB, CU, SP, and F = turnip, corn, snap bean, soybean, cabbage, cucumber, southern pea, 
and fallow, respectively. 

SNB, T-C-T, T-P-T, and SNB-SB-CB systems 
was not affected significantly by ethoprop. 
Root-gall indices of cucumber in the T-CU-SP-T 
system were lower each year in ethoprop- 
treated plots than in untreated plots (Table 3). 
Root-gall indices of southern pea following 
cucumber in plots treated with ethoprop were 
lower than those in untreated plots in 1971 and 
1972, but not in 1973 and 1974. 

Data from sub-plots (nematicide vs. no 
nematicide) indicate that  an annual application 
of ethoprop before corn, peanut, and snap bean 

were planted did not increase yields of these 
crops or succeeding crops (Table 4). Yields of 
snap bean in the SNB-SB-CB system were lower 
in ethoprop-treated plots than in untreated 
plots in 1972, but yields were not affected by the 
nematicide during the other three years. Yield 
of cucumber in the T-CU-SP-T system was 
higher each year in ethoprop-treated plots than 
in untreated plots, but yields of succeeding 
crops were not affected by the nematicide 
(Table 5) .  

Application of ethoprop before corn, peanut, 
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Table 3. Effect of ethoprop on root-gall indices for a turnip-cucumber-southern pea-turnip crop- 
ping system, 1971-74. 

Root-gall indicesa 
Nernaticide Southern Southern 
treatrnentb Turnip Cucumber pea Turnip Turnip Cucumber pea Turnip 

1971 1972 

No 1.02 2.01 a 2.41 a 1.09 1.00 2.92 a 2.30 a 2.32 
Yes 1.02 1.15 b 1.57 b 1.05 1.00 1.39 b 1.41 b 1.80 

1973 1974 

No 1.35 a 3.02 a 2.50 1.11 1 .OO 2.28 a 2.51 1.12 
Yes 1.09 b 1.76 b 2.19 1.21 1.00 1.33 b 2.37 1.09 

a Root-gall index on 1-5 scale: 1 = nogalling, 2 = 1-25%, 3 = 26-50%,4 = 51-75%, and 5 = 76-100% rootsgalled. Means followed by un- 
like letters are significantly different (P = 0.05) according to Duncan's multiple-range test. Absence of letters indicates non- 
significance. 

b Ethoprop 10G was applied (8.96 kga.i./ha) and incorporated into the soil 15cm deepwith a tractor-powered rototiller just before 
planting cucumber each year. Ethoprop was not applied before planting other crops. 

and snap bean were planted did not suppress 
nematode popualtions consistently during the 
season or increase yields. These results indicate 
that the nematode populations were below the 
threshold level or that ethoprop was not lethal 
to the nematodes. Rohde e t  al. (22) reported that  
numbers of M. incognita in the turnip-field 
corn-southern pea cropping system were not 
suppressed on field corn and southern pea when 
treated with ethoprop (8.96 kg a.i./ha). 

Numbers of M. incognita juveniles in plots 
following fall and spring turnip were near or 
below detectable levels when cucumber was 
planted; however, application of ethoprop con- 
sistently reduced root-galling in cucumber and 
increased yields 85% (range 50-118%). We con- 
clude that  a single application of ethoprop (8.96 
kg a.i./ha) before planting a tolerant crop (corn) 
or a nonhost crop (peanut) to M. incognita is not 
beneficial for control of nematodes and does not 
improve yields when numbers of M. incognita 
juveniles in the soil are less than 25/150 cm3 soil 
a t  time of planting. However, with similar 
nematode inoculum levels, a single application 
of the nematicide before planting a susceptible 
crop (cucumber) to M. incognita will provide 
~rotect ion from root-knot nematodes and in- 
crease yields. 

The lack of residual nematode control by 
ethoprop in succeeding crops was expected. We 
previously reported that  ethoprop is not a per- 
sistent chemical in Coastal Plain soils and that  
the half-life ranges from 3 to 15 days under field 
conditions (22). 

Table 6 lists the suitability ratings, based on 
the nematode population data in Figures 1 and 
2, of each intensive cropping system for use in 
suppressing populations of M. incognita. The T- 

Y-SNB and T-P-T systems were rated good 
because numbers of M. incognita juveniles in 
the soil were less than 140/150 cm3 soil on all 
sampling dates. The T-C-SNB and T-C-T 
systems were rated good/poor because numbers 
of M. incognita increased with time in both 
cropping systems. Numbers of M. incognita 
juveniles in the T-GSNB and T-C-T systems 
were less than 140/150 cm3 soil on all sampling 
dates through June 1973 but were above 420/150 
cm3 soil in 1973 and 1974. Both SNB-SB-CB and 
T-CU-SP-T systems were rated poor because 
numbers of M. incognita juveniles exceeded 
420/150 cm3 soil on soybean and southern pea, 
respectively. These results demonstrate the 
value of integrating nonhost crops (peanut) and 
poor hosts (turnip) with susceptible crops 
(cucumber, soybean) to  minimize damage 
caused by root-knot nematodes. Different pop- 
ulations of M. incognita and cultivars of plants 
may respond differently than reported in this 
manuscript. 

2. A STUDY USING THREE MULTI- 
CROPPING SYSTEMS AND 
FOUR NEMATICIDE TREATMENTS 
UNDER IRRIGATION 

Materials and Methods 
Nematode populations were studied in an in- 

tegrated pest management program under 
irrigation with three intensive multi-cropping 
systems and four nematicide treatments. Plots 
were established in September 1974 on Tifton 
sandy loam (75% sand, 10% silt, 15% clay) 
naturally infested with root-knot nematodes, 
Mehdogyne spp. (ca. 90% M. incognita (Kofoid 
& White) Chitwood and 10% M. hapla  



Table 4. Effects of ethoprop on yields (kg/ha) of crops, 1971-74. 

197 1 yield 1972yieldc 
Nematicidea Turnip Corn Snap bean Turnip Corn Snap bean 

No 18804 8788 2474 14943 7374 3135 
Yes 18316 8382 2401 14879 8128 3058 

No 
Yes 

Turnip Peanut Snapbean Turnip Peanut Snap bean 

17953 1932 2468 14360 824 3223 
17112 2172 2358 13215 1011 3372 

No 
Yes 

Turnip Corn Turnip Turnips Corn Turnip 

17529 8946 22409 14543 8039 23107 
18179 9068 20829 15388 8793 24214 

No 
Yes 

No 
Yes 

Nematicidea 

No 
Yes 

Turnip Peanut Turnip Turnip Peanut Turnip 

17331 1770 22673 13618 1111 24703 
17712 2087 22787 13093 1221 23478 

- - - 

Snapbean Soybean ~abbageb 

5658 3163 -- 
4954 3102 -- 

1973 yield 

- - 

Snapbean Soybean Cabbage 

3852 a 1044 2663 a 
2469 b 790 2318 b 

1974yield 

Turni~  Corn S n a ~  bean Turnip Corn Snap beand 

14061 6475 -- 

14799 7210 -- 

No 
Yes 

No 
Yes 

- 

Turnip Peanut Snap bean Turnip Peanut Snap bean 

7192 659 1504 14719 1082 -- 
9248 738 1443 13987 946 -- 

Turnip Corn Turnip Turnip Corn Turnip 

8931 6747 11786 12902 6545 9986 
9123 7174 9492 12709 6946 11380 

Turnip Peanut Turnip Turnip Peanut Turnip 
No 7107 1138 11356 9083 1302 9120 
Yes 6460 1346 10855 9986 1290 7006 

Snapbean Soybean Cabbage Snap bean Soybean Cabbage 

No 3093 1306 -- 1436 1391 31424 
Yes 3215 1202 -- 1119 1278 30374 

a Ethoprop 10Gwasapplied (8.96 kga.i./ha) and incorporated into thesoil 15cm deep with a tractor-powered rototiller just before 
planting corn, peanut, and the spring crop of snap bean each year. Ethoprop was not applied before planting other crops. 

b Crop destroyed by freeze in 1971 and 1973. 
c Means followed by unlike letters are significantly different (P = 0.05) according to Duncan's multiple range test. Absenceof let- 

ters indicates nonsignificance. 
d No snap bean yield data available for 1974. 

Chitwood); lesion nematodes, Pratylenchus spp. 
(ca.65% P. scribneri Steiner, 25% P. brachyurus 
(Godfrey) Filip. & Sch.-Stek., and 10% P. zeue 
G r a h a m ) ;  s t u b b y - r o o t  n e m a t o d e s ,  
Paratrichodorus minor (Colbran) Siddiqi; ring 
nematodes, Macroposthonia omata (Raski) De 
Grisse  & Loof; and sp i r a l  nematodes ,  
Helicotylenchus dihystera (Cobb) Sher. Soil pH 

was maintained between 6.0 and 6.7 a s  
measured in a saturated paste. Each plot con- 
tained three beds of 1.8 x 7.6 m. The experimen- 
tal design was a split-plot in strips with treat- 
ments replicated six times. Treatments are 
referred to as 1) MBR-CP, 2) maximum, 3) op- 
timum/as needed, and 4) minimum, respec- 
tively. 
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Table 5. Effects of ethoprop on yields (kg/ha) of crops, 1971-74. 

Nematicide Southern Southern 
treatments Turnip Cucumber pea Turnip Turnip Cucumber pea Turnip 

1971 yieldb 1972 yield 

No 16007 6024 b 4170 17168 12358 3519 b 1120 15795 
Yes 16458 9035 a 3892 1829 1 13147 7679 a 1410 22121 

1973 yield 1974 yield 

No 8483 5024 b 1707 9331 9074 4502 b 842 7531 
Yes 7028 10123 a 1901 7875 8723 8390 a 814 9147 

a Ethoprop 10G was applied (8.96kga.i./ha)and incorporated into thesoil 15cm deep with a tractor-powered rototiller just before 
planting cucumber. Ethoprop was not applied before planting other crops. 

b Means followed by unlike letters are significantly different (P = 0.05) according to Duncan's multiple-range test. Absence of let- 
ters indicates nonsignificance. 

Table 6. Suitability ratings of cropping sys- maintained by the application of herbicides 
t ems  for use  in  m a n a g i n g  and insecticides on each crop. 
Meloidogyne incognita popula- 3) As NEEDED (ETHOPROP/FENAMIPHOS) Etho- 
tions, 1971-74. prop was applied before planting each crop 

- - - - -  

Cropping Ratings based on numbers of 
systema nematodes/l50cm%oilb 
T-GSNB Goodc, ~ o o r d  
T-P-SNB Good 
T-GT Goodc, Poord 
T-P-T 
SNB-SB-CB 
T-CU-SP-T 

Good 
Poor 
Poor 

a T, C, SNB, P, SB, CB, CUand SP = turnip, corn, snap bean, 
peanut, soybean, cabbage, cucumber, and southern pea, 
respectively. 

b Good = < 140; Fair = 140-420; Poor = > 420. 
C Suitability rating for 1971-72. 
d Suitability rating for 1973-74. 

~ ) M B R - C P  Between 14 November and 8 
February each year, soil was treated with 
98% methyl bromide + 2% chloropicrin 
(MBR-CP), 392 kg/ha injected 25 cm deep 
with chisels 20 cm apart. The soil surface 
was shaped with a bedding attachment, and 
covered with black polyethylene (152 pm 
thick) for 48 hours. No other soil pesticides 
were applied, and weeds were removed by 
hand in each crop. 

2) MAXIMUM (DD-MENCS) Soil was fumigated 
between 14 November and 17 December each 
year with 20% methyl isothiocyanate + 80% 
chlorinated C3 hydrocarbons (DD-MENCS), 
376.3 kg/ha, by the same methods described 
for MBR-CP, except plots were not covered 
with plastic. Ethoprop (8.96 kg a.i./ha) was 
applied by spreading granules on the soil 

from 1975-1978 when numbers of root-knot 
nematode juveniles in the plots exceeded 
25/150 cm3 on the preceding crop, and 
fenamiphos (8.96 kg a.i./ha) was used in a 
similar manner in 1979 and 1980. Herbicides 
and cultivation and insecticides were used as ~ ~ ~ - 

needed for weed and insect control. 
4) MINIMUM (NO NEMATICIDES) Pesticide usage 

was limited. Nematicides were not used. One 
herbicide and cultivation were used on each 
crop to control weeds, and insecticides were 
applied a s  determined by scouting reports. 

The three cropping systems evaluated were: 
1) Turnip-Peanut-Cucumber-Turnip-Cucumber- 
Soybean (T-P-CU-T-CU-SB); 2) Sweet corn- 
Soy bean-Wheat-Soybean-Spinach (SC-SB-W- 
SB-S); and 3) Turnip-Field corn-Southern pea 
(T-FC-SP). The first two systems were two-year 
cycles, and the last cropping system was a one- 
year cycle. The crops, cultivars, and planting 
dates are listed in Table 7. 

The soil was assayed monthly for plant- 
parasitic nematodes during the six years. 
Twenty cores of soil, 2.5 x 15 cm deep, were 
collected from each subplot, composited, and 
thoroughly mixed. A 150-cm3 sample was 
processed by the centrifugal-flotation method 
(7). Plant roots of most crops were examined for 
galls induced by root-knot nematodes (M. 
irzcoy~zita or M. hapla) one month after planting 
and after harvest each year. Twenty plants 
selected a t  random were uprooted and rated for 
galls on a 1-5 scale as  described earlier. 

surface and incorporating them 15 cm deep 
with a tractor-driven rototiller before Results and Discussion 
planting each crop in 1975 and 1976. A max- Numbers of root-knot nematode juveniles 
imum control of weeds and insects was were lowest in the SC-SB-W-SB-S cropping 



Table 7. Cultivars and planting dates for crops in intensive cropping systems, 1975-80. 

Plantingdate 
C~OD Cultivar 1975 1976 1977 1978 1979 1980 

Turnip 'Shogoin' 26Feb. 13Feb. 22Feb. 15Feb. 
Peanut 'Florunner' 23Apr. -- 15Apr. -- 
Cucumbers 16Sept. 5Apr. 2Sept. 17Apr. 
Soybean 'Coker' 136 17June 4June 14June 9June 
Sweet corn 'Merit' 21Mar. -- 28Mar. -- 
Wheat 'Oasis' 12Nov. -- 2Nov. -- 
Spinach 'Grandstand' -- 290ct.  -- 170ct .  
&rnb 23Apr. 2Apr. 15Apr. 12Apr. 
Southern peac 21Aug. 10Aug. 10Aug. 9Aug. 
a 'Chipper' (1975-78) and 'Lipso' (1979-80) 
b 'Pioneer 3369A' (1975-78) and 'Funk's 4507' (1979-80). 
c 'GA 226' (1975, 1976), 'Pinkeye Purple Hull' (1977, 1978), and 'Worthmore' (1979-80). 

15Feb. 20Feb. 
10Apr. -- 
7Sept. 25Apr. 

18 June 17 June  
2Apr. -- 

290ct.  -- 
-- 150ct.  
11Apr. 25Apr. 
8Aug. 14Aug. 

system, intermediate in the T-P-CU-T-CU-SB 
system, and highest in the T-FC-SP system 
(Fig. 3A-C). Root-knot nematodes increased 
more on soybean than on other crops in the SC- 
SB-W-SB-S system. 

Numbers of M. hapla juveniles increased on 
peanut in the T-P-CU-T-CU-SB system (Fig. 4). 
Generally, numbers of nematodes were highest 
on peanut in August or September and declined 
to near or below detectable levels on cucumber 
following turnip. 

Numbers of Meloidogyne incognita increased 
on corn in August and on Pinkeye Purple Hull 
southern pea in October or November in the T- 
F G S P  system (Fig. 5). Numbers of these 
nematodes were greater on Pinkeye Purple Hull 
than on Worthmore southern pea (Fig. 6). Tur- 
nip, wheat, sweet corn, and spinach were poor 
hosts for M. incognita and M. hapla. 

Numbers of M. incognita a n d  M. hapla i n  
plots treated with MBR-CP and DD-MENCS 
were near or below detectable levels on turnip 
and corn, but increased rapidly on southern pea 
following corn. Numbers of nematodes in plots 
treated with ethoprop on an a s  needed basis 
were not different (P = 0.05) from those in un- 
treated plots on most sampling dates; however, 
numbers of nematodes in plots treated with 
fenamiphos were similar to those in plots 
treated with MBR-CP and DD-MENCS (Fig. 7). 

Root-gall indices of turnip, soybean, and 
Worthmore southern pea were low in all plots 
(Table 8). Root-gall indices of peanut, cucumber, 
spinach, and Pinkeye Purple Hull southern pea 
were lower in plots treated with MBR-CP and 
DD-MENCS than in other plots. 

Average yields across all crops in all cropping 
systems from plots treated with MBR-CP, DD- 
MENCS, and ethoprop/fenamiphos were 47%, 
14%, and 1% greater, respectively, than yields of 

crops from untreated plots. Average yields 
across all crops within the various cropping 
systems from plots treated with MBR-CP, DD- 
MENCS, and ethoprop/fenamiphos, respec- 
tively, were greater than those from untreated 
plots as follows: T-P-CU-T-CU-SB, 87%, 21%, 
and 1%; SC-SB-W-SB-S, 15%, 4%, and 1%; and 
T-FC-SP, 29%, 16%, and 1% (Table 9). 

Economic da ta  including gross and net 
returns and pesticide costs are presented in 
Table 10. Based on net returns, MBR-CP and 
DD-MENCS were not economically feasible. 
Ethoprop/fenamiphos was not feasible on the 
T-P-CU-T-CU-SB system but was on the SC-SB- 
W-SB-S and T-FC-SP cropping systems. The 
greatest net return in each of the three cropping 
systems resulted when no nematicides were ap- 
plied. The net returns per year varied among 
and within cropping systems. The least net 
r e t u r n  f o r  t h e  t h r e e  c ropping  s y s t e m s  resu l ted  
from the T-C-SB system, and the greatest net 
return resulted from the T-FC-SP cropping 
system (Table 11). 

In summary, the low numbers of M. incognita 
in the SC-SB-W-SB-S cropping system were ex- 
pected. Sweet corn supports low (0 to 50/150 
cm3 soil) numbers of M. incognita, but in other 
tests, yield (weight, number of ears, and weight 
per ear) has not been inversely correlated with 
numbers of M. incognita juveniles in the soil (8). 
'Coker 136' soybean is resistant to M. incognita 
(19). Spinach (27) and wheat (21) are poor hosts 
for M. incognita when soil temperatures are less 
than 18°C. 

The increase of M. h a p h  on peanut in the T-P- 
CU-T-CU-SB sequence was unexpected because 
only M. incognita had been identified from these 
plots previously. Yields of the second crop of 
peanut were reduced 51% when M. hapla was 
not controlled. 
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Fig. 3 A-C. Effect of four pest management levels on population densities of Meloidogyne spp. in three intensive 
cropping systems: 3A) SC-SB-W-SB-S = sweet corn-soybean-wheat-soybean-spinach; 3B) T-P-CU-T- 
CU-SB = turnip-peanut-cucumber-turnip-cucumber-mybean; 3C) T-FC-SP-F = turnip-field corn- 
southern pea-fallow; A = L.S.D. 0.05 for different pest management levels on the same sampling date; 
B = L.S.D. 0.05 for the same pest management level on different sampling dates; MBR-CP = 98% 
methyl bromide + 2% chloropicrin, 392 k g h a  injected 25 cm deep into the soil with chisels 20 cm apart, 
applied in November or December each year; Maximum = DD-MENCS, 376.3 k g h a  applied in 
November or December each year plus ethoprop, 8.96 kg a.i./ha applied by spreading granules on the 
soil surface and incorporating 15 cm deep with a tractor-driven rototiller before planting each crop in 
1975 and 1976. After 1976 the application of ethoprop was discontinued; As Needed = ethoprop was ap- 
plied a s  described above before planting each crop from 1975-1978 when numbers of root-knot 
nematode juveniles in the soil exceeded 25/150 cm3 soil on the preceding crop and fenamiphos (8.96 
a:i./ha) was used in a similar manner in 1979 and 1980; and Minimum = control, nematicides were not 
used. 
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Fig. 4. Effect of three intensive cropping systems on population densities of Meloidogyne spp.: T-P-CU/T-CU-SB 
= turnip-peanut-cucumber/turnip-cucumber-soybean; SC-SB-W/SB-S = sweet corn-soybean- 
wheat/soybean-spinach; and T-FC-SP = turnip-field corn-southern pea. Curves for Meloidogyne spp. were 
obtained by plotting means of six replicates for each month over six years. 
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Fig. 5. Effect of three levels of pest management on population densities of Meloidogyne spp. in a turnip (T)-field 

corn (FC)-southern pea (SP) cropping system: Standard = 98% methyl bromide + 2% chloropicrin, 392 
kg/ha injected 25 cm deep into the soil with chisels 20 cm apart applied in November or December each 
year; Maximum = DD-MENCS, 276.3 kg/ha applied in November or December each year plus ethoprop, 
8.96 kg a.i./ha applied by spreading granules on the soil surface and incorporating 15 cm deep with a 
tractor-driven rototiller before planting each crop in 1975 and 1976. After 1976, the application of ethoprop 
was discontinued; Minimum = control, nematicides were not used. Curves for Meloidogyne spp. were ob- 
tained by plotting means of six replicates for each month over six years. 
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Fig. 6. Effect of two cultivars of southern pea on population densities of Meloidogyne spp. in a turnip (T)-field corn 
(FC)-southern pea (SP) intensive cropping system: 'Pinkeye Purple Hull' (susceptible) and 'Worthmore' 
(resistant). Curves for Meloidogyne spp. were obtained by plotting means of six replicates for each month 
over four years for 'Pinkeye Purple Hull' and two years for 'Worthmore.' 
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Fig. 7. Effect of ethoprop (8.96 kg a.i./ha) and fenamiphos (8.96 kg a.i./ha) on population densities of 
Meloidogyne spp. in a turnip (T)-field corn (FC)-southern pea (SP) intensive cropping system. Curves for 
Meloidogyne spp. were obtained by plotting means of six replicates for each month over four years for 
ethoprop vs. minimum (1975-1978) and two years for fenamiphos vs. minimum (1979-1980). Minimum = 
control, nematicides were not used. 
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Table 8. Effect of intensive cropping and nematicides on root-gall indices of crops, 1975-1980. 

Root-gall indicesb within each c r o ~ ~ i n g  ssstemc 
Pest 
management 
levela Turnip Peanut Cucumber Turnip Cucumber Soy bean 
MBR-CP 1.00 1.05 b 1.96 1.00 1.00 b 1.00 
Maximum 1 .OO 1.10 b 1.46 1 .OO 1.00 b 1.00 
As Needed 1.10 1.30 a 1.64 1.00 2.45 a 1.05 
Minimum 1.20 1.40 a 1.76 1.10 2.50 a 1.05 

Sweet 
corn Soy bean Wheat Soybean Spinach 

MBR-CP -- 1 .OO -- 1.00 1.00 b 
Maximum -- 1 .OO -- 1.00 1.02 b 
As Needed -- 1.07 -- 1.05 1.60 a 
Minimum -- 1.17 -- 1.05 1.52 a 

Southern pea 
Field 

Turnip corn 'Pinkeye Purple Hull' 'Worthmore' 
MBR-CP 1.00 b 1.00 b 1.38 b 1.00 
Maximum 1.00 b 1.00 b 1.52 b 1 .OO 
As  Needed 190 a 1.30 a 2.08 a 1.00 
Minimum 2.22 a 1.56 a 2.10 a 1.00 

a MBR-CP = 98% methyl bromide + 2% chloropicrin applied a t  392 kg/ha annually in November or December each year; Max- 
imum = DD-MENCS (20% methyl isothiocyanate + 8070 chlorinated C3 hydrocarbons) applied a t  376.3 kg/ha annually; As 
Needed = ethoprop applied a t  8.96 kg a.i./ha before planting each crop from 1975-1978 and fenamiphos applied a t  8.9 kg 
a.i./ha before planting each crop in 1979 and 1980; and Minimum = no nematicides. 

b 1-5 Scale: 1 = no galls, 2 = 1-25%, 3 = 26-50%,4 = 51-75%, and 5 = 76-10070 galled. Means for the same crop followed by un- 
like letters are significantly (P = 0.05) different according to Duncan's multiple-range test. Absence of letters indicates 
nonsignificance. 

c Turnip-Peanut-Cucumber-Turnip-Cucumber-Soybean, two-year cycle; Sweet corn-Soybean-Wheat-Soybean-Spinach, two- 
year cycle; and Turnip-Field corn-Southern pea, one-year cycle. 

The rapid increase of M. incognita on Pinkeye 
Purple Hull southern pea and field corn was ex- 
pected since both crops are good hosts for this 
nematode (3, 15). The generally poor perfor- 
mance of ethoprop in managing root-knot 
nematodes in these intensive cropping systems 
was unexpected because the nematicide has 
been reported to control root-knot nematodes on 
many crops (12, 16, 17) in monocultural (one 
crop per year) systems. Poor performance of 
ethoprop has been reported for other intensive 
cropping systems (14). 

The resistance to M. incognita in Worthmore 
southern pea was beneficial. Worthmore is 
more suitable for fresh market than for process- 
ing and may prove valuable in home gardens 
where damage from root-knot nematodes is 
usually severe. 

The excellent control of root-knot nematodes 
by fenamiphos was expected. Since this 
chemical suppresses nematode populations and 
does not require a waiting period before 

planting, it has potential use in intensive crop 
production systems. 

Our data indicate root-knot nematode popula- 
tions can be manipulated by intensive cropping 
systems and by crops within each system. 
Fur thermore ,  they confirm and  extend 
previously reported results (14, 15). In addition 
to determining the suitability of certain crop 
plants as  hosts to M. incognita and M. hapla, we 
have established the importance of growing 
agronomic and vegetable crops in succession to 
produce three crops each year or five crops in 
two years from the same land area. 

These integrated pest management studies 
utilized cultural practices such as destruction of 
crop residues immediately after harvest, clean 
fallow from time of harvest until the succeeding 
crops were planted, crop rotation, nonhost 
crops, t rap crops, resistant cultivars, and 
nematicides to reduce nematode survival and 
thus reduce inoculum levels for the subsequent 
crops. These crops were grown under "optimum 



Table 9. Effect of intensive cropping systems and nematicides on yield of crops averaged across 
each system, 1975-1980. 

Yield within each cropping systemb 
Pest 
management Turnip Peanut Cucumber Turnip Cucumber Soybean %increase 
levels (lb/A) (lb/A) (T/A) (lb/A) (bu/A) over control 

MBR-CP 8.5 5263 11904 7.2 29162 49.6 87 
Maximum 6.2 5365 5982 4.3 13413 44.4 21 
As Needed 6.6 3449 5939 5.0 8257 39.4 1 
Minimum 5.0 3142 7236 5.8 7733 43.9 - 

Sweet 
corn Soybean Wheat Soybean Spinach %increase 
(T/A) (bu/A) (bu/A) (bu/A) (T/A) overcontrol 

MBR-CP 9.3 49.6 24 50.5 5.4 15 
Maximum 9.3 36.4 23 46.4 5.2 4 
As Needed 8.6 39.0 28 40.1 4.4 1 
Minimum 7.8 36.0 28 41.0 4.9 - 

Southern pea 

Field (lb/A shelled) 
Turnip corn '-70 increase 
(T/A) (bu/A) 'Pinkeye Purple Hull' 'Worthmore' overcontrol 

MBR-CP 8.3 200 1341 2188 29 
Maximum 5.6 200 1336 2113 16 
As Needed 5.0 187 963 2092 1 
Minimum 5.9 183 883 1938 - 

a MBR-CP = 98% methyl bromide + 2% chloropicrin applied a t  392 kg/ha annually in Novemher or December each year; Max- 
imum = DD-MENCS (20% methyl isothiocyanate + 80% chlorinated C 3  hydrocarbons) applied at  376.3 kg/ha annually; As 
Needed = ethoprop applied a t  8.96 kg a.i./ha before planting each crop from 1975-1978 and fenamiphos applied a t  8.96 kg 
a.i./ha before planting each crop in 1979 and 1980; and Minimum = no nematicides. 

b Turnip-Peanut-Cucumber-Turnip-Cucumber-Soybean, two-year cycle; Sweet corn-Soybean-Wheat-Soybean-Spinach, two- 
year cycle, and Turnip-Field corn-Southern pea, one-year cycle. 

production practices" that involved the most 
current technology available on seeding rates, 
fertilization and irrigation. These conditions are 
conducive for maximum plant and root develop- 
ment which subsequently supports large num- 
bers of root-knot nematodes on susceptible 
plants, but which could also partially mask the 
damage caused by root-knot nematodes. 

In addition, our data demonstrate that max- 
imum pest (nematode, soil-borne insect, fungus, 
and weed) control with MBR-CP and DD- 
MENCS is not economically feasible with the 
dosages that  were used on these intensive crop- 
ping systems. The minor differences in yield be- 
tween the As Needed (ethoprop/fenamiphos) 
and Minimum (no nematicide) treatments in- 
dicate that the application of ethoprop in inten- 
sive cropping systems is not economically 

beneficial. These results also demonstrate that 
cultural practices such a s  destruction of crop 
residues immediately af ter  harvest, clean 
fallow, crop rotation, nonhost crops, t rap crops, 
resistant cultivars, and optimal fertilization 
and irr igat ion prevented maximum crop 
damage by root-knot nematodes. 

Our data can be used a s  a guide in selecting 
crops and cultivars for intensive cropping 
systems in root-knot-nematode-infested soil in 
the southeastern Coastal Plain of the United 
States. Additional studies are currently being 
conducted a t  the Coastal Plain Experiment Sta- 
tion, Tifton, GA, on the effect of tillage 
methods, crop rotations, nonhost crops, resis- 
tant cultivars, winter cover crops, trap crops, 
and chemicals on managing nematode popula- 
tions in irrigated intensive cropping systems. 
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Table 10. Mean returns and costs ($/acre) of crops and pest control inputs by pest management 
levels in three intensive cropping systems.a 

Returns 
Cropping Chemical Pesticide 
systemb treatmentc Gross Net costsd 
T-P-CU-T-CU-SB MBR-CP 

(1975-76) Maximum 
As Needed 
Minimum 

SGSB-W-SB-S MBR-CP 

(1975-76) Maximum 
As Needed 

Minimum 
T-FGSP MBR-CP 

(1975-79) Maximum 
As Needed 
Minimum 

a All computations are based on representative annual input and output prices. 
b T = turnip, P = peanut, CU = cucumber, SB = soybean, SC = sweetcorn, W = wheat, S = spinach, FC = field corn, and SP = 

southern pea. 
c MBR-CP = 98% methyl bromide + 2% chloropicrin, applied a t  392 kg/ha annually inNovember or December; Maximum = DD- 

MENCS(20% methyl isothiocyanate + 80%chlorinated C3hydrocarbons)applied at376.3kg/haannually;AsNeeded = ethoprop 
applied at  8.96 kg a.i./ha before planting each crop from 1975-1978 and fenamiphos applied at  8.96 kg a.i./ha before planting 
each crop in 1979 and 1980; and Minimum = no nematicide. 

d Includes costs of scouting and application. 

Table 11.  Mean returns and costs ($/acre) of crops with minimum pest control inputs in three in- 
tensive cropping systems by year.a 

Returns 
Cropping Pesticide 
systemb Year Gross Net costsc 

T-P-CU 1975 958.26 216.68 119.85 
T-CU-SB 1976 678.21 116.34 30.93 
S G S B  1975 825.20 157.97 27.65 
W-SB-S 1976 665.80 244.59 20.38 
T-FGSP 1975-79 779.61 269.51 29.78 

a All computations are based on representative annual input and output prices. 
b T, P, CU, SB,SC, W,S, FC,andSP = turnip,peanut,cucumber,soybean,sweetcorn, wheat,spinach,fieldcorn,andsouthernpea, 

respectively. 
c Includes costs of scouting and pesticide application. 
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BIOLOGICAL CONTROL OF NEMATODES 
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A strong movement to determine the poten- 
tial of biological control agents in nematode 
management has occurred over the past several 
years. The impetus behind this movement has 
been largely due to the recent advances in the 
use of toxic pesticides and an awareness of their 
danger, the time required for development of 
resistant cultivars, and the economic pressure 
on land use which limits the use of rotation and 
other cultural methods. Since many of the most 
commonly used nematicides are expensive and 
being taken out of the market because of their 
harmful effect on humans a s  well as  their per- 
sistence in the soil or contamination of the 
water table, efforts are concentrating on in- 
tegration of biological control agents into 
overall nematode management strategies. 

Although several fungi, bacteria and sporo- 
zoans are known to reduce nematode popula- 
tions under laboratory and greenhouse condi- 
tions, results of field trials have been incon- 
clusive and, for most cases, disappointing. 
However, the nematologists at the International 
Potato Center (CIP) have discovered a fungus 
Paecilo~myces lilacinus (2,3,4,5) that  consisten- 
tly and efficiently controls the population of 
root-knot nematodes Meloidogyne spp., a 
cosmopolitan pest of many important food and 
fiber crops. This discovery has provided CIP 
with a comparative advantage in testing the 
potential of this organism as  an alternative 
method to chemical control of nematodes. 

THE RESEARCH APPROACH 
During the past several decades, the major 

research emphasis  on the  utilization of 
biological entities for control of plant-parasitic 
nematodes has been focused principally on the 
application of nematode-trapping fungi. The ac- 
tion of these organisms is passive and acciden- 
tal, and they kill only a limited number of 
nematodes. The nematodes must pass through 

the trapping rings or be captured by the sticky 
hyphal network. Nematodes are then killed by 
the intrusion of globose structures, and the 
body contents is consumed by the assimilative 
hyphae arising from these globose bodies (1). 

The interaction between nematode-trapping 
fungi and nematodes is complex. Activities of 
these fungi may be influenced by soil, pH, 
moisture, and temperature (6,7,10). Therefore, 
their establishment and multiplication in the 
agricultural soil become limiting due to their 
lack of adaptability and competitiveness as  well 
as  their slow multiplication and dissemination 
rate. As a result, their field performance has 
been inconsistent. 

Egg parasites, on the other hand, are more 
dramatic in reducing the nematode population. 
Nematode eggs of the group Heteroderidae and 
those deposited in a gelatinous matrix are more 
vulnerable to attack by these organisms than 
are those of migratory parasites. Once in con- 
tact with the cysts or egg masses, the fungus 
grows rapidly and eventually parasitizes all the 
eggs that are in the early embryonic develop- 
mental stages. The discovery of fungi parasitic 
on the eggs of plant-parasitic nematodes has 
been very recent. Several organisms have been 
reported to parasitize eggs of plant-parasitic 
nematodes (9,11,12,13). Although the majority 
of these organisms are associated with the eggs 
and  c y s t s  of i m p o r t a n t  p l an t -pa ra s i t i c  
nematodes, their efficiency in and adaptability 
to different soil and environmental conditions 
vary. Some have limited reproductive potential 
(8,12) while others require enriched laboratory 
media  f o r  spo ru la t ion  o r  have  l imi t ed  
saprophytic growth (8). 

Discovery of P. lilacinus as an effective 
parasite of Meloidogyne eggs and its further 
confirmation as an organism having many at- 
tributes of a successful biological control agent 
led to further greenhouse and field experimen- 
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Table 1. International Meloidogyne project regions andlor countries that received cultures of 
Paecilomyces lilacinus. 

Central America North & South Asia & 
Carib bean Americas Pacific Africa Europe 
Costa Rica Argentina Bangladesh Canary Islands Cyprus 
Cuba Bolivia India Ivory Coast England 
Guadeloupe Brazil Indonesia Egypt France 
Guatemala Canada Jordan Malawi Germany 
Jamaica Chile Korea Morocco Portugal 
Mexico Colombia Malaysia Nigeria 
Panama Ecuador Nepal Tanzania 
Puerto Rico Peru Pakistan Zimbabwe 
Trinidad Uruguay Philippines 

U.S.A. S. Arabia 
Venezuela Tahitii 

Thailand 
Viet Nam 

tations. After several successful greenhouse ex- 
periments, field application of P. lilacinus was 
initially carried out in Peru to control M. 
incognita on potato (Solunum tuberosum) and 
later was extended to test its efficiency in con- 
trolling nematodes in other countries. 

Methodology and the approach in field ap- 
plication of this organism had to be evolved in 
such a way that  the maximum benefit could be 
o b t a i n e d  w i t h  l i m i t e d  c o m p l e x i t y  in  
methodology adaptable to areas with minimum 
resources. Field applications were carried out in 
farmers' fields with the farmer assuming 
responsibilities in the normal care of the crop 
and in field operations. Field performance was 
evaluated by the CIP Nematology staff in 
collaboration with the members of the CIP 
Region 1. Results of several field evaluations 
were consistent in indicating the great potential 
for use of biological entities in controlling im- 
portant plant-parasitic nematodes. 

Experiments were carried out in different 
countries so that  the efficiency and adaptability 
of P. lilacinus in controlling Meloidogyne 
species under different climatological and soil 
environmental conditions could be determined. 
Similarly, a simple methodology, requiring 
minimal equipment had to be developed for the 
culture and multiplication of this organism. In 
addition to a simple multiplication method, a 
simple procedure for inoculation and evaluation 
was necessary to provide uniformity in the type 
of data collected as well as  to simplify the inter- 
pretation of data. 

The nematology program a t  CIP collaborates 
with the International Meloidogyne Project 
(IMP), organized and directed by Dr. J. N. 
Sasser of North Carolina State University. 

Since the IMP has over 100 collaborators in over 
70 different countries, we decided to utilize the 
IMP as a vehicle for distribution of P. lilacinus 
to the nematologists collaborating with that  
program. Cultures of P. lilacinus were sent to 
nematologists in 46 countries around the world 
for testing (Table 1). 

It  is hoped that  data collected by the in- 
vestigators in different countries will be pooled 
and evaluated so the effectiveness of P. lilaciwus 
in m a n a g i n g  Meloidogyne,  Globodera,  
Tylenchulus, and other nematode species af- 
f ec t ing  i m p o r t a n t  c rops  u n d e r  d ive r se  
climatological and soil conditions can be 
determined. 

RESULTS 
P. lilacinus infected eggs of M. incognita 

and destroyed the embryos within 5 days in 
laboratory tests. Percent infection of the eggs 
was directly correlated with the length of time 
that they were exposed to the fungus. In 
greenhouse tests, a reduction of up to 70% root 
galls and egg masses was observed in the plants 
from fungus-treated tubers. Since up to 60% of 
the eggs within egg masses were infected with 
the fungus, the size of subsequent nematode 
generations was reduced. 

In a field test conducted in 1979, plants grown 
in plots inoculated with the fungus had a 
significantly lower root galling index than did 
those grown in the nematicide-treated plots 
(Table 2). Similarly, 86% of the egg masses col- 
lected from the roots of fungus-treated plots 
were infected with P. lilacinus, and over 54% of 
t h e  eggs within these egg masses were 
destroyed. Similar on-farm trials were carried 
out in seven different farmer's fields in the 



Table 2. Effect of different treatments on the reaction of potato cv. 'Cuzco' to Meloidogyne 
incognita. 

Average root galling % egg mass % eggs 
Treatment indexa infection destroyed 
Paecilom yces lilacinus 2.93 86.0 54.7 
Temik 10% G (25 kg/ha) 3.36 1 - 0 0 
Nemacur 5% G (50 kg/ha) 3.44 0 0 
Furadan 5% G (50 kg/ha) 3.57 0 0 
Organic matter (10 ton/ha) 3.62 0 0 
Control 3.60 0 0 
LSD 0.01 0.19 

0.05 0.14 
a Based on 120 observations. 1 = no root galling to 5 = very severe root galling. 

Table 3. Effect of field application of Paecilomyces lilacinus and Temik on Meloidogyne 
incognita: Effect on yield of potato. 

Kg total yield/ Kg infested tuber Kg non-infested 
Treatment 400 m2 plot yield/400 m2 plot tuber yield/400m2 plot 
Control 814.61 
P. lilacinus 721.63 
Temik 10% G (25kdha) 656.88 
LSD 0.05 

0.01 

coastal region of Peru. Consistent results in- 
dicating the potential of P. lilacinus as  an alter- 
native to nematicides were obtained. The 
fungus significantly reduced the tuber and root 
galling due to Meloidogyne infection. 

Yield of marketable potatoes (non-infected 
tubers) was significantly higher in the fungus- 
treated plots than in those of the control and the 
nematicide-treated plots. Representative data 
on the effect of P .  lilacinus on the yield of 
marketable potatoes was taken (Table 3). 

Results of field experiments conducted in 
three consecutive years indicated consistent 
reduction of M. incognita populations as  ex- 
pressed by tuber galling. Additionally, the 
fungus spread rapidly within the experimental 
plots, infesting the adjacent control plots. 
Although this spread confounds the result, it is 
a desirable characteristic of a successful and 
competitive biological control agent. I t  is 
noteworthy to mention that in the field where 
this fungus was originally isolated, after 3 years 
of consecutive cropping of M. incognita-suscep- 
tible hosts, no nematode could be found in- 
fecting the root system. Artificial inoculation of 
this field by M. incognita was not successful in 
establishing the nematode after this period. The 
continued presence of fungus in the field was 
confirmed by its isolation from the soil. 

In an experiment a t  La Molina, Temik (10 per- 
cent G a t  25 kg/ha) and Temik plus fungus com- 
bined with rotation reduced nematodes and in- 
creased tuber quality in fungus and fungus- 
plus-Temik plots. Yield of corn (Zea mays), a 
rotation crop, in fungus- and fungus-plus- 
Temik-treated plots was double that  in control 
plots. Yield in fungus-treated plots was higher 
than in the plots treated only with Temik. 

The effect of P. lilacinus on the multiplication 
rate of Globodera pallida under laboratory con- 
ditions shows a correlation of infection rate 
with that  of exposure period (Figure 1). There 
was a stimulation of hatching for up to 25 days 
after which the reduction in hatching rate was 
correlated with egg infection. 

In 1982, on-farm trials to test the effect of P .  
lilacinus in the control of nematodes such a s  M. 
incognita, Radopholus similis, Globodera 
rostochiensis, and G. pallida in potato and other 
crops were conducted in different countries. In 
the province of Herrera, Panama, the control of 
M. incognita on tomato by P. lilacinus was test- 
ed on a large-scale basis. The fungus-treated 
plots had higher yield than did the control plots 
and those treated with carbofuran (Table 4). Ex- 
periments on control of G. rostochiensis in 
Cerro Punta, Panama, resulted in yields that 
were similar to those of the previous experi- 
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EXPOSURE TIME (days)  
Fig. 1. Infection of Globodcra pallida eggs by Paecilomyces lilacinus: Effect on hatching. 

MONTH AFTER INOCULATION 
Fig. 2. Effect of Paecilomyces lilacinun on Tylenchulm semipenetrans: Effect on the orange fruit diameter. 



Table 4. Effect of Paecilomyces lilacinus in controlling Meloidogyne incognita on tomatoes: 
Effects on yield. Panama-1982.a 

Kg yieluplant 
1st 2nd 3rd Total 

Treatments Harvest Harvest Harvest yield 
P. lilacinus 0.95 
Carbofuran (2.5 kg a.i./ha) 0.85 
Control 0.85 
L.S.D. 0.05 N.S. 0.16 0.16 0.38 
L.S.D. 0.01 N.S. 0.23 0.22 0.54 
a A CIP-IDIAP (Panama) collaborative study 

Table 5. Biological control of Globodera rostochiemis on potato cv. 'Alpha' by Paecilomyces 
- lilacinus. Cerro Punta, Panama--1982.a 

Tonha yield No. cysts/ 
Commercial Total 50 cc 

Treatments tubers yield Soil 
P. lilacinus 20.58 
Carbofuran (3.0 kg a.i./ha) 15.72 
Control 19.68 
L.S.D. 0 0 5  N.S. 
L.S.D. 0.01 N.S. 
a A CIP-IDIAP (Panama) collaborative study 

ment. Similarly, there were significantly lower 
numbers of cysts in the fungus-treated plots 
than in the nematicide-treated or control plots 
(Table 5). 

In greenhouse tests, the effects of various in- 
oculum concentrations used on G. pallida cysts 
in two different inoculation periods were deter- 
mined. Results showed that a significantly 
higher percentage of G. pallida eggs hatched in 
the control (non-inoculated) cysts as  compared 
to those inoculated with the fungus. Approx- 
imately 50 percent of the apparently healthy G. 
pallida eggs were either infected or damaged by 
P. lilacinus during these two experimental 
periods. 

Efficacy of the fungus is now being tried on 
other crops. In 1983, tests were conducted in a 
c i t rus  grove infested with Tylenchulus 
semipenetrans in Huaral, Peru. Fruit diameter 
of the orange cv. 'Valencia' was significantly af- 
fected by applications of three nematicides and 
P. l i h i n z ~ s .  The fruit diameter from fungus- 
treated trees was greater than that  from trees 
treated with Temik, Vydate and Mocap (Fig. 2). 
Similarly, the number of nematodes in roots of 
and soil around citrus trees inoculated with P. 
lilacinus was significantly lower than that in 
the non-treated or the nematicide-treated trees. 

N.S. 5.73 
N.S. 7.63 

Reduction of nematode populations was 
correlated with increased healthy root growth 
and increased fruit diameter. 

LIKELY FUTURE IMPACT 
The reduction of tuber and root galling in 

fungus-treated plots of farmers' fields has been 
the first evidence of a successful biological con- 
trol agent for nematodes. Farmers who have 
participated in the study and have seen these 
results are now eager to use biological control 
against nematodes in other crops such as 
tomato, bean and cotton. A similar impact has 
been created in the United States as a conse- 
quence of the results obtained by the Inter- 
national Meloidogyne Project in management of 
root-knot nematodes infecting various crops. 
Researchers are now involved in studies to im- 
prove certain aspects related to the mass 
production and field application of the fungus. 
However, the most important achievement in 
the use of P. lilacinus for controlling nematodes 
so far has been in the Philippines. Since effec- 
tiveness of the fungus for root-knot nematode 
control was within the range of the efficacy of a 
number of nematicides (91%), further studies 
were conducted. Results on substrate study 
showed that the fungus grows abundantly in 
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sterilized mashed potato, chopped water lily 
plants (Nymphaeaceae), ipil ipil (Leucaen,~ 
gluuca) leaves and corn grits. Farmers are being 
advised to introduce the fungus with these 
readily available substrates into the soil for 
nematode control. 

In similar studies with the potato cyst 
nematode (Globodera rostochien,sis), the ef- 
ficacy of P. lilacinus has been comparable to 
that of the most common nematicides (48-55%). 
Although the yield was lower than that of 
chemically treated plants, there was still an in- 
crease of about 2-4 tons/ha over the controls 
which is remarkable considering that there is 
practically no additional cost in producing the 
fungus. 

Since successful results have been obtained 
from tests  of P. lilacinus for control of 
Meloidogyne species in different countries 
(Argentina, Ecuador, Panama, Peru, Philip- 
pines, USA, etc.), the potential of this organism 
for large-scale application is quite evident. It  is 
noteworthy to mention that the impact of the 

biological control of nematodes with P. lilacinus 
will not be restricted to potato. In fact, we ex- 
pect extensive use of P. lilacinus for control of 
root-knot nematodes in tropical regions where 
this nematode is one of the most important 
pests of not only potato but also several major 
crops as well. This technology solves an impor- 
tant  nematode problem of many major crops, 
and will become an immensely useful and ad- 
vantageous alternative to nematicides in many 
developing country programs. 

Improved potential and prospects for such ef- 
fective biological control have given the field of 
biological nematode control a new dimension, 
which can be summarized in the opinion given 
by Dr. R. Davide from the Philippines. He has 
stated that  with the discovery of the effec- 
tiveness of P. lilacinus against nematodes, our 
biological control studies seem to be paying divi- 
dends. He believes that this fungus is by far  the 
most promising and practicable biological con- 
trol agent for management of root-knot and cyst 
nematodes. 
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T H E  PRACTICAL APPLICATION O F  A 
NEMATODE ADVISORY SERVICE 

Agronomic Division 
North Carolina Department of Agriculture 
Raleigh, North Carolina, USA 

This chapter is primarly concerned with the 
operation of the Nematode Advisory Service 
(NAS) in North Carolina. Although the subject 
of this treatise is the root-knot nematode, ad- 
visory services usually concern themselves with 
all phytoparasitic nematodes (a few notable ex- 
ceptions deal only with cyst nematodes), and 
t h i s  d i scuss ion  will no t  be l imi ted  t o  
Meloidogyne spp. Several of the components of 
nematology that affect the function of an ad- 
visory service (such as  sampling, assay methods 
and the relationship of nematode populations to 
crop growth) are discussed in detail elsewhere 
in the treatise and will not be elaborated upon 
here. 

Advisory Service assays for nematodes fall 
into two groups-predictive and diagnostic. 
Diagnostic assays include the identification of 
plant disease problems involving nematodes 
and the suggestion of corrective measures for 
future crops in the case of annuals or ap- 
propriate therapy for perinnials. Predictive 
assays are used to estimate the likelihood of 
nematode damage to a future crop and to 
recommend action to avoid or minimize loss. 
The sampling strategies, assay methodologies, 
interpretation of assay results, and recommen- 
dations differ with the two groups. These dif- 
ferences will be discussed in the appropriate 
sections of this chapter. 

HISTORY AND CURRENT STATUS 
The prospect of developing an advisory ser- 

vice in North Carolina was envisaged in 1953 
(Nusbaum, personal communication). The prac- 
ticality of such a program was predicated on the 
assumptions that  (1) reliable sampling and 
assay techniques could be developed, (2) assay 
data would be of practical use to the grower, 
and (3) facilities and staff could be provided to 

handle the anticipated work load. A basic 
research program supporting the development 
of such a program was started in 1957 when W. 
M. Powell and C. J. Nusbaum began a com- 
prehensive study on sampling methods, storage 
of samples, and laboratory procedures. Impetus 
was given to the development of the program in 
1958 by the discovery that  root-knot nematodes 
were profoundly affecting the results of 
research station tobacco plot experiments. In its 
infancy (1960 to 1963), the advisory program 
functioned largely to aid researchers in the 
elimination of nematodes as  interfering factors 
in agronomic studies on several crops (4). 

A 5-year plan for the supporting research and 
development of a NAS for the state was 
proposed by Nusbaum in 1964, and in July 1965, 
a bill appropriating funds for this development 
was approved by the General Assembly. In- 
cluded in t h i s  bill were sa la r ies  fo r  a 
Nematologist and 3 additional personnel. K. R. 
Barker accepted the postition of Nematologist 
and continued the investigations started earlier 
by Nusbaum and others. As the result of the 
successful development of the pilot program, 
the Nematode Advisory Service was created, ad- 
ministration transferred to the North Carolina 
Department of Agriculture and new facilities 
occupied in April 1974. 

The Nematode Advisory Section is one of 
three comprising the ~ ~ r o n o m i c  Division of the 
N. C. Department of Agriculture. The other two 
are soil testing and plant tissue analysis. The 
number of samples assayed per year has in- 
creased from about 4500 during the first year of 
operation to current levels of about 30,000. Per- 
sonnel consist of a Nematologist, Laboratory 
Supervisor ,  four  technicians and  three  
laboratory helpers, two of which are part-time. 
Samples for assay are accepted from all N. C. 
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Fig. 1. Nematode sampling kit provided by the North 
Carolina Nematode Advisory Service. 

residents, and there is a one dollar fee per sam- 
ple. Some data on crops and acreage sampled 
have been given elsewhere (1). 

ASSAY PROCEDURES 

Sampling Procedures 
Users of the advisory service are provided 

with most of the materials required for sample 
submission (Fig. 1). Plastic bags, twist ties, 
shipment cartons, and assay information sheets 
(Appendices 1 and 2) a r e  made available 
without charge through a number of sources. 
Sampling procedures are detailed on the boxes 
and information sheets. The recommended 
methods for sampling differ for diagnostic and 
predictive assays. 

PROBLEM DIAGNOSIS It  is recommended that  
samples consist of 20 one-inch-diameter cores 
taken with a soil probe from the root zone of 
plants in the margin of the affected area (Ap- 
pendix 2). Instructions emphasize the need for 
inclusion of root material, and it is suggested 
that  comparative samples from unaffected 
areas be submitted also. 

PREDIC~IVE ASSAYS Recommended sampling 
time is late summer and early fall. This time is 
selected because the nematode populations are 
highest with an increased probability of detec- 
tion of moderate to low nematode populations. 
This sampling period is also more practical for 
high volume laboratories. Adequate lead time is 
needed to complete the large numbers of assays 
for growers to have the results with sufficient 
time to make management decisions for the 
coming season. 

For sample collection, use of a soil sampling 
probe and the pattern in Appendix 1 is recom- 
mended. Each sample should be a composite of 
a t  least twenty cores representing an area no 
greater than 5 acres. For larger acreage it is 
recommended that the fields be divided into 4- 
or &acre blocks and that a t  least 50% of these 
blocks be sampled. 

HANDLING OF SAMPLES Diagnostic and 
predicitive assay samples are handled iden- 
tically. They are placed in plastic bags, sealed 
with a twist tie, and then shipped to the 
laboratorv. Instructions for the handling of 
samples i r e  given on the assay information 
sheets, and emphasis is placed on the impor- 
tance of keeping the sample from overheating or 
freezing. 

Laboratory Procedures 

RECEIVING OF SAMPLES Upon receipt the samples 
are checked to be certain that  the number of 
samples received is the same as total submitted 
and that the field identification codes listed by 
the grower on the information sheet match 
those on the sample box. If there are any dis- 
crepancies, the samples are held and growers 
notified by form letter of the nature of the 
problem. A prenumbered tag is attached to each 
sample along with labels indicating the need for 
any special extraction procedures. Then sam- 
ples are stored in incubators a t  10" C until 
processed. 

EXTRACTION OF NEMATODES All samples are ex- 
tracted using a semiautomatic elutriator (2) 
(Fig. 2). A 500-ml portion of the sample is placed 
in a plastic beaker along with the attached 
labels. If less than 500 ml was received, the ac- 
tual volume processed is noted on the tag, and 
counts are later corrected to a 500-ml volume. 
Screens are then selected according to sample 
requirements indicated on the tag. Roots and 
organic debris are collected on a 24-mesh screen 
placed jus t  beneath t h e  spout ,  and  t h e  
nematodes are collected on a 400-mesh screen. 
Sugar flotation is then used to separate the 
nematodes from fine soil particles. Material 
from the 400-mesh screen is washed into a 150- 
ml beaker and then allowed to settle for 60 
minutes. About % of the supernatant is discar- 
ded, and then the remaining soil and nematodes 
are washed into 50-ml centrifuge tubes and 
spun a t  420 g for 5 minutes. The resulting super- 
natant is discarded and the pellet resuspended 
in 1.33 M (454 g/liter) sucrose before being cen- 
trifuged 1 minute a t  420 g .  The sucrose solution 



Fig. 2. Semi-automatic elutriator. 

is sieved through a 635-mesh screen. The 
nematodes are quickly washed from the screen 
into a beaker and then counted. 

Diagnostic samples are assayed similarly. 
Roots from the 23-mesh screen are examined for 
symp toms  typical  of nematode  damage ,  
weighed, cut  into pieces about 2 cm long, and 
then placed in beakers in water and aerated 
with a stream of air for 48 hrs. The nematodes 
are collected on a 635-mesh screen, baermannized 
on tissue paper (if a clean sample is necessary ), 
and then counted. Cysts are collected on a 60- 
mesh screen placed below the 24-mesh screen in 
the elutriator. The cysts are sugar floated and 
counted using a procedure similar to that  
described for soil except the sucrose solution is 
2.66 M (907 g/liter). 

COUNTING The use of rectangular dishes and 
mechanical stages greatly facilitates counting 
(Fig. 3). The dishes are tops and bottoms of 
plastic boxes 7.30 X 3.02 X 2.54 cm (2 7/8 X 1 
3/16 x 1 in) (#575 Stockline Service, Creative 
Packaging Co., 4411 Hollins Road, Roanoke, Va. 

Fig. 3. Stereoscopic microscope fitted with mechanical 2 4 0 1 2 , - ~ ~ ~ )  tha t  have 50% of the area scribed 
stage to allow use of rectangular plastic dish into four lines for counting. Counts are recorded 
for counting nematodes. on a tiered tally meter (2 tiers with 6 positions 
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Table 1. Nematode management recommendations in North Caro1ina.a 

Alphabetical recommendation Hazard level Corrective action 
A. Productionof thecrop to begrown Level 1 Rotation when warranted 

should not beaffected by the kinds 
and numbersof nematodesdetected None to minor 
in this assay. (< lO%risk) 

B. The population of nematodes found 
may cause crop damage, andchemical Level 2 Rotation 
soil treatment(CST) may be profitable, 
especially shouldgrowingconditions Slight to moderate Resistant cultivar 
be unfavorable. 

(10 - 50%risk) Nonfumigant CST 

Fumigant CST 

Multipurpose CST 

C. The nematode population found 
indicates that  chemical soil Level 3 Rotation 
treatment (CST) would be profitable. Severe Resistant cultivar 

(>50% risk) Fumigant CST 

Multipurpose CST 

D. Nematode-resistantvariety is 
recommended. 

Used a t  all 
Levels 

Resistant cultivar 

E. Crop rotation with non-host crops Used a t  all Rotation 
is suggested. Levels 

a Partially from Barker&Imbriani(l). 

each; Forestry Suppliers, Inc, Box 8397, 
Jackson, Mississippi 39204, USA), and then 
listed on a data recording sheet attached to the 
grower-supplied information form. All data are 
corrected to represent a 500-ml volume. Counts 
from root fractions are expressed as the number 
per 3 g of root. 

IDENTIFICATION OF SPECIES AND RACES In a large- 
volume lab i t  is not feasible to key all 
phytoparasites to species; therefore, such iden- 
tifications are done only when necessary. Many 
plant-parasitic nematodes are both widespread 
and common in North Carolina so generic iden- 
tification is  sufficient.  When possible, 
Prutylenchus is identified through the dis- 
secting microscope to species on the basis of 
presence of males, size of adult female, position 
of vulva, and tail shape. Slides are prepared oc- 
casionally for study under the compound 
microsco~e. Populations of lance nematodes 

presumptive identification of species of root- 
knot nematodes. Actual species identification is 
based on male-head characteristics (3). This 
method appears to be reliable for the popula- 
tions common in North Carolina but must be 
used cautiously. For example, males recovered 
from any particular plant only indicate the 
species which infected that particular plant and 
may not indicate all of the species found in the 
field. This point is important of course since 
mixtures are common. No attempt is made to 
characterize races of root-knot nematodes. 

Soybean cyst nematode resistance screening 
tests are conducted on request. Actual race 
identifications are not attempted, but the ef- 
ficacy of available resistant varieties against 
populations of the nematode is determined. The 
tests  currently consist of bioassays using 
susceptible control plants and varieties with 
resistance to races 1, 3 or 4 of the nematode. 

(lacking males) suspected of being Hoplolaimus Recommendations 
columbus are identified to species through the 
compound microscope. Cropping history (in- PREDICTIVE ASSAYS A series of threshold guides 
cluding varieties) is used routinely for the have  been p repa red  fo r  t h e  i m p o r t a n t  



nematodes species on most crop plants grown in 
the state. The 1984 guide for peanuts is given in 
Appendix 3 as  an example. These guides, based 
on results of field and microplot tests by crop 
specialists, are revised as  new data become 
available and are completely reviewed yearly. 
The major nematode problems, threshold 
values, and corresponding recommendations are 
listed. Recommendations are made by compar- 
ing assay results and threshold numbers with a 
consideration of soil type and cropping history. 
The recommendations are general and roughly 
correspond to three hazard levels (Table 1). 
These hazard levels relate to the probability (ex- 
pressed as  a percent risk) of significant yield 
reduction because of nematode damage. Recom- 
mendations for the use of resistant varieties 
and crop rotation are made when warranted for 
all three hazard levels. 

DIAGNOSTIC ASSAYS Recommendations are 
based on root symptoms and presence of 
relatively high populations of a nematode 
species of known pathogenicity for the par- 
ticular host plant. In the case of endoparasites, 
the nematodes found in the root assay are es- 
pecially important. When separate samples 
representing areas with good or poor growth are 
submitted, nematode numbers are compared. 
These comparisons must be made cautiously, 
however, because if the root system is severely 
damaged, fewer nematodes may be recovered 
from areas of poor growth than from areas of 
normal growth. The same alphabetical recom- 
mendations are used for diagnostic and predic- 
tive assays, but remarks with additional infor- 
mation are typed on the upper right portion of 
the assay report (Fig. 4). 

DATA STORAGE AND REPORT 
PREPARATION 

Upon completion of the assay and recommen- 
dations, the data (names, addresses, assay 
results and recommendations) are keyed into a 
computer, edited and arranged into inter- 
mediate records. These intermediate records are 
used to print the assay reports and mailing 
labels. The master file contains all the data for 
samples completed during the year, may be up- 
dated a t  any time, and is retired annually into a 
history file. Data summaries, reports, or 
statistical analyses can be obtained from either 
the current or history master files by the use of 
SAS or Easytrieve statements. 

THE NEMATODE ASSAY REPORT AND 
SUPPORTING DOCUMENTS 

The assay report (Fig. 4) lists field numbers, 
cropping history, assay results and recommen- 

dations. In the case of diagnostic assays, the 
results of the root extraction are listed im- 
mediately below the corresponding soil assay. 
Potential or current nematode problems are 
identified using asterisks: a single asterisk for 
hazard level 2 (slight to moderate) and two 
asterisks for hazard level 3 (severe). In the 
recommendation column, the alphabetical 
recommendations and, when appropriate, nema 
note numbers are listed. The nema notes are a 
series of documents containing information 
beyond the general recommendations. They 
may list alternative crops, resistant varieties, 
nematicides (and rates of application) or other 
pertinent information. The nema note for 
tobacco is given as  an example in Appendix 4. 

PROBLEMS ENCOUNTERED AND 
PROSPECTS FOR NEMATODE 
ADVISORY SERVICES 

The status of and prospects for advisory ser- 
vices in the United States have been recently 
reviewed and some of the difficulties discussed 
(1, 5). Also, the problems associated with ob- 
taining representative samples, selecting ap- 
propriate assay procedures, and relating assay 
results to crop response are discussed in other 
chapers of this treatise. However, some of the 
more common problems encountered by North 
Carolina's Nematode Advisory Service merit 
discussion here. 

Sample quality is a weak link. Although 
guidelines are provided for proper sampling and 
handling of the sample, it is not possible to con- 
t ro l  t h e  s a m p l e  qua l i t y .  Cons iderable  
educational effort is made to assure that sam- 
ples are properly taken and handled. During 
processing, notations are made for those Sam- 
ples that appear to be of poor quality (lacking 
roots(diagnostic) or too small, dry or wet 
(diagnostic and predictive) ). A nema note 
detailing the problem is used to inform the 
grower about the nature of the sample, and 
resampling is suggested. The grower is also 
urged to interpret the assay results from such 
samples cautiously. 

Sample quality is also estimated on the basis 
of the assay. When samples are taken from 
fields in which good host crops for nematodes 
have been grown (such as corn or soybean), 
resampling is suggested if no phytoparasitic 
nematodes are initially found. I t  appears, 
however, that the majority of the samples 
assayed in North Carolina are of good quality 
when judged by the above criteria. However, in 
many cases, the acreage represented by a sam- 
ple exceeds that which is recommended (4 to 5 
acres). Development of more efficient sampling 
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Fig. 4. Computer printed nematode assay report. 

Nematologist Remarks: 

Relative Abundance of Nematodes Recovered Per Pint of Soil 

C - The nematode population found indicates that chemical soil treatment would 
be profitable. 

D - Nematode-resistant variety is  recommended. 

E - Crop rotation with non-host crops is  suggested. 

~ffered only as a guide in helping you plan your nematode control program. For 
Extension Office or the Agronomic Division Regional Agronomists. 
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methods will help encourage growers to sample 
fields more adequately. 

Occasionaly incomplete assay information 
sheets are a major problem. Since presumptive 
identification of root-knot species is based on 
cropping history (and varieties grown), incom- 
plete history data (or, worse yet, incorrect data) 
make recommendations tenuous. In instances 
where use of resistant varieties is the major 
management strategy but where populations of 
nematodes are commonly found against which 
this resistance is not effective (for example soy- 
bean cyst nematode), then accurate knowledge 
of varietal history is critical. Several nema 
notes have been developed to address the 
problem of resistance efficacy. 

In a laboratory, such as North Carolina's, tha t  
assays large numbers of samples, all pro- 
cedures must be efficient. Assay methodologies 
that produce the highest quality assay in 
minimum time are utilized. Procedures cannot 
be used that considerably lengthen the time re- 
quired to assay a sample without significantly 
increasing its quality. Also, some procedures 
(such as greenhouse bioassay for root-knot- 

n e m a t o d e - s p e c i e s  i d e n t i f i c a t i o n )  a r e  
prohibitively expensive and time consuming 
and require too much space to be used routinely. 

A more precise unders tanding  of the  
relationship of preplant nematode populations 
to plant response and the factors that alter this 
relationship is required. The concepts of 
damage and economic thresholds are valuable, 
but additional data and refinement are needed 
to increase their practical utility. Models are 
useful tools for the understanding of nematode 
population dynamics and ecology but currently 
lack the precision required for advisory work. 

There is a need for feedback from users of ad- 
visory services. I t  is only through such informa- 
tion that  the required "fine tuning" can be ac- 
compl ished .  The  N. C. D e p a r t m e n t  of 
Agricul ture cur ren t ly  employs Regional 
Agronomists who through their association 
with growers provide extremely valuable infor- 
mation used in program adjustment. 

The prospects for advisory services are good, 
but there is a need for addressing the problems 
discussed (and others) in order to realize fully 
the potential of nematode advisory programs. 
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PROCEDURES FOR TAKING SOIL SAMPLES FOR NEMATODE ASSAYS 

Great care should be exercised in taking soil 
samples for nematode assays. Results are no bet- 
ter than samples submitted. The procedures list- 
ed below should be carefully followed in obtain- 
ing and handling soil samples for nematode 
assays. 

WHEN TO SAMPLE 

For annual crops (tobacco, tomato, peanut, 
soybean, etc.), samples collected in the FALL 
provide more reliable information in predicting 
nematode development and crop response than 
spring-collected samples. Therefore, growers 
are  encouraged to collect soil samples in late 
summer or early fall. For established perennial 
plants (ornamentals, turfgrasses, peach, etc.), 
soil samples can be collected throughout the 
year. 

TAKING THE SAMPLES 

Take samples only when the soil is in good 
working condition, neither too wet, dry, nor 
frozen. 

For annual crops: 

1. In each field to be sampled, take the sample 
from an area with common crop history and 
in which a single crop will be planted. 

2. If the soil in the area to be sampled is fairly 
uniform and is 4 acres or less in size, one 
sample will suffice. If the field is larger than 
4 but less than 8 acres, divide the field into 
two blocks of approximately equal size and 
take one sample from each block. When fields 
are  larger than 8 acres select 4-acre blocks 
representing a t  least 50% of the field and 
take a sample from each block 

3. If the soil in the area to be sampled is varia- 
ble, such as having heavy clay soil in one por- 
tion and a sandy soil in the remainder, take 
one sample from each soil type. 

4. Take samples from plowed layer of soil (6 to 
8 inches) with a soil sampling tube (1-inch 
bore). Take at  least 20 cores of soil in a sys- 
tematic pattern for each sample area (see 
diagram). Collect the cores in a bucket, then 
mix thoroughly and transfer enough soil to 
fill a one-quart plastic bag. The remaining 
soil can be submitted with the appropriate 
information sheet to the Agronomic Division 
Soil Test  Labora tory  for  soil fer t i l i ty  
analysis. 

For perennial crops: 

1. Send in separate soil samples for each crop 
or plant species. 

2. Soil should come from the root zone of declin- 
ing plants. Do not sample directly around 
dead plants. Turfgrass samples should come 
from the edge of damaged areas and to a 
depth of 4 inches. 

3. Soil samples should be collected and mixed 
as for annual crops. 

HANDLING SAMPLES 

1. Place each sample in plastic bag, seal bag 
tightly to keep soil moist, and put in a quart 
soil-sample box. Write the field number in 
the space provided on each box. These 
numbers are  the only means by which your 
samples can be identified in the laboratory, 
and they must correspond to the column 'Your 
Field Number '  on the Nematode Assay 
Information Sheet. 

2. Samples must be protected from both over- 
heating and freezing. Do not place samples in 
direct sunlight, the trunk of a car or a freezer. 

3. Record information requested on field his- 
tory on the Nematode Assay Information 
Sheet. The information on cropping history, 
including the variety grown, is essential for 
accurate  prediction of nematode hazard 
levels. 

4. Send the samples to the Assay Laboratory 
immediately. 

Diagram to F d l a  In CoH.otkrg Rdd 

CAUTION: Since nematodes a re  not uniformly 3 
distributed, entire field must be 5 
sampled. % o 

E 
b 
R 
c' z. 
9 
to e 



Form AD6 

(Please Pr in t )  NEMATODE-PROBLEM DIAGNOSIS INFORMATION SHEET 

County Phone Number 

1 Grower's Name (Last)  (F i r s t )  

I (Address) I 

(City) (Zip Code) I 

Accurate problem diagnosis is possible only when all questions a r e  answer- 
ed. 

Fill out this sheet and attach to mailing carton in a f irst  class envelope. A 
fee of ONE DOLLAR is charged for EACH soil sample assayed for  nema- 
todes. Samples sent in without payment or the information requested on 
this sheet CANNOT be processed. Make check or money order payable to  
N. C. Department of Agriculture, we request that  cash not be submitted by 
mail. 

Mail samples to: 

Agronomic Divi~ion Total number of samples sent  - - - 

Nematode Advisory Section 
N. C. Department of Agriculture Dollars enclosed - -  . - -  
Raleigh, N. C. 27611 
(919) 733-2656 Sampled by Date -- 

In addition to the Nematode Assay Report you will receive, copies are sent to your County Extension Chairman and an Extension Specialist in 
the Department of Plant Pathology a t  N. C. State University. If you desire others to receive a copy, enclose their names and addresses. 

Make sure the numbers in the column 'Your Field Number' correspond to the numbers on the soil-sample boxes. These numbers are  the only means 
by which your samples can be accurately identified in the laboratory. The other information requested on this sheet is needed to aid in interpreting 
assay data. 

Instructions for  taking SOIL and ROOT SAMPLES are printed on the reverse side. For additional information on the Nematode Advisory Service, 
see bulletin, 'A Nematode Diagnostic and Advisory Service for North Carolina' available from the N. C. Department of Agriculture or your County 
Extension Office. 

Current  Crop 
(Variety) 

Lab No. 
(Leave 
Blank) 

Your 
Field No. 

Have samples been sent to :  q Soil Test  1,aboratory 
Plant  Analysis 1,aboratory 

3 Plant Disease and Insect Clinic HAVE YOU ENCLOSED A SAMPLE O F  ROOTS FROM A F F E C T E D  PLANTS WITH T H E  SOIL? 
(North Carolina State University) 

Pa t te rn  of Affected 
Plants within Field 

a. g 
-2 
% :: 
$ 5' z Qq 

0 0 0  

Plant Symptoms 

W 0": 
05 

5 z $ 
m E a 

0 0 0  

0 0 0  

Soil 
Type 

q 

q q 

Neniaticide 
Applied 

(Material - Y e a r )  
Date 

Planted 

Additional Comments: 

Crop Las t  
Year 

(Variety) 



TAKIK(; PROlIIAE31 FI EI,D SA>I1'lAES FOR NEM.4TODE ASSAYS 

This Nematode-Problem Diagnostic Infornin- 
tion Sheet is  f o r  use {vith nematode aas;ly s; i~nples 
collscted f rom problem fields where the  existing 
crop is exhibiting symptoms of poor growth. More 
information is requested than fo r  the Routine 
Nematode Assay Information Sheet ;  the addition- 
al information requested on th is  form i s  required 
for accurate diagnosis of suspected nematode pro- 
blems. 

Great care should be exercised in taking- root 
and  soil samples for  nematode assays. R c . v ~ l t ~  arP 
)ro b e t t e ~  than sample s i ~ b ) ~ t i t t ~ d .  The  procedures 
listed below should be carefully followed in ob- 
taining and handling all samples for nematode as- 
says. 

COLLECTING ROOT AND SOIL SAMPLES 

Soil samples fo r  problem diagnosis should be 
collected f rom around the  margin of the  affected 
area,  where plants a re  exhibiting moderate t o  se- 
vere symptoms. Samples should not be collected 
from the  most severely affected area  if these 
plants a r e  dying o r  dead. If the field has  more 
than one affected area  for each sample collect 
samples from several such areas.  F o r  each sample 
collect a t  least twenty (20) soil cores f rom the 
top 8 to  12 inches of soil ( t he  root zone). Fill a 
one qua r t  plastic bag approximately three-quar- 
ters  full with soil t h a t  has  been throughly mixed. 

In  addition to :\ soil sample, for problem diag- 
l~os i s  it is important to h a \ ~ e  a plant root sample. 
Collect root samples f rom plants exhibit ing mod- 
era te  to  severe symptoms but )tot f rom dead 
~ ~ l a n t s .  In collecting the  roots the  plallt should be 
carefully removed from the  soil with a shovel or 
spatle and not pulled f rom the ground. After  care- 
fully shaking off the  adherf,ing soil, some of the  

s~nallest  l'i1)rou.i ~.oots shot~ld bc c,ollected. The An:ilysis Lal~oratory ,  or to  the  Plant  Llisease 
l.oots shclultl he collected f rom a niinimnm of five ant1 Insect r l in ic  (North  Carolina Sta te  Uni- 
( 5 )  plants riiken from the same areas  of the field versity) for diagnosis, please so indicate on the  
where soil s;im~,les n.cre collected. Place a small information sheet. With this information we 
handful of roots in the plastic bag with the  cor- (:an compare the  1.esults of all tests and make 
i.espontIing soil sample, c,ovrring the  1,oots with a more accurate d i agnos i~  of the  problem. 
;I small amount of soil. Care  n ~ u s t  be taken when 
~,ollecting root samples to  prevent the roots f rom 
drying ou t :  be sure t o  seal the  plastic bag t irhtly.  

After  collecting the  root and soil sample, 
excess soil can be submitted in the  one-pint Soil 
Test box with the appropriate informati011 sheet 
to t h e  Agronomic Division's Soil Testinn 1,abora- 
tory for  soil fert i l i ty analysis. 

HANDLING SAMPLES 

1. Place each sample in plastic bag, scol ban t.icqht- 
1!1 to  keep soil moist, and put in a quart soil- 
sample box. Wri te  the  appropriate field num- 
ber in the  space provided on each box. These 
numbers a r e  the  only me:lns by which your sam- 
ples can be accurately identified in the  labora- 
tory,  and they should correspond to  the num- 
bers in the  column 'Your Field Number' on the  
Nematode Assay Information Sheet. Send t h e  
samples to the  Assay 1,aboratory p~.orr~ptl?j. 

Sampling For Nematodes exh;;;;ing 

In Problem Spots A m o d e r a t e  

e x h i b i t i n g  good 
g rowth  

2. K P P ~  sa)n/)l(~s o~ct  of t h e  d i w r t  s i ln l~qht  to avoid 
ov@t.hratinq. Samples may also be damaged by 
heat if they a r e  kept in the  t runk  of a car.  

Collect representative root and soil samples f rom 
3. Record all information requested on field his- areas  where plants a r e  exhibiting moderate symp- 

tory, crop variety, symptoms. and pattern of toms. 
affected areas  on the  Nematode Problem Diag- 
nosis Information Sheet. This infornlation is 
absolutely necessary for  accurate diagnosis of 
?/our problem. If samples have also been sent 
to the Soil Testing Laboratory,  Plant Tissue 



NEMATODE THRESHOLD DENSITIES (PER PINT OF SOIL) AND RECOMMENDATIONS 2+ 

Crop Peanuts Impor tant  Piematodes : 1. Root-knot 2 .  Sting 3, Lesion 4 .  Ring i a - 
j;. 

Recomnendations : Remarks: 1. 

A - The k inds  and numbers o f  nematodes present a re  be l ieved inadequate t o  a f fec t  
p roduc t i on  of t he  crop t o  be grown. 

B - The popu la t ion  o f  nematodes found may be hazardous and s o i l  treatment may be 
p r o f i t a b l e ,  e s p e c i a l l y  under unfavorable growing cond i t i ons .  

C - The nematode popu la t i on  found ind ica tes  t h a t  s o i l  t r e a t n e n t  would be p r o f i t -  2. 

a b l e  on the  crop t o  be grown. 
D - Nematode-resistant v a r i e t y  i s  recommended. 

3.  E - Crop r o t a t i o n  i s  suggested. 

1 

M. hapla most common root-knot - - 
species on peanuts. M. 
arenaria in N.C. is usually 
race 2 which does not attack 
peanuts. 

Use nema note 7-3 when sting 
nemas are found. 

S t i n g  

J. -3. ,~ ,~ 

1 l o +  1 

Crop 
H i s t o r y  
Legumes/ 
Tobacco 

Cotton/ 
Corn 

Low thresholds for lesion are 
based on pod rot complex with 
P. brachyurus being most - 
serious. 
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Appendix 4. Nema Note 003 utilized for tobacco. 

AGRONOMIC DIVISION 
BLUE RIDGE ROAD CENTER 

RALEIGH. NORTH CAROLINA 27611 NEMATODE ADVISORY SECTION 

Phone: (919) 735'2866 Root-Knot Nematode Management Recommendations ~ ~ t c  NO. 003 

For Tobacco 

Root-knot nematodes are a serious problem on tobacco. To manage rwt-knot damage to your tobacco crop you 
should consider implementing the appropriate control practice from those listed below. 

Root-knot 
Population Hazard 

Fall Sample Spring Sample Level Recommendations 

3- 1 0 0 None No root-knot nematodes were detected and a nem- 
aticide is not recommended, but a chemical soil 
treatment may be required for control of soil-borne 
diseases such as black shank or granville wilt. 

3-2 10-200 10-20 Very Low Root-knot nematodes will not cause economic dam- 
age at  this level. A root-knot resistant variety 
should be considered to prevent the numbers from 
increasing unless root-knot damage has been 
observed on a root-knot resistant variety. If so, 
such varieties will be of limited value. A chemical 
soil treatment may be required, however, for con- 
trol of other soil-borne diseases. 

3-3 201-1000 21-100 Low Use of resistant variety or a nematicide treatment 
with a rating of a t  least 4 is recommended unless 
root-knot damage has been observed on resistant 
tobacco in this field in the past. If resistant varie- 
ties have been affected a nematicide with a rating 
of 1 or 2 is suggested. 

3-4 1001-3000 101-300 Moderate Use of resistant variety and a nematacide treat- 
ment with a rating of a t  least 3 is recommended 
unless root-knot damage has been observed on res- 
istant tobacco in this field in the past. If resistant 
varieties have been affected a nematicide with a 
rating of 1 or 2 is suggested. 

3-6 300W 30W High Use of a resistant variety and a nematicide treat- 
ment with a rating of 1 or 2 is recommended. If 
damage by root-knot nematodes on resistant varie- 
ties has been seen in this field in the past resistance 
will not be effective and use of a nematicide with a 
rating of 1 or 2 is recommended. 



AGRONOMIC DIVISION 
BLUE RIDGE ROAD CENTER 

RALEIGH. NORTH CAROLINA 21611 NEMATODE ADVISORY SECTION 

Phone: (919) 1%?-2656 Root-Knot Nematode Management Recommendations Note NO. 00s 

For Tobacco 

3-6 The variety of the previous tobacco crop was not listed on the information sheet. If 
a resistant variety was used it was not effective and use of a nematicide with a 
rating of 1 or 2 is recommended. 

3-7 Currently available root-knot resistant tobacco varieties will not be effective in 
controlling this population of nematodes. A nematicide treatment with a rating of 
1 or 2 is recommended. 

3-8 Tobacco Beds Use of a soil fumigant is recommended for tobacco 
beds regardless of the nematode population to con- 
trol weeds and soil-borne diseases. 

A listing of tobacco varieties having resistance to root-knot nematodes can be found in the latest edition of 
Tobacco Information Bulletin published by the North Carolina Agricultural Extension Service. The Tobacco 
Information also contains the rating of the currently recommended nematicide treatments. This publication 
should be consulted when planning your tobacco nematode and disease control program. Copies of Tobacco 
Information may be obtained from your County Agricultural Extension Office. 

Assistance in interpreting the nematode control recommendations can also be obtained from the Regional 
Agronomists of the North Carolina Department of Agriculture. See the reverse side of this page for their names 
and addresses. 

SOIL TESTING PLANT ANALYSIS NEMATODE ADVISORY 
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C H A P T E R  28 

REPORT ON THE STATUS OF MELOIDOGYNE RESEARCH 
IN MEXICO, 
CENTRAL AMERICA AND THE 
CARIBBEAN COUNTRIES 

Carlos Sosa-Moss 

Centro de Fitopatologia 
Colegio de Pos tgraduados 
Chapingo, M6xico 

Region I of the International Meloidogyne 
Project includes Mexico, the countries of Cen- 
tral America, the Caribbean Islands and also 
Surinam (Fig. 1). Although Region I is located 
between 4"N and 33"N and should have tropical 
and subtropical climates, it really varies from 
glacially cold to temperate or tropical with low 
to high humidity. This variation is due to the 
volcanic range of mountains, crossing the entire 
length of this region, from a continuation of the 
South American Andes to the two Sierras that 
run parallel to the two coasts of Mexico. As a 
consequence, topography is subject to abrupt 
changes in elevation; there are plain valleys and 
steep mountain slopes. 

The diversity of soils and climatological con- 

ditions permits a great variety of crops to be 
cultivated in Region I countries. Thus, we can 
talk about temperate or tropical agriculture, 
irrigated or nonirrigated areas, and modern 
mechanized or  t r ad i t i ona l  subs i s t ence  
agriculture where, in many cases, a few rows 
constitute the entire farm. 

This type of agriculture is so complex that  for 
the analysis of cropping practices, sociological 
aspects must be taken into account when solu- 
tions to the growers' problems are considered. 
Different solutions are required for each zone, 
and application of technology cannot be general 
for all the countries in the region or, in many 
cases, even for the areas within any single coun- 
try. 

INTERNATIONAL MELOIDOGYNE PROJECT 
REGION I 

Fig. 1 .  International Meloidogyne Project Region I. 
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328 Mexico, Central America, and Carib bean 

Plant pathological problems are also complex 
and difficult to work out; the ones caused by 
nematodes are not the exception. Some coun- 
tries geographically included in Region I of the 
International Meloidogyne Project have not 
been represented, and in others, there are few 
activities due to their political instability. For 
this reason there is a lack of information from 
some countries, and from some others, it is very 
sporadic. 

CURRENT STATUS OF MELOIDOGYNE 
RESEARCH IN REGION I 
Species Identified 

Nematodes of the genus Meloidogyne are 
widely distributed in Mexico, Central America 
and the Caribbean Islands. They affect many 
cultivated and wild plants, including her- 
baceous annual crops and woody perennial 
shrubs. Because root galling is obvious and 
spectacular, the presence of Melddogyne has 
been known for many years and has been 
assumed to be responsible for yield reduction (1, 
2, 8, 9, 20, 21, 22, 24, 26, 27, 34, 36, 37, 39,44,46, 
48,52,58,59, 63, 73,74, 75, 79,84,87,91,96,101, 
102, 103, 127, 128, 129, 130, 138, 139, 144, 153, 
161, 163, 164, 169, 170, 180, 181, 183, 203, 204, 
206, 207, 208, 209, 212, 215, 220, 221, 225, 231, 
232). 
MELOIDOGYNE INCOGNITA TO date, the majority 
of Meloidogyne populations identified in Region 
I have been M. incognita. This species has a very 
wide host range and distribution. It  has been 
reported on many annual or perennial crops, 
among which are amaranthus (Amaranthus 
sp.), apple (Malus sp.), avocado (Persea  
americana), banana (Musa sp), bean (Phaseolus 
sp.),  beet (Beta vulgaris),  bi t ter  gourd 
(Momordica charantia), black pepper (Piper 
nigrum), buckwheat (Fagopymm esculentum), 
cabbage (Brassica oleracea var. capitata), car- 
damom (Ele t ta r ia  cardamomum), car ro t  
( D a u c u s  c a r o t a  v a r .  s a t i v a ) ,  c a s h e w  
(Anacardium sp.), cassava (Manihot esculenta), 
celery (Apium graveolens var. duke), citrus 
(Citrus sp.), coffee (Coffea arabica), corn (Zea 
mays), cucumber (Cucumis sativus), chayote 
( S e c h i u m  e d u l e ) ,  e g g p l a n t  ( S o l a n u m  
melongena), ginger (Zingiber officinak), grape 
( Vitis vinqera), kenaf (Hibiscus cannabinus), 
lettuce (Lactuca sativa), luffa (Luffa sp.), melon 
(Citrullus sp.), naranjilla (Solanum quitoense), 
okra (Abelmoschus esculentus), onion (Allium 
sp.) ,  papaya  (Car ica  papaya) ,  pars ley  
(Petroselinum crispum), peach (Prunus  
persica), pepper (Capsicum sp.), pigeon pea 

(Cajanus cajan), plantain (Musa sp.), portulaca 
(Portulaca sp.), potato (Solanum tuberosum), 
pumpkin (Cucurbita sp.), sorrel (Rumex sp.?), 
soybean (Glycine mux), sugar cane (Sacchamm 
officinarum), sweet potato (Ipomoea batatas), 
tobacco (Nico tiana sp.), tomato (L ycopersicon 
esculentum), watermelon (Citrullus vulgaris), 
winged bean (Psophocarpus tetragonolobus), 
yam (Dioscorea sp.) and yardlong bean (Vigna 
sesquipedalis). Also, it has been observed in 
many ornamentals. 

Meloidogyne incognita has been recorded in 
Mexico (14,20,21,34,36,52,86,90, 113,122,132, 
142, 156, 168, 183, 184, 186, 187, 188, 194, 195, 
196, 197, 211, 213, 217, 218, 219, 230, 232), El 
Salvador (1,86,211), Nicaragua (24), Costa Rica 
(10, 51, 70, 71, 86, 106, 107, 109, 146, 211), Pan- 
ama (42,43,86,111,205,208,209,210,211,214), 
Surinam (86, 165, 166, 211), Trinidad and 
Tobago (86, 169, 170,173,174, 177,178,211), St. 
Vincent (179), Guadeloupe and Martinique (11, 
86, 92, 211), Jamaica (44, 72, 80, 86, 87, 211), 
Puerto Rico (3, 4, 17, 18, 19, 86, 157, 158, 211) 
and Bermuda (23, 211). 

Races of this species have been identified us- 
ing the North Carolina Differential Host Test. 
The known distribution of M. incognita races in 
Region I is as follows: in Mexico, races 1 and 3 
(62,68,86,89, 100,104,184,211); in El Salvador, 
races 1 , 2  and 3 (86,211); in Costa Rica, only race 
1 (86,211); in Panama, races 1 and 2 (86,211); in 
Surinam, only race 1 (86, 211); in Trinidad and 
Tobago, races 1 and 2 (86, 211); in Guadeloupe, 
only race 1 (86,211); in Jamaica, races 1 , 2  and 3 
(86, 211) and in Bermuda, only race 1 (211). 
Puerto Rico is the only country in Region I 
where all four known races of M. incognita have 
been recorded (6, 18, 19, 86, 211). 
MELOIDOGYNE J A  VANICAT~~S S P ~ C ~ ~ S  is present in 
all the countries of Region I: Mexico (65, 156, 
184, 2111, El Salvador (I), Nicaragua (24), Costa 
Rica (10, 86, 160, 211), Panama (43, 209, 210, 
220), Surinam (166), Trinidad (86, 176, 211), 
Guadeloupe (86, 176, 211), Jamaica (44, 73, 75, 
211), and Puerto Rico (86, 17, 19). However, it 
has been reported affecting fewer crops and 
showing a more localized distribution than M. 
incognita. The susceptible hosts (annual or 
perennial) are banana, black peper, carnation 
(Dianthus sp.), carrot, cocoa (Theobroma cacao), 
coffee, gerbera (Gerbera sp.), grape, luna bean 
(?), papaya, pigeon pea, sugar cane, tobacco, 
tomato and wild potato (Solanum sp.). 
MELOIDOGYNE ARENARIA This root-knot species 
has been recorded in the following countries of 
Region I: Mexico (97,115,156,162, 184,188,195, 



213, 218), Belize (211), Surinam (86, 166, 211), with M. javanica or M. arenaria. Also, weeds are 
Guadeloupe (86, 211), Jamaica (44, 73, 75), efficient hosts for Meloidogyne sp. (44, 74, 79, 
Puerto Rico (17, 18, 19,211) and Bermuda (211). 87,166). Even in Mexico, well-developed females 
In all of these countries, except in Jamaica, of M. incognita have been observed in the stems 
some populations of M. arenaria have been iden- of Orobanche ramosa, a parasitic plant of 
tified as  race 2, by means of the North Carolina tobacco roots (183). 
Differential Host Test. I t  has been observed 
galling roots of beet, black pepper, cabbage, car- 
nation, coleus, cucumber, dasheen (Colocasia 
esculenta), eggplant, heliconia (Heliconia sp.), 
mint (Mentha sp.), okra, papaya, peanut 
(Arachis hypogaea), pepper, pineapple (Ananas 
comosus), potato, pumpkin, sugar cane, tobacco 
and tomato. 
MELOIDOGYNE HAPLA This species seems to be 
the least distributed of the four most important 
Meloidogyne species. I t s  populations a re  
localized in temperate areas of high elevation in 
the tropical or subtropical countries of Region I. 
I t  has been identified as  a parasite of a very 
restricted group of cultivated plants, such as  
beet, cabbage, cardamom, carnation, carrot, 
celery, cucumber, daisy (Chrysanthemum sp.?), 
lettuce, peach, potato, strawberry (Fragaria 
sp.), sugar beet and tomato. A few populations 
of M. hapla have been recorded in Mexico (35, 
36,188,195,211,217,218,219), El Salvador (86), 
Costa Rica (10,51,86,107,110,211) and possibly 
Jamaica (44, 73, 75). 
OTHER MELOIDOGYNE SPECIES In addition to the 
four most common species of Melddogyne, 
s e v e r a l  o t h e r s  h a v e  been  i d e n t i f i e d .  
Meloidogyne exigua has been reported in coffee 
and several other important crops from Mexico, 
Nicaragua, Costa Rica, Panama, Trinidad and 
Puerto Rico (10, 24, 43, 46, 51, 58, 59, 129, 159, 
176). In Mexico, M. kikuyensis was found on 
pineapple, and recently it  has been observed 
causing abundant galls on avocado and papaya 
(183; C. Sosa-Moss personal communication). 
Another species newly identified in Mexico, 
based only on male morphology, is  M. 
chitwoodi, but the host is unknown (J. D. Eisen- 
back ,  p e r s o n a l  c o m m u n i c a t i o n ;  184) .  
Meloidogyne oryzae has been detected galling 
roots of rice (Oryza sativa) and plantain in Sur- 
inam, and it  has been observed that both pop- 
ulations reproduce well on tomato cv. 'Large 
Chico,' but galls are inconspicuous (165, 166). 
Another possible new species that  also causes 
severe damage in rice has been recorded in 
Costa Rica and Panama (10, 47, 108, 210). 

Mixed populations of Melddogyne spp. are 
frequently observed in Region I countries; there 
are several reports about concomitant species of 
root-knot nematodes, especially M. incognita 

Damage Evaluation 
In many countries of Region I, attempts have 

been made to measure damage and losses due to 
Meloidogyne spp. In Mexico, the damage caused 
by M. incognita has been evaluated in bean, 
tomato, potato, coffee and corn. Yields were 
reduced 30% to loo%, depending on the crop and 
initial population used as  inoculum (38,100,168, 
183, 186, 188, 190, 196, 218). In another study, 
two varieties of tomato were infected with M. 
incognita, M. arenaria and M. hapla, and the 
damage was measured (217, 219). 

In Costa Rica, the effect of variable initial 
populations of M. incognita on yield of lettuce 
was determined. Yield reductions have also 
been estimated in cucumber, cardamom, 
tobacco and other crops. Damage to rice by a 
possible new species of Meloidogyne has also 
been demonstrated (10, 40, 47, 64, 107), 

In Panama, losses caused by different levels 
of M. incognita populations on several varieties 
of rice were evaluated. I t  was found that  in 
some varieties grain weight was highly reduced. 
Similar studies carried out in tobacco have 
produced similar results (210). 

In Surinam, damage to rice by M. oryzae has 
been evaluated. Nematode infection has been 
found to reduce the yield of paddy rice (166). 

In Jamaica, crop losses caused by species of 
Meloidogyne alone or in conjunction with other 
nematodes were evaluated. M. i nco~n i t a  was 
found to reduce yield of carrot, cucumber, let- 
tuce, okra, pothos (Scindapsus sp.), pumpkin, 
squash (Cucurbita sp.), tobacco and tomato. 
This reduction varied from 20 to almost 100% 
(73, 76, 77). 

I n  P u e r t o  R i c o ,  t h e  h o s t - p a r a s i t e  
relationships between several populations of 
Meloidogyne spp. and some cultivated plants 
were investigated. Progressive inoculum levels 
of M. incognita, M. arenaria, M. javanica and M. 
m g u a  were found to reduce growth and produc- 
tion of coffee, pepper, pineapple, sugar cane and 
tomato, as  well a s  root crops and ornamentals 
(5, 19, 125, 216, 224). 

I t  i s  i m p o r t a n t  t o  m e n t i o n  t h a t  i n  
Meloidogyne damage evaluation studies conduc- 
ted in Region I countries, there has not been a 
systematic attempt to standardize initial in- 
oculum levels, which no doubt accounts for a 
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great deal of the variation in measuring yield 
losses. 

Histopathology 
Few studies in Region I focus on describing 

damage a t  a histological level and un- 
derstanding the nature of Meloidogyne spp. 
parasitism. 

I n  Mexico, a Meloidogyne  incogn i ta  
population that  does not cause galling in maize 
(Zea mays)  roots was found to form giant cells 
and induce hyperplasia around the vascular 
tissue in the maize cv. 'Criollo Chalqueno.' The 
affected cells did not form a real gall; instead, 
the symptom was root swelling (131). Also the 
histological disturbances caused by single and 
mixed populations of M. incognita race 1 and 
Nacobbus aberrans on roots of tomato cv. 'Ace 
VF  55' were  s tud ied  (104). I n  a n o t h e r  
histopathological study, bean cv. 'Black Valen- 
tine,' which is susceptible to M. incognita race 1, 
w a s  c o m p a r e d  w i t h  t h e  r e s i s t a n t  cv .  
'Nemasnap.' In the roots of the resistant 
cultivar, giant cells developed but hyperplasia 
was absent (89). Finally, alterations, caused by 
M. arenaria, in tissues of immature peanut pods 
were investigated (115). 

In Trinidad, a histopathological study in- 
dicated difference~ in sensitivity among tomato 
varieties (176). 

In Puerto Rico, a great number of giant cells 
that  had been induced by Melddogyne incognita 
were found in the xylem, parenchyma and cor- 
tex of the roots of coffee cv. 'Borbon.' In some 
cases, it was observed that  the xylem vessels 
were completely occluded by the giant cells. 
Also, the histopathology of M. incognita in 
association with Fusarium oxysporum f. sp. 
coffeae has been studied in detail (10, 126). 

Interaction With Other Pathogens 
The combined effects of Meloidogyne spp. and 

other pathogens have also been investigated in 
several countries of Region I. 

In Mexico, interactions among M. incognita 
race 3, Fusarium oxysporum f. sp. lycopersici 
and Phytophthora capsici have been studied on 
tomato cv. 'Ace VF 55.' Catastrophic damage 
was observed when the three organisms were 
present. Also, interactions of M. incognita with 
Fusar ium solani f.  sp .  phaseoli and/or  
Rhizoctonia solani on snap bean cv. 'Black 
Valentine' have been investigated, and similar 
results have been reported (66, 69, 95, 98, 99, 
100, 188, 191, 226). 

In Costa Rica, pathogenic interactions were 
found between Meloidogyne spp. and Fusarium 
oxysporum f.  sp. pisi in peas (Pisum sp.) (135). 

Similarly, in Panama, interactions were 
d e t e c t e d  b e t w e e n  M.  i n c o g n i t a  a n d  
Pseudomonas solanacearum in tomato, and it 
was observed that  when both pathogens were 
together, the nematode activity accentuated the 
severity of bacterial wilt (30, 210). 

A l s o  i n  J a m a i c a  a n d  G u a d e l o u p e ,  
Meloidogyne spp., especially M. incognita, have 
been found associated pathogenically with 
Pseudomonas solanacearum in tomato and pep- 
per. Moreover, in Guadeloupe, multiple interac- 
tions among the root-knot nematode, the above- 
mentioned bacteria and Fusarium species were 
found (11,73). 

In Puerto Rico, the association between M. 
incognita and Fusariurn solani in pepper was 
demonstrated to be synergistic only when both 
organisms were inoculated simultaneously to 
the plants. In coffee trees, the interaction of M. 
incognita and Fusarium oxysporum f.  sp. 
coffeae was investigated. I t  was found that  
chlorosis, wilting and stunting were greater 
when both pathogens were present. Also on cof- 
fee, M. exigua and Fusarium sp. were very often 
synergistically associated. 

In another study, M. incognita and Fusarium 
oxysporum f. sp. dioscoreae did not show any 
pathogenic association on yam (17, 18, 19, 124, 
126, 223; J .  Toro and N. Acosta, personal com- 
munication). 

Meloidogyne species mixed with o ther  
nematode genera and even mixtures of two or 
more root-knot species are very common in 
Region I countries. However, only in Trinidad 
was research conducted on the association bet- 
ween Meloidogyne incognita and Rotylenchulus 
reniformis in soybean. Increased damage and 
yield reduction was detected when mixed pop- 
ulations of both nematodes were inoculated to 
the plant roots (175). 

Ecological Studies 
Some studies on the ecology of Meloidogyne 

species have been undertaken in Region I of the 
IMP. 

In Mexico, it was reported that  Meloidogyne 
sp. developed better in soil with a pH of 7. Also, 
it was observed that  applications of Metalaxyl 
to control Phy tophthora cinnamomi on avocado 
increased the frequency of Meloidogyne sp. galls 
on the roots of the treated trees. In another 
study, some soil types were found to suppress 
Meloidogyne sp. infection (15, 55,56,57, 61, 154, 
155). 

In Costa Rica, the effect of soil type on the 
development and pathogenicity of M. incognita 
in lettuce was measured. Also, the spatial dis- 
tributions of M. incognita in vegetable crops, 



and Melddogyne spp. in burley tobacco, rice 
fields and in orchards of avocado, cashew, citrus 
and papaya were studied. An erratic non- 
uniform distribution was found (10,64,106,107, 
108). 

In Surinam, the damage of Melddogyne 
oryzae in flooded and dry pots was investigated. 
Reduction in grain yield and plant weight were 
detected in both types of pots. The effect of soil 
type on the reproduction of M. incognita was 
also studied, and higher production of egg 
masses was found in sandy soil with pH 6.0 than 
in a shallow soil with pH 7.0 (166). 

In Trinidad it  was observed tha t  the eggs of 
Melddogyne sp. survive in the soil for several 
days. Also, seasonal variations in field popula- 
tions of M. incognita have been recorded and the 
effect of soil type and crop variety on the 
nematode population have been measured (171, 
176, 178). 

In Puerto Rico, the impact of temperature 
and  soil type  on Meloidogyne incognita 
associated with bean has been studied. Results 
indicate that nematode reproduction is higher 
a t  25°C in the soil type locally referred to a s  
Fraternidad (227; J. Toro and N. Acosta per- 
sonal communication). 

Control Measures 
T h e  v a r i e t y  of m e t h o d s  t o  c o n t r o l  

Melddogyne spp. that  have been tested in 
Region I countries can be separated into the 
following categories: chemical control, genetic 
resistance, crop rotation, biological control, and 
others. 

CHEMICAL CONTROL In Mexico, Central America 
and the Caribbean countries, chemical control 
with nematicides has been used in an attempt to 
reduce losses caused by Melddogyne species. 

In Mexico, Costa Rica, Panama, Surinam, 
Trinidad, St. Vincent, Jamaica and Puerto Rico, 
nonfumigants, such as aldicarb, carbofuran, 
ethoprop, fensulfothion, isazofos, oxamyl, 
fenamiphos and sulfocarb, have been found ef- 
fective in the control of root-knot nematodes. 
These products were generally used in granular 
form (10 or  15G). Also, in small areas, 
fumigants such as  DD, 1-3-D, MIT and methyl 
bromide, have been injected into the soil. 

All of the above-mentioned nematicides have 
been employed against several Melddogyne 
species, especially M. incognita, in a variety of 
crops: including, banana, bean, cabbage, carrot, 
cardamom, cauliflower (Brassica oleracea var. 
botrytis), celery, coffee, cucumber, grape, let- 
tuce, melon, okra, pea, peanut, pepper, pigeon 
pea, pineapple, plantain, potato, rice, sugar 

cane, sweet potato, tobacco, tomato and water- 
melon. 

The nematicide rates that were used varied 
largely (from 0.5 to 11.2 kg a.i. per ha)  
depending on the soil type, crop, and method of 
application (16, 17, 25, 32, 33, 41, 45, 46, 49, 50, 
51, 54, 67, 76, 77, 78, 82, 107, 112, 114, 118, 119, 
120, 132, 133, 134, 139, 143, 145, 147, 148, 149, 
150, 151, 152, 158, 166, 167, 172, 173, 174, 176, 
179, 210, 222, 229). 

In Region I, a different way of chemical con- 
trol has been investigated. This method consists 
of treating seeds with a low concentration of 
nematicide solutions such a s  carbofuran, 
fenamiphos and oxamyl. Microdoses of active 
ingredient protect the plants during the first 
weeks after germination and reduce yield losses 
due to Meloidogyne spp. 

In Mexico such chemicals have been applied to 
seeds of bean and tomato, and protection 
against M. incognita has been observed (116, 
117, 140, 141, 184, 187, 192). 

In Surinam, seed treatment of bean, bitter 
gourd, cucumber, rice and watermelon has 
given good protection against M. oryzae and M. 
incognita (166). 

Another method of nematicide application for 
control of Melddogyne sp. has been tested in 
Region I, but to a lesser extent. This method is 
the drench application of fenamiphos, used in 
Puerto Rico to reduce damage of Meloidogyne in 
coleus (3). 

GENETIC RESISTANCE Resistant varieties may be 
the best choice to reduce Melddogyne spp. pop- 
ulat ions in Region I ,  when t h e  cost of 
nematicides is considered. Up to date, many dif- 
ferent crop varieties have been screened for 
resistance. 

In Mexico, bean, potato and tomato were 
tested for resistance to M. incognita. In tomato, 
the French cv. 'Piernita' showed resistance, as  
did the lines derived from the crosses between 
this variety and other commercial ones. Also, 
differences in response of tomato varieties to M. 
incognita, M. arenaria and M. hapla were 
measured. In potato, of 20 varieties screened, 3 
behaved a s  resistant ('Lopez,' 'Patrones,' and 
'Leona') and 2 a s  tolerant ('Procura' and 'Mari- 
jke'). In other investigations, some of the bean 
variet ies  included fo r  selection showed 
resistance to M. incognita race 1, and in the 
northwest part of Mexico, four rootstocks of 
grape were evaluated for resistance to M. 
javanica (12, 13, 14, 62, 65, 121, 136, 137, 182, 
185, 186, 188, 217, 219, 228). 

In El Salvador, wild varieties of Lycopersicon 
pirnpinellifolium have shown resistance to 
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Melddogyne spp., and a resistant variety of 
tomato has been selected (53, 85). 

In Costa Rica, ten varieties of bean and ten of 
maize were screened for resistance to M. 
incognita. Differences in host-parasite interac- 
tion were found among varieties of both crops. 
In coffee, the effect of resistant root-stocks on 
M. exigua was evaluated, but the grafted trees 
did not yield more than the normal susceptible 
ones. Also, rice varieties showed differnces in 
susceptibility to Melddogyne sp. (10,47,71,105, 
107). 

1; Panama, varieties of bean, soybean, 
tomato and vigna were evaluated for resistance 
to M. incognita. Some resistant varieties were 
observed in the three groups of these plants. 
Two varieties of vigna, generally considered to 
be resistant, turned out to be susceptible in Pan- 
ama. Also, commercial varieties of tomato, 
resistant to  M. incognita and tolerant to 
Pseudomonas solanacearum, were derived from 
crosses between Lycopersicon pimpinellifolium 
and L. esculentz~m. Seven lines or varieties of 
rice were inoculated with a possible new species 
of Meloidogyne, and differences in suscep- 
tibility or resistance were observed (28, 30, 93, 
94, 208, 209, 210). 

In Surinam, several varieties of cabbage, 
bean, red pepper and tomato were infected with 
Meloidogyne spp. Most of the cultivars included 
were good hosts for the root-knot nematodes, 
but some showed various degrees of resistance, 
especially tomato (165, 166). 

In Guadeloupe, genetic resis tance has  
received special attention; bean varieties resis- 
tant  to M. incognita have been developed, using 
'Manoa Wonder' as  progenitor. Tomato and pep- 
per varieties resistant to M. javanica, M. 
incognita and M. arenaria have also been 
developed; some of these varieties expressed 
resistance to  Pseudomonas solanacearum, 
Fusarium sp. and Phy tophthora infestans (11, 
91). 

In Jamaica, a list of plant crops were tested 
for resistance to Meloidogyne sp. Some varieties 
of amaranthus, sorrel, sweet corn, sweet pep- 
per, sweet potato and vigna showed some 
tolerance or resistance (73, 75). 

In Puerto Rico, bean, pepper, pigeon pea, soy- 
bean, tomato and vigna were evaluated for 
resistance to M. incognita and M. javanica. 
Resistance was observed only in some varieties 
of these crops (5,7,17,19; J. Toro and N. Acosta, 
personal communication). 

CROP ROTATION Many of the countries in Region 
I have mentioned in official publications that  
crop rotation might greatly improve crop yield 

in soils infested with Meloidogyne spp. In Pan- 
ama, Trinidad, Guadeloupe and St. Vincent, 
there has been a systematic attempt to imple- 
ment programs of crop rotation or crop com- 
binations to reduce Melddogyne populations 
(11, 176, 179, 208). 

However, it is in Jamaica where more com- 
plete research on crop rotation has been accom- 
plished. Cropping systems for each region of the 
country were conducted, including not only the 
predominant Meloidogyne species, but also the 
predominant races. These programs are very 
complete and include from six to nine different 
crops in each rotation system. Amaranthus, 
cassava, grasses, onion and sweet potato have 
demonstrated usefulness because populations of 
some Meloidogyne species were reduced after 
these crops were planted (73, 75, 80, 81). 
BIOLOGICAL CONTROL This method of root-knot 
nematode control has only recently received at- 
tention in Region I; in consequence, there are 
few results available. The fungal parasite of 
Meloidogyne species' eggs, Paecilomyces 
lilaeinus, is being tested in some countries, es- 
pecially in Mexico and Panama, without definite 
results yet. Another biological agent, Dactylaria 
leptospora, has  been observed t rapping  
Meloidogyne juveniles in Mexico, but formal 
practical research has not been undertaken (29, 
31, 68, 123, 189). 

OTHER CONTROL MEASURES Some unusual 
methods of control for Meloidogyne species have 
been sporadically investigated in Region I. 

In Mexico, the effect of some insecticides used 
as nematicides against Meloidogyne spp. in 
tomato, by drench application to infested soils, 
has been studied (193). Also in Mexico, molasses 
in water solution has been added to artificially 
infested soil under greenhouse conditions in an 
attempt to control M. incognita (197). 

Other research has been conducted in Mexico 
on the effect of nitrogen fertilizers, such as am- 
monium and urea, on the behavior of M. 
incogn i ta  juveniles  "in vi tro."  In  t h e  
greenhouse, the effect of these nitrogen com- 
pounds on juvenile penetration of tomato roots 
has been investigated (198, 199, 200, 201, 202). 

The efficacy of some plants with nematicidal 
properties has been sparsely investigated in 
Mexico (60, 88, 230, 232). 

The influence of soil amendment with organic 
manure on the control of Melddogyne sp. has 
been studied in Mexico and Guadeloupe (11,61,). 

In Trinidad, other cultural methods such as 
liming following plastic mulch and solarization 
resulted in a reduction of root-knot nematode 
populations, and marked yield response was ob- 



served in cabbage, cauliflower, cucumber, 
tomato and watermelon (172, 176). 

Finally, in Region I countries, only one at- 
tempt of integrated control has been reported. It  
was done in Costa Rica, where selected practices 
for control of Meloidogyne incognita in celery 
were combined successfully (83). 

RESEARCH PROJECTS ON M E L O I -  
DOGYNE UNDERWAY IN REGION I 

Research on Meloidogyne in progress in Mex- 
ico, Central America and the Caribbean coun- 
tries could be considered as  a continuation of 
the investigations presented above. 

P ro j ec t s  in  which  d ive r se  a spec t s  of 
Melddogyne species are under study can be 
summarized in the following manner: 

Survey and identification of Meloidogyne 
species and its races; 

Crop loss evaluat ion wi th  respect  t o  
Melddogyne spp. populations and to their 
parasitic interaction with fungi, bacteria and 
other concomitant species of nematodes; 

Chemical control by means of nematicides in 
granular application, and by seed treatment 
with systemic nematicides soluble or miscible in 
water; 

Selection and breeding for resistance; 
Crop rotation systems and miscellaneous 

cultural methods; 
Evaluation of Paecilomyces lilacinus for 

biological control and search for other local 
agents useful for that  purpose. 

With respect to the survey and identification 
of Melozdogyne species and its races, almost all 
the countries included in Region I of the IMP 
have permanent programs in place. The scope of 
each of these programs depends on the country, 
the economic importance of Melddogyne spp. to 
i ts  local or national agriculture, and the  
facilities and qualified personnel available. 

The emphasis within current projects to 
assess crop loss due to variable populations of 
Meloidogyne spp. and interactions with other 
plant pathogens is being placed on economically 
important crops. M. incognita receives the most 
attention because it is the most widely dis- 
tributed species and affects the majority of 
cultivated plants. Nevertheless, in some coun- 
tries M. javanica, M. arenaria, M. h a p h  or other 
Meloidogyne species a re  investigated with 
greater emphasis, depending on local environ- 
menta l  conditions and  the  predominant  
economic crops: for instance, M. oryzae in 
Surinam. 

Chemical control is now being studied in prac- 
tically all the countries of Region I using the 
same nematicide compounds. Up to date, only in 

Mexico and Surinam are research projects on 
seed treatment with chemicals underway. 

Selection for resistance is receiving great 
emphasis in Mexico, Costa Rica, Panama, 
Puerto Rico and especially Guadeloupe. French 
geneticists are actively working on breeding for 
resistance to M. incognita populations present 
in Guadeloupe. Within two years, they will 
release varieties of eggplant, green bean, and 
tomato resistant to root-knot nematodes and 
other plant pathogens. These varieties could be 
profitable to the rest of Region I countries. 

With regard to cultural practices for control 
of Meloidogyne populations, crop rotation is be- 
ing intensively evaluated in Mexico, Costa Rica, 
Puerto Rico, Guadeloupe, and especially in 
Jamaica, and more information about its great 
potential and benefit for underdeveloped coun- 
tries is being generated. 

Research on biological control has been 
enthusiastically initiated in the last years. 
H o w e v e r ,  t h e  e g g - p a r a s i t i c  f u n g u s  
Paecilomyces lilacinus is the only organism that  
so far  receives attention. At present, only Mex- 
ico, Costa Rica, Panama and Surinam are in- 
volved in projects with this biological agent. 

RESEARCH NEEDS AND PRIORITIES 
WITH RESPECT TO MELOIDOGYNE 
RESEARCH IN REGION I 

Much has been said about the objectives and 
goals of the International Meloidogyne Project. 
Many of these objectives have largely been met 
in Region I countries, and the benefits can be 
evaluated from different points of view. The 
systematic and well-oriented study of one of the 
most harmful pests in the world will have a very 
important impact on the economies of under- 
developed countries in terms of food production 
in the coming years. The benefit is economical 
not only because the IMP represents a new 
philosophy that  needs to be applied to the solu- 
tion of common agricultural problems over the 
world, but also because it can be used as  a model 
to study other plant pathogens. 

Countries in Region I need to  continue 
research on Melddogyne species, but some 
priorities should be established based on the 
knowledge and experience we now have. Survey 
and identification of species and races of 
Meloidogyne, crop loss evaluation, and studies 
of interactions with other plant pathogens 
should be permanent activities in each country 
because Meloidogyne species are widely dis- 
tributed and are a very dynamic group of 
pathogens. The great variation of environmen- 
tal conditions and agricultural practices are 
responsible for the modalities of Meloidogyne 
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problems in each area or country of the entire 
Region I. This type of research will provide 
useful ecological and economic information that  
is necessary if decisions about convenient and 
effective control measures are to be made. 

Due to the economic status of the countries 
included in Region I of the IMP, research direc- 
ted toward control of Melddogyne species 
should have the following priorities: crop rota- 
tion, resistance or tolerance using local and in- 
ternational germ plasm, biological control and 
chemical control. 

Chemical control cannot be considered as  a 
priority control method because it  is extremely 
expensive in Mexico, Central America and the 
Caribbean countries. Also, the chemicals used 
as  nematicides very often are not readily 
available for continued use, and sometimes 
farmers tend to misuse them with the result 
tha t  accidents occur. In addition, chemical dis- 
tributors often benefit more themselves by the 
testing of these chemicals than do the farmers. 

However, chemical nematicides have their 
place in control programs in countries of Region 

I and research about them should be carried out. 
New methods of application such a s  seed treat- 
ment, drench application and others developed 
to reduce cost and contamination could be 
useful to complement the other more convenient 
control measures mentioned above. 
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The South America region includes Argen- 
t ina ,  Bolivia, Chile, Colombia, Ecuador,  
Paraguay, Peru, Uruguay and Venezuela. The 
research on root-knot nematodes in several of 
these countries has advanced, but further 
research on the development of effective 
strategies is necessary in order to control 
Melddogyne species. 

Melddogyne species constitute a major and 
complex group of plant-pathogenic nematodes 
affecting crop production throughout this  
region. Regardless of the few people working on 
this important problem and their difficulties in 
doing research in this region, cooperators of the 
International Meloidogyne Project (IMP) in 
each of these countries are making significant 
and valuable contributions. Because some of 
this information is summarized in the IMP 
Proceedings, only a general report on the rele- 
vant problems and achievements is presented 
here. 

REPORTS BY COUNTRY 

Argentina 
In recent years, nematology has been receiv- 

ing increased a t ten t ion  in t h i s  country.  
Research emphasis has been on identification of 
Meloidogyne species and  races; varietal  
resistance in tobacco, tomato and pepper; and 
the use of chemical control on tobacco, potato 
and tomato. At present, work is in progress on 
the evaluation of bean for resistance and es- 
timation of population thresholds on vegetable 
c r o w  Table 1 shows the different s ~ e c i e s  of 
~ e i o i d o ~ ~ n e  and the affected economiE crops in 
this country. 

As a result of the Meloidogyne research, other 
problems were found such a s  mixed populations 
of Meloidogyne species and Nacobbus which can 

lead to a wrong diagnosis due to similar root 
symptoms. Furthermore, varieties of tomato 
resistant to M. incognita became susceptible to 
Nacobbus aberrans, and tobacco and tomato 
resistance to M. incognita was broken by mixed 
populations of M. incognita, M. javanica, M. 
arenaria, and Nacobbus spp. As extension work, 
field trials on crop rotation are being included to 
demonstrate the benefit derived from control 
practices. 

Bolivia 
Research on root-knot nematodes has recen- 

tly become established in Bolivia, and some 
progress  has  been made  in ident ifying 
Meloidogyne species and in ascertaining their 
distribution on different crops in different 
ecological zones of t h i s  coun t ry .  The  
Meloidogyne species that  have been identified 
include M. hapla, M. incognita and M. incognita 
acrita. These species are mainly distributed in 
the eastern and southeastern parts of Bolivia, 
particularly in the Departments of Santa Cruz 
and Tarija. These locations are tropical and sub- 
tropical zones with average temperatures rang- 
ing from 20 to 33" C and altitudes between 450 
and 1000 m above sea level (a.s.1.). Meloidogyne 
spp. were found throughout these zones, but 
mainly in sandy soils and on crops such as  
potato (Solanum tuberosum), cotton, sugar 
cane, lettuce, banana, tobacco, tomato, grape 
(Vitis vinifera), etc. Also, Meloidogyne spp. 
were found a t  elevations of up to 3400 m a.s.1. 
in potato (Solunum andigenunz) in the Depart- 
ment of Potosi. Also, in the Department of 
Betanzos, mixed populations of M. incognita 
and Nacobbus aberrans were found on potato 
crops. M. acronea has been found associated 
with a leguminosae plant a t  an  altitude of 2000 
m a.s.1. 
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Table 1. Different species of Meloidogyne on some important crops and weeds (Echinochloa 
sp.) in Argentina. 

Meloidogyne Cropsa Weed 

species 1 2 3 4 5 6 7 8 9 

M. incognita x x x x x x x - - 
M. javanica 
M. arenaria 
M. h,apla 
M. decalineata - - - - x - - - 
M. (or Hypsoperine) ottersoni - - - - - - - - x 

a 1 = tomato, 2 = soybean, 3 = tobacco, 4 = banal 
Ech,inoch,loa sp. 

Chile 
Here, special attention has been given to the 

identification of Meloidogyne species, host 
range, use of systemic nematicides and varietal 
resistance in fruit crops such as peaches and 
grapes. Currently different rates of Temik are 
being tested on grapes, and grape rootstocks are 
being evaluated for resistance or tolerance to 
root-knot nematodes. The species most  
prevalent in Chile are M. incognita, M. hapla, M. 
javanica, and M. naasi. The most pathogenic is 
M. incognita which is  commonly found 
associated with Agrobacterium, Pythiurn, and 
Rhixoctonia on fruit trees (almond, peach, 
grape) and annual crops such as tomato, bean, 
and carnation. Use of wheat and corn in crop 
rotations has helped reduce root-knot popula- 
t i o n s  in  t h e  so i l ,  b u t  p o p u l a t i o n s  of 
Pratylenchus sp. have increased in large propor- 
tions. Use of Furadan 10%G and Temik 10% G 
has led to effective control of root-knot 
nematodes on fruit trees, nurseries, orchards, 
and vineyards. Recently, research on biological 
control of Meloidogyne spp. and Globodera spp. 
with the fungus Paecilornyces lilacinus has been 
tested in Chile. 

Colombia 
In this country, the following research has 

been emphasized: Meloidogyne identification, 
chemical control and crop resistance, especially 
tomato  (Lycopersicon esculentum),  lulo 
(Solanurn qui toense) ,  po ta to  (So lanum 
tube rosum -sub-spp: t ube rosum,  a n d  
andigenum), bean (Phaseolus vulgaris), and car- 
nation (Dianthus caryophillus L.). At present, 
work is being done on the incorporation of the 
Mi-gene to native varieties of tomato such as 
'Licato.' The common Meloidogyne species 
found in Colombia are incognita, javar~ica, and 
arenaria, the most prevalent being M. incognita. 
Races 1 , 2  and 4 of M. incognita have been found 

na, 5 = bean, 6 = potato, 7 = squash, 8 = peach, 9 = 

in the Department of Antioquia in Colombia. 
Future plans involve a continuation of research 
on the development of root-knot resistant 
cultivars for economic crops. 

Ecuador 
Research emphasis has been on identification 

of Meloidogyne species and their distribution in 
the different geographical and ecological zones 
of this country. A survey carried out by the IMP 
local cooperator in 1976-77 revealed M. 
incognita race 1 to be the predominant species 
in Ecuador and M. javanica, M. arenaria and M. 
hapla to be restricted to certain crops and zones. 
Mixed populations of M. incognita and M. 
arenaria are common. Economic crops such as 
alfalfa, banana, naranjilla (Solanum quitoense), 
tomato-tree (Cyphomandra betacea), citrus, 
potato, tomato, and carrot are affected by 
Meloidogyne spp. 

At present, the research continues on iden- 
tification of Meloidogyne spp. and their dis- 
tribution in the different zones of Ecuador. 
Furthermore, control studies focus on crop rota- 
tion, plant  resis tance and chemical and  
agronomic measures. 

In the future, the geographical distribution of 
Meloidogyne spp. in the coastal areas will be 
studied. Also, evaluation will continue for root- 
knot resistant varieties of the main crops such 
as banana, coffee, cacao, soybean and cotton. In 
addition, work will continue on biological, 
chemical and crop rotation methods to control 
root-knot nematodes in the coast, the moun- 
tains and western parts of Ecuador. 

Paraguay 
Research on the identification of Meloidogyne 

species has been emphasized in this country. 
Meloidogyne javanica, M. exigua, M. incognita, 
and M. arenaria have all been found. Root-knot 
nematodes damage crops such a s  tomato, 



tobacco, pepper, carrot, lettuce, banana, sugar 
cane, cotton, etc. M. javanica has been found in- 
fecting the wild potato (Solanum chacoense). 
Mixed populations of M. javanica and M. 
incognita have also been found. 

Melozdogyne spp. have been controlled here 
primarily by application of soil fumigants to 
seedbeds of tomato, tobacco and pepper. Crop 
rotation of strawberries (Fragaria sp.) with 
susceptible vegetable crops has been very suc- 
cessful in soils infested with M. javanica and M. 
incognita. 

At present, Paraguay's only plant pathology 
laboratory is  located a t  t h e  Faculty of 
Agricultural Engineering in Asuncio'n. No 
separate plant nematology course is offered, so 
the subject is covered in the Phytopathology 
course. 

Peru 
The emphasis on Meloidogyne in Peru in- 

volves breeding and screening for resistance in 
potato a t  the International Potato Center, in 
tomato a t  the National Agrarian University in 
Lima, and in bean a t  the National Bean 
Program in Lambayeque. Root-knot nematodes 
have been found attacking several important 
crops such as  potato, bean, cotton, banana, 
tobacco, coffee, sugar cane, passion fruit, papaw 
tree, and different vegetables (tomato, lettuce, 
carrot, pepper, etc.). Regardless of the lack of 
excellent information on crop losses due to 
nematodes in some areas of this country, the 
average yield is below optimum when compared 
with the world averages for most economic 
crops. The greater part of the loss is borne by 
small farmers, particularly those in warm areas 
with sandy soils. Present information indicates 
t h a t  M. incognita is  t he  most  common 
Melddogyne species in Peru. Research now in 
progress includes the role of cropping systems 
in nematode control on potato, use of the fungus 
Paecilomyces lilacinus and nematicides, and 
cross-trials of crop rotation including Tagetes 
pa tuh .  Of the bean cultivars and lines screened 
for resistance to M. incognita in Lambayeque, 
five were found to be resistant and were recom- 
mended for inclusion in bean improvement 
programs. Recently, we got involved with 
nematological problems affecting the passion 
f ru i t  o r  maracuya (Passiflora edulis var. 
Jlavicarpa) in the localities of Motupe and 
Olmos on the northern coast of Peru. As of now 
there are 1300 hectares planted with this 
promising crop, some in areas where banana 
plantations have been removed due to Panama 
Disease interacting with nematodes. In 1982, a 

complete plantation of passion fruit  had to be 
burned because of phytosanitary problems in- 
cluding nematodes such as  Rotylenchulus, 
Paratylenchus and Melddogyne. Research on 
chemical control with nematicides and the 
fungus Paecilomyces lilacinus is being conduc- 
ted in these areas. In Trujillo, research on 
screening bean cultivars and lines for resistance 
to M. incognita is being conducted. Also, recom- 
mendations are being made to the farmers of 
this area to rotate vegetable crops, for instance 
leek (resistant) with celery (susceptible), to con- 
trol root-knot nematodes. 

Venezuela 
In the past, international nematology courses 

t h a t  have helped t ra in  people in p lan t  
nematology have been offered in Venezuela. 
Research emphasis has been on identification of 
Melddogyne species and their control. The 
Meloidogyne species that  have been identified 
are hapla, in.cognita, and javanica. 

Actually, the root-knot nematodes cause 
severe damage in certain crops such a s  tomato, 
t obacco ,  p o t a t o ,  b a n a n a  a n d  c o t t o n .  
Melddogyne spp. have been associated with 
rice, bean, coffee, cacao, sugar cane, citrus, 
papaw, pineapple, cotton, pepper, lettuce, onion, 
carrot, and other crops. The damage to these 
crops by Meloidogyne has been recognized but 
not  assessed economically. Research on 
methods to  control Meloidogyne spp. has 
emphasized chemicals, crop rotation, t rap crops 
and screening for resistance. The results in- 
dicate that  the use of chemical products is 
promising in some crops, but the high cost is a 
limiting factor. Results from screening for 
resistance against M. incognita show that there 
are some promising resistant bean varieties like 
'IBRN 13' ('Mexico 309') and  'IBRN 14' 
('Turrialba 1 (S-19N)'). Also, there has been 
research on determination of the threshold 
levels of M. incognita on bean (Phaseolus 
vulgaris L.). 

Uruguay 
Research on root-knot nematodes has started 

recently in this country, and some progress has 
been made toward determining the effect of 
Meloidogyne species on certain crops and their 
control. Research emphasis has been on recogni- 
t ion of t he  crops affected by root-knot 
nematodes, screening of tobacco cultivars for 
resistance and testing of nematicides as  a 
means  of control.  Resul ts  indicate  t h a t  
Meloidogyne spp. affect several crops such as  
tobacco, tomato, potato, pepper, beet, soybean, 



350 South America 

carrot, peach, bean, sweet potato, etc. Among 
these crops, tobacco and tomato show severe in- 
fection by Meloidogyne spp. Both M. incognita 
and M. javanica have been identified on tobacco. 
From 1971 to 1975, several chemical products 
were tested for efficacy to control root-knot 
nematodes in tobacco. 

In 1971-72, a test on susceptibility of tobacco 
cultivars to Meloidogyne spp. was carried out. 
Results based on a scale rated from 0 to 10 
showed that  there were some promising resis- 
tant tobacco cultivars such a s  'C 254,' 'Speight,' 
'C 258,' and 'NC 95.' Results from a survey in- 
dicated that  the gramineous weed Setaria 
geniculata was heavily attacked by Meloidogyne 
spp., and larvae of a microhymenopterous 
species were found associated with the egg 
masses of the root-knot nematodes. 

CONCLUSIONS AND 
RECOMMENDATIONS 

In the South American region, advances have 
been made in root-knot nematode research by 
means of the methods and supplies that the IMP 
program has provided to this region. Our coun- 
tries can still benefit from the accumulated ex- 
perience and findings of nematologists in 
developed nations. The establishment of a 
realistic and functional plant nematology 
program to provide diagnostic and advisory ser- 
vices with well-trained nematologists is  
necessary. In most of these countries, the 
available resources, both human and financial, 
are limited. Therefore, it is advisable to es- 
tablish priorities in the research program with a 
more effective organization which will allow us 

to gain people's confidence to accomplish our 
responsibilities and achieve the immediate 
goals. Also, it is necessary to develop research 
along with teaching and extension programs in 
plant nematology. By now, the IMP cooperators 
are aware of the magnitude of the problem that 
plant-parasi t ic  nematodes can cause to  
economic crops, but farmers, crop specialists 
and other people a re  often unaware tha t  
nematodes exist, so it is necessary to create this 
awareness in our own locality. Furthermore, it 
is a priority to initiate and/or support the es- 
tablishment of introductory, college-level 
courses in nematology. Finally, with respect to 
research in this region, there should be close 
cooperation, yet each country must extablish its 
own priorities and develop the best combination 
of available management strategies to prevent 
the continuous buildup of serious pests and dis- 
eases, including root-knot nematodes. Manage- 
ment strategies should be integrated in order to 
improve actual production and yields of the 
economic crops to meet the increased demands 
of a growing population. 
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Brazil covers about 3,287,200 square miles, 
nearly half the area of all South America and 
about equal to that of Europe. The fifth largest 
country in the world, Brazil is surpassed in size 
only by Russia, China, Canada and the United 
States. The country extends from about 5" 
north latitude to 34" south latitude being en- 
closed mostly between the Equator and the 
Tropic of Capricorn. 

There are three major geographical regions: 
-The Amazon Basin or  Amazonia, in 

northern and western Brazil, almost en- 
tirely covered by tropical rain forest. The 
chief products a re  rubber, Brazil and 
babassu nuts, cabinet wood, fibers and 
plants used in medicine and industry. 

-Northeastern Brazil, with a large dry area, 
in the central part, and a fertile coastal 
plain. Farmers grow sugar cane, cocoa, cot- 
ton, bean, cassava, corn, tobacco, banana, 
rice, coffee and others. 

-The central and southern uplands, where 
most of Brazil's agriculture and industry 
are centered. Coffee, soybean, orange, 
sugar cane, banana, rice, cotton, corn, bean 
and many others are grown in large areas. 

Although about nine-tenths of Brazil is in the 
tropical zone, the climate is highly varied, being 
modified by winds, altitude and distance from 
the ocean. All of these variations in soil type, 
precipitation and climate contribute to the 
presence of many specific nematode problems 
throughout the country. 

HISTORY OF MELOIDOGYNE 
RESEARCH IN BRAZIL 

Since the discovery and description of 
Meloidogyne exigua in 1887 by Goeldi, eleven 
other species have been found in Brazil: M. in- 

cognita, M. javanica, M. arenaria, M. hapla, M. 
coffeicola, M. baumensis, M. inornata, M. 
acn'ta, M. thamesi, M. lordelloi, and M. elegans. 
The most widespread and important ones are, 
by far, M. incognita and M. javanica. M. exigua 
is also very common in the coffeegrowing areas. 

The nematological research was initiated in 
the 1950's, and in 1974, the Brazilian Society of 
Nematology was established. The Society 
promotes annual meetings and has been a key 
factor in the development of nematology in 
Brazil. The membership is in the vicinity of 150, 
one th i rd  of t h e  members being active 
researchers. More than 70% of all nematological 
papers published in Brazil are  in some way 
related to Meloidogyr~e, which gives an indica- 
tion of the great importance of this genus in our 
agriculture. 

In the last few years, more emphasis has been 
given to the following research lines: general 
surveys, host-parasite relationships, biology 
and histopathology, interactions with other 
plant pathogens and control. Control comprises 
most of the nematological research, and dif- 
ferent strategies have been studied. Besides the 
screening of nematicides, other products have 
been tried. Among them are "manipueira" (a 
by-product of the cassava flour industry), 
residues of sugar industry, cakes and others. A 
major activity has also been the screening for 
resistance. In soybean, for instance, hundreds of 
cultivars and lines have been tested each year 
against M, javanica and M. incognita. A source 
of resistance has also been sought for M. in- 
cognita on coffee. Even though M. exigua is the 
most disseminated species on coffee, M. in- 
cognita is the most devastating one. From 1976 
to 1977, more than 3 million coffee transplants 
were destroyed by government inspectors due to 



352 Brazil 

the presence of this nematode. In the field, there 
is no way to maintain a profitable crop in in- 
fested land, the situation being worse on sandy 
soil. If a resistant variety is found, it could be 
used in a breeding program and/or for grafting 
purposes. 

Dry beans (Phaseolus vulgaris) constitute a 
very important staple crop and a basic diet for 
Brazilian people. Yields are very low due to dis- 
eases and pests, among them M. javanica and 
M. incognita. Being a typical low income crop, 
the best way to solve the nematode problem 
would be the use of resistant varieties. 
Researchers have been screening the available 
material, but so far  without success. An in- 
teresting fact is that some inoculated bean 
varieties show only a few small galls but a high 
number of eggs is always present. 

Attention to nematode problems on sugar 
cane has increased since the government deci- 
sion to use this crop as an alternative source of 
energy. Nematicide application on infested land 
has been shown to be profitable. The crop ex- 
pansion program has incorporated large areas 
of poor soil, enhancing the loss caused by 
nematodes. Trials on varietal resistance and 
rotation with poor host crops to control 
Meloidogyne and other important nematodes 
are under way. 

Meloidogyne species are also limiting factors 
for other crops such as cotton, tobacco, potato, 
tomato, fig, melon, carrot, okra and many 
others. 

RESEARCH NEEDS FOR BRAZIL 

Extensive Surveys 
By this method, the entire country could get a 

be t te r  knowledge of the  prevalence and 
geographic distribution of the different species. 
The information obtained in such surveys will 
permit the orientation of research toward the 
most important problems in the whole area or 
in specific regions. 

Determination of Meloidogyne Races 
This procedure is essential to any program of 

screening for resistance and also will yield in- 
formation as  to which races are the most impor- 
tant ones infecting any particular crop in the 
area. 

Search for Resistant Lines and Cultivars 
Several Brazilian researchers are already 

engaged in this activity. Foreign material has 
also been introduced and tested. Hopefully, the 
results obtained will be used directly by the 
farmers, or will serve as a basic step in breeding 
programs. It  is necessary, however, to improve 
the screening methods available in order to per- 
mit handling of a large quantity of plant 
material and, a t  the same time, to prevent the 
loss of good germ plasm. 

Search for Poor Hosts or Antagonistic Plants 
So far, good field results have been obtained 

wi th  S t i zo lob ium a t e r r i m u m  (Mucuna  
atem'ma) and Crotalaria spectabilis, but many 
other promising species a re  available for 
testing. Crop rotation now seems to be one of 
the best alternative means of nematode control 
in Brazil. 
Biological Control 

Researchers are starting to evaluate the effec- 
tiveness of Paecilomyces lilacinus under our 
conditions. Another interesting possibility 
would be Bacillus penetrans. This organism is 
often found on different species of plant- 
parasitic nematodes from many areas in Brazil. 
Development of Integrated Crop Protection 
Systems 

This is an  important objective of the Inter- 
national Meloidogyne Project and is highly 
needed in any county. 

Other research areas that  deserve attention in 
the near future a re  population dynamics, 
economics of chemical control, seed treatment, 
and utilization of mycorrhizae to diminish 
nematode effects. 
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The International Meloidogne Project (IMP) 
objectives include,among other things, a com- 
mitment to alleviation of Meloidogyne damage 
on crops in the developing nations. Region IV, 
representing West Africa, forms a substantial 
part of this developing world, and perhaps is 
one of the most problematic areas in terms of 
actual Melddogyne damage to crops and in 
deficiencies in available means to combat this 
damage. 

Today, there are 14 countries in West Africa. 
These are Senegambia, Guinea Bissau, Guinea, 
Mali, Sierra Leone, Liberia, Ivory Coast, Upper 
Volta, Ghana, Togo, Benin Republic, Cameroun, 
Niger Republic and Nigeria. Of these, only six 
countries carry out research in nematology, and 
these six are actively involved in the Inter- 
national Melddogyne Project. These are Benin 
Republic, Senegambia, Liberia, Ivory Coast, 
Ghana and Nigeria. Institutes actually involved 
are thirteen. These are Office de la Recherche 
S c i e n t i f i q u e  e t  T e c h n i q u e  O u t r e - M e r  
(O.R.S.T.O.M.) in Dakar, Senegambia, and in 
Abidjan, Ivory Coast; United Nations Develop- 
ment Project (UNDP) in Monrovia, Liberia; Uni- 
versity of Science and Technology in Kumasi, 
Ghana; Crop Research Institute (CRI) also in 
Kumasi, Ghana; Institute of Agricultural 
Research in Zaria, Nigeria; the University of Ife 
in Ile-Ife, Nigeria; the University of Nigeria, 
Nsukka, Nigeria; the National Root Crops 
Research Institute (NRCRI) in Umuahia, 
Nigeria; and the National Cereals Research In- 
s t i tute  (NCRI), International Institute of 
Tropical Agriculture (IITA), National Institute 
of Horticultural Research (NIHORT), and Univer- 
sity of Ibadan in Ibadan, Nigeria (Fig. 1). 

Geographically, Region IV covers a range of 
ecological strata varying from the swamp-forest 

coastal region through rainforest guinea savana 
and from Sudan savana to semi-arid parts of 
Niger Republic and Senegambia. All kinds of 
cropping systems are practiced there, although 
mixed and shifting cultivation systems are 
traditional to the area. 

Physical factors in the region are suitable for 
rapid population buildup of Meloidogyne spp.; 
temperature and moisture are adequate. In fact, 
i t  is believed that 10-12 generations of these 
nematodes may be occurring each year, based 
on a life cycle period of 21-28 days. Hence, 
Region IV appears to form a "haven of peace" 
for Meloidogyne spp. 

Major staple food and fiber crops include rice, 
cowpea (protopea), yam, cassava, cocoa, corn, 
tobacco, kenaf, jute, plantain, groundnut 
(peanut), oil palm and coconut palm. 

With reference to IMP, three meetings have 
been held in Region IV: in 1976, 1978 and 1981. 
Progress reports of the component areas, coun- 
tries and/or institutes have been published in 
proceedings emanating from these conferences. 
Therefore, in this summary report an attempt 
will be made to highlight the current status of 
IMP in this region, summarize our achieve- 
ments, indicate the current direction of our 
research efforts and identify our areas of 
research needs. 

CURRENT STATUS OF IMP IN 
REGION IV 

Following the birth of IMP in 1975, there 
emerged in the countries of Region IV a re- 
awakening of in teres t  in t he  root-knot 
nematodes as  a group of serious pests of crops 
and in nematological research in general. The 
International Meloidogyne Project thus began 
to serve another unintended purpose, that  of a 
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Fig I. INTERNATIONAL MELOIDOGYNE PROJECT - REGION IP 
Indicates Participating Institutions and Research Stations 

propaganda agent for nematology. Should IMP 
survive another few years, I believe that  the 
people and governments of this region would 
star t  to look towards her for solution to their 
Meloidogylze problems. 

I consider it pertinent to mention at  this point 
that this degree of success has been made possi- 
ble by the  presence of a few dedicated 
nematologists that are scattered across the 
area. In countries where nematologists are non- 
existent, nothing is known about IMP. In fact, 
nematode problems do not exist in such coun- 
tries as it is obvious that  nematode problems 
can be identified only by eyes that  are trained to 
detect them. 

THE MAIN ACHIEVEMENTS OF 
REGION IV 

Early research work that  was pertinent to 
IMP can be summarized as follows: 

1. root-knot nematode identification and 
distribution, 

2. host range studies, 
3. the biology of Melddogyne spp., 
4, economic importance and crop loss assess- 

ments, and 
5. Control measures, including 

(a) chemical control, 
(b) screening for resistance, 
(c) farming systems/crop rotation, 
(d) breeding for resistance. 

Nematode Identification and Distribution 
No discrepancies exist in the literature as  to 

the presence of three species of the genus 
Meloidogyne Goeldi in this region. The known 
species are M. incognita, M. javanica and M. 
arenaria (7,9,11,12,19,22,24, 26-30,32,38,44). Of 
these, the most widespread is M. incognita 
(24,39). 

Evidence also occurs in the literature to sup- 
port the existence of a t  least one other species. 
Fortuner (19) referred to a "rice Meloidogyne." 
Diomande (personal communciation) specified 
the presence of an unidentified species found on 
peanut in western part of the Ivory Coast. 
Others simply referred to a M e h d o g y n e  sp. (38) 
or spp.(30). 

These four species appear to be unrestricted 
in their distribution in all the countries in- 
vestigated. Although there is reason to believe 
that  M. incognita and M. arenaria may be most 
important in the rainfed areas along the coast, 
M. javanica predominates in the savanna areas 
(8,12,15,). Analysis of 79 nematode samples 
from this region a t  North Carolina State Uni- 
versity revealed M. incognita occurring in 65% 
of the samples. 

Geographic distribution studies have been 
conducted extensively in Nigeria (8, 9, 12,25,40, 
41) and to a lesser extent in Ghana (19,24,), the 
Ivory Coast, and Senegambia. A more recent 
distribution study by Fortuner in 1978 (19) was 
restricted to upland rice fielcts. In this study, an 



Table 1. Meloidogyne spp. identified in Region IV. 

Meloidogyne spp. present 

M. M. M. 
Countries incognita jawvliea wenaria M. sp. 

Nigeria + + + + 
Ghana + + + ? 
Ivory G a s t  + + + + 
Llberla + + ? ? 
Senecambia + + + ? 

unidentified species was found to be most con- 
centrated along the coastal area, occurring 
wherever rice was growing. Olowe in 1978 (42) 
made a similar survey of the cowpea-growing 
areas of Nigeria. These surveys agreed on the 
fact that Meloidogyne spp. are  most commonly 
encountered in the southern parts of these coun- 
tries, as  well as  in irrigated agricultural lands of 
the northern savanna areas. 

Host Range Studies 
Another area of Melddogyne research that  

has been fairly well considered in Region IV is 
that  of host range studies. In 1962, Wilson (45) 
recorded 108 host plants of Meloidogyne spp. in 
Nigeria. In 1967, Caveness (10) found 116 plants 
hosting Meloidogyne spp. in Nigeria. In Ghana, 
Addoh (1) listed 126 plants as good hosts of the 
root-knot nematode. Over the vears. the number 
of plants known to host ~ e b i d o b ~ n e  spp. in 
Region IV, including weeds, food and fiber 
crops, has increased to over 150 (12, 16, 21, 22, 
26, 28, 33, 35, 38,44). Today, almost all food and 
fiber crops grown in this area have been known 
to host one or more species of this genus. 

The Biology of Meloidogyne Spp. 
Studies relating to the biology of these species 

that have been carried out in this region can be 
conveniently described under two headings: (a) 
life cycle studies, and (b) other biological 
studies. 

LIFE CYCLE STUDIES The life cycle of the root- 
knot nematodes has been studied mainly on 
cowpea and tomato plants by various authors. I t  
is now well established that the complete life cy- 
cle from second-stage juveniles to the egg-laying 
stage occurs within 21-23 days, depending on 
the host plant and the prevailing temperature 
conditions. In the recent past (1982), Nwauzor 
(31) found that M. incognita takes 17,20,22 and 
31 days to develop from second-stage juveniles 
to adult males, adult females, egg-producing 
females and a new generation of second-stage 
juveniles, respectively. 

Earlier, Caveness (9) had studied the life cycle 
of M. incognita, M. javanica, and M. arenaria on 

cowpea. M. incognita completed the life cycle in 
21 days, and the latter two species took 23 days. 
In Ghana, the complete life cycle of M. incognita 
on tomato and cowpea took 28 days (24). 

OTHER BIOLOGICAL STUDIES Literature is 
scanty on other aspects of the biology of these 
species in Region IV. Ogbuji and Okonkwo (36) 
in 1972 studied some aspects of the effect of pH 
on M. incognita developing on tomato. Results 
from this study serve as  a pointer to the need 
for similar studies on a regional basis, as  results 
from one geographical location may be inap- 
plicable in another. 

That Meloidogyne juveniles can migrate 50 
cm vertically in 3 days was demonstrated a t  
ORSTOM in Dakar, Senegambia (26). Netscher 
& Taylor (28) confirmed that root exudates 
enhance their migration in the soil. They also 
found that M. arenaria juveniles enter the roots 
of resistant peanut and cause hypersensitivity 
which in turn results in the death of the 
nematodes. Treatments with nitrogen and 
phosphorus minimize root galling and increase 
grain yield of cowpea (42). 

Economic Importance and Crop Loss 
Assessments 

I t  is yet impossible to be precise concerning 
annual losses caused by Meloidogyne spp. in 
this Region. However, some estimates of in- 
dividual crop losses have been made by various 
authors. Bridge (9) put general crop loss a t  40% 
in irrigated areas of northern Nigeria. In a few 
cases,-total crop losses in the fGld have been 
reported: for example, with okra cv. 'Early 
Dwarf' (37) and tomato (30). Yield losses of 20- 
59% have been reported for cowpea (8,10, 
38,39,43). 

Yams when galled have a market value reduc- 
tion of 40% (31). If stored in barns for 16 weeks, 
25% of the edible part of the yam was lost to M. 
incognita and M. javanica (31). 

In 1962, Wilson (45) estimated a possible loss 
of up to 75% in the yield of tomato in a field near 
Samaru,  northern Nigeria, resulting from 
Meloidogyne spp. infestation. 

In Benin Republic, general yield losses in 
tomato, associated with the nematodes were 
55% (47). Ogunfowora (38) also reported losses 
ranging from 10-89% depending on the tomato 
cultivar and level of root-knot nematode in- 
festation of the field soil. In upland rice, loss is 
put a t  75% in the Ivory Coast (17). In parts of 
Ghana, potato production was said to be 
reduced by about 33% (24). 
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Control Measures 
Research into the management of root-knot 

nematodes has been concentrated on four major 
a r e a s :  chemica l  cont ro l ,  s c reen ing  f o r  
resistance, farming systems/crop rotation, and 
breeding for resistance. 

CHEMICAL CONTROL Suffice it to say that  most 
of the standard chemical nematicides released 
have been tried by one author or another in this 
region. These chemicals include metam-sodium 
(Vapam) ,  oxamyl  (Vydate) ,  c a r b o f u r a n  
(Furadan) ,  phora te  (Thimet) ,  Miral,  and  
Nemacur (2, 5, 39; Afolami, personal com- 
munication). Most of these, e.g. oxamyl, car- 
bofuran and phorate, have been associated with 
increased yield of vegetables like lima bean, 
okra, soybean (2) and of cash crops like rice (5). 

However, the resultant increases do not 
always pay their way. For this reason, sub- 
stitutes to the chemical have been sought in 
lipid antioxidants like PB (piperonyl butoxide), 
and AA (ascorbic acid) (18). This research has 
opened up a new field, and results so far give 
some promise. 

Thinking along the same line, Amosu (4) tried 
root exudates of Eupatorium odorat.um, Ricinus 
communis, Lycopersicon esculentum and Vigna 
unguiculata. These extracts inhibited larval 
hatch in M. incognita when tested in vitro. The 
practicability of field application is yet un- 
tested. Soil amendments as  a means of cultural 
control have also been investigated (9), but have 
not yet been found to be practicable. 

However, it is apparent that, although some 
chemical control measures are effective, they 
are uneconomical for the majority of our sub- 
sistence f a rmers  (8,9,26,38). Small  f a r m  
holdings and limited financial resources pose 
special constraints in this regard. Therefore, 
more attention is now being paid to screening 
for resistance among crops and to a re- 
evaluation of our traditional cropping systems. 
The latter approach resulted from general ob- 
servations of lighter nematode infections on 
crops grown in traditional cropping systems 
than on those grown in modern monocultural 
systems (34,42). It  is envisaged that  a combina- 
tion of these two methods may go a long way in 
solving the Meloidogyne problems of the 
smallscale farmers in Region IV. 

SCREENING FOR RESISTANCE Screening for 
resistance among local crops is currently gain- 
ing ground in many areas. In the Ivory Coast, 
upland rice and cassava are being screened (17). 
Both improved and unimproved cultivars of 
Oryza sativa are found to be generally more 

susceptible than 0. ghberrima cultivars. Im- 
proved 0 .  sativa cultivars are more tolerant 
than the local ones. In Nigeria, Babatola (5) 
identified four rice cultivars that  are resistant 
to Meloidogyne incognita. 

So far,  the two most widely grown clones of 
cassava in the Ivory Coast appear to be 
relatively free from Meloidogyne infestation 
(Diomande, personal communication). On the 
contrary, Caveness (13) found no resistance in 
any of the 56 cassava lines exposed to M. in- 
cognita race 2 and  M. javanica in t he  
greenhouse. 

A number of resistant cowpea lines have also 
been identified. In Nigeria, Idowu (personal 
communication) reported 31 and 21 highly resis- 
tant  and resistant lines, respectively. Zannou 
(46) found lines that  were highly resistant to M. 
incognita race 2 and two lines that  were 
similarly resistant to M. javanica. Several other 
lines possessed various degrees of resistance. 
Olowe (43) found only 1 cowpea line out of 73 
tested to possess high resistance to M. incognita 
races 1, 3 and 4. The same line was found to be 
mildly resistant to M. arenaria. He found that  
cultivar 'Acc 7002' combined tolerance/re- 
sistance to root-knot nematode, virus and 
fungal blotch diseases. Ogunfowora (40) report- 
ed slight resistance in 2 of 31 lines of cowpea ex- 
posed to M. incognita in the greenhouse. Amosu 
(3) classified 36 cultivars and lines as  highly 
resistant to M. incognita. 

In sweet potato (Ipomea batatas), 55 of 414 
lines showed good resistance to M. incognita 
race 2 and to M. javanica (15). All 21 lines of 
cocoyam (Xanthoson~a sagittifolium) examined 
were highly resistant to M. incognita race 2 and 
to M. javanica (14, 15). 

In yam (Dioscorea spp), Atu (personal com- 
munication) found three fairly resistant 
cultivars. Nwauzor (31) recorded one cultivar of 
D. cayenesis and one of D, dumetorum as im- 
mune to M. incognita. Caveness (14,15) con- 
firmed a cultivar of D. dumetorum as highly 
resistant. 

Ten of 287 lines of lima bean possessed 
moderate resistance to M. incognita race 2 (13). 
Soybean cvs. 'Hardee' and 'Hampton' are highly 
resistant and resistant, respectively, to M. in- 
cognita (39). Resistance has also been found 
among some leafy vegetables (39) and in hybrids 
of cocoa, Theobroma cacao (Afolami, personal 
communication). 

One line of tomato (Lycopersicon esculentum) 
was found to possess some resistance to a mix- 
ture of M. incognita and M. javanica in Ghana 
(23). In Nigeria, cvs. 'Nematex,' 'Atkinson,' 
'Rossol,' 'Enterprizer,' 'VFN 8,' 'Ife 1' (improved 



line 76) and 'Ronita' were shown to possess some 
degree of resistance or tolerance to root-knot 
nematode Meloidogyne spp. (3,39). 

To date, peanut (Arachis hypogaea) remains 
the only commercial crop that has been unani- 
mously declared highly resistant to most 
Meloidogyne spp. in this Region (6,9,20,22,39). 

FARMING SYSTEMS / CROP ROTATION RESEARCH 
Some cropping sequences have been in- 
vestigated for their effects on Meloidogyne 
population dynamics and yield of susceptible 
crops in Nigeria. Zero-tillage farming practices 
have also been investigated. Cover crops of 
Puernria and Glycine were found to reduce pop- 
ulations of Meloidogyne spp. effectively (14,15). 
Inter-cropping of maize with leucaena also 
reduced populations, but maize/cassava mix- 
tures encouraged population build-up. I t  has 
also been shown that growing non-host or resis- 
tant crops such as  maize, rice, groundnut 
(peanut) or Stylozanthes grucilis prior to grow- 
ing susceptible tomato cultivars (Ife l) often 
greatly reduces nematode field infection with 
economic increases in yield of tomato (40). Con- 
tinuous bushfallow gives some control of root- 
knot nematodes and good yield of tomato. Con- 
tinuous stylo has been shown to give the best 
nematode control and also good yield of tomato. 
Continuous tomato cultivation, however, gives 
very poor control of nematodes and results in 
poor yield of tomato(40). 

BREEDING FOR RESISTANCE Apart from the 
release a t  IITA of the cowpea 'Vita-3' by Singh 
(13), very little progress has been recorded in 
this area of research. Currently, a breeding 
program is underway in the Departent of 
Agricultural Biology of the University of 
Ibadan. A cultivar of cowpea 'AGRIB-VI' is in 
the pipeline. Ladeinde (personal communica- 
tion) is optimistic that  a cultivar resistant to M. 
incognita will emerge from these efforts. 

Also breeders a t  the National Cereals 
Research Institute in Nigeria are embarking on 
a nematode resistance breeding program using 
cv. '64298,' which is known to possess high 
resistance to races 1 , 3  and 4 of M. incognita and 
M. arenaria but which is not widely accepted, 
and the elite cv. 'Acc 73001,' which is acceptable 
b u t  suscept ib le  t o  a l l  local spec ies  of 
Meloidogyne (43). 

DIRECTION OF CURRENT RESEARCH 
EFFORTS 

Without disregarding basic research, there 
appears to be a shift in emphasis f r ~ m  the basic 
to a more applied type of research. In recent 

years, most of the emphasis has been on 
locating resistance in economic crops. I t  is 
believed that resistant varieties will contribute 
significantly to  solving our Meloidogyne 
problems. 

For some time to come, West Africa will con- 
tinue to lean heavily on the subsistence farmers 
for most of its agricultural needs. These farm- 
ers still believe in and indeed practice mixed 
cropping/mixed farming systems. Therefore, 
cropping sys tems research a s  i t  affects  
Meloidogyne infection capabilities and crop 
yield responses is beginning to feature more 
prominently than ever before in our research ef- 
forts. Cultural practices like tilling and no- 
tilling, cover cropping with different cover 
crops, and mulching are being investigated as  
possible means  of reducing Meloidogyne 
infestation on economic crops. I t  is hoped that 
results from these investigations may form a 
basis for an integrated control strategy for 
Meloidogyne spp. in the region. 

AREASOFRESEARCHNEEDS 
Substantial progress has been made in 

Meloidogyne research in this region, especially 
since IMP came into existence. Judging from the 
increase in activities evidenced by the increase 
in number and improvement in the quality of 
published data from the region over the past 
eight years, IMP appears to have provided a 
necessary catalyst. 

However, much more research still needs to 
be done. Efforts must be intensified in the areas 
of farming systems research and breeding for 
resistance but especially in the areas of ecology 
and biology, for it  is only by properly un- 
derstanding such aspects of these pests that  we 
can hope to find a lasting solution to the 
Meloidogyne problem. 

I t  must also be reiterated tha t  information is 
scarce from most countries in this region 
because of lack of trained personnel. There is an 
urgent need to train more nematologists in the 
region. In those countries where nematologists 
are present, financial limitations mitigate 
against their productivity. 

At this point, the formation of an action com- 
mittee or a re-activation of the committees 
organized a t  the 1981 IMP Region IV conference 
may be considered. Such a committee or com- 
mittees will be mandated to coordinate research 
results with a view to making them more 
meaningful. It/they will identify areas of 
research priorities. For instance, such a com- 
mittee/committees could s tudy closely all 
available data on resistant germ plasm in each 
crop with a view to finding a basis for breeding 
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locally acceptable materials for the region. 
These steps could lead to a cooperative and co- 
ordinated research effort in the region. In es- 
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In order to appreciate the major research 
emphasis, current s ta tus  and problems of 
Meloidogyne spp. research in Region V, I think 
i t  is very important to trace briefly the in- 
fluence of the past political history of the 
Region on plant nematology in general and 
Melddogyne spp. in particular. Historically, 
countries currently grouped in Region V by IMP 
were, a t  one time or  another, under Britain. Un- 
til 1977, the three countries Kenya, Uganda and 
Tanzania formed what  was known a s  the East  
African Community. These countries funded 
a n d  w o r k e d  w i t h i n  t h e  E a s t  A f r i c a n  
Agriculture and Forestry Research Organisa- 
tion (E.A.A.F.R.O.) based a t  Muguga in Kenya. 
It served a s  a central agricultural research 
facility where problems of common importance 
were investigated. Obviously, plant-parasitic 
nematodes had to be studied on an inter- 
territorial basis. Similarly, up to 1963, in what 
used to be known as  British Central Africa, 
Nyasaland (Malawi) and the two Rhodesia 
(Zambia and Zimbabwe) were federated. 
Although there was no research organization 
similar to the one in East  Africa, the  center for 
nematology work was in Salisbury, now Harare.  
Perhaps what  is of interest is tha t  both centers 
emphasized surveys, identification and control 
of Melddogyne spp. In case of Botswana, very 
little is known about nematology work. 

RESEARCH EMPHASIS 

Surveys 
Much of our present knowledge of the  dis- 

tribution and the economic importance of 
Melddogyne spp. in Region V is based on the 
surveys and identifications made by De Grisse 
(7), Whitehead (26,27,28) and Martin (9,10,11). 
In Kenya, De Grisse (7) described a root-knot 

nematode Meloidogyne kikuyensis n. sp. found 
attacking Kikuyu grass (Pennisetum clan- 
destinum Hochst) and reported tha t  it closely 
resembled M. africana Whitehead. However, he 
did not report the  pathogenicity of this species, 
and the hosts and the life cycle of M. kikuyensis 
are  still not well known. 

Subsequent surveys of Meloidogyne spp. in 
cultivated soils of many parts of East  Africa 
revealed tha t  M. javanica and M. incognita were 
the most common species on food crops (26,28). 
M, hapla commonly attacked pyrethrum a t  
higher altitudes and arabica coffee was attacked 
by several other species such a s  M. megadora, 
M. decalineata, M. kikuyensis and M. africana. 
The frequencies of M. javanica and M. incognita 
were not correlated with soil texture. However, 
there seemed to be some relationship between 
altitude and moisture with the distribution of 
these two species in tha t  M. javanica was the 
dominant species a t  high altitudes with wetter 
soils whereas M. incognita was more successful 
in hotter soils, and both species were equally 
abundant  a t  in termediate  a l t i tudes  with 
moderate rainfall. Whitehead (27) also reported 
tha t  M. javanica and M. incognita very rarely 
reproduce on coffee in tropical Africa but  tha t  
M. megadora, M. africana and M. decalineata 
do; he considered these species to be indigenous 
to tropical Africa. However, the  pathogenicity 
and economic importance of these species were 
unknown. 

In Central Africa, the economic importance of 
root-knot nematodes was first  reported by Jack 
(8) and Smee (23) early this century. However, it 
was Martin (9,lO) in Zimbabwe who identified 
four root-knot species, M. javanica, M. incogn.ita 
acrita, M. hapla and M. arenaria. More recent 
work has  been carried out by Way (25) on the 
populations identified by Martin. Results of dif- 
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ferential host tests and perineal patterns has 
revealed the occurence of M. javanica, M. 
incognita races 1 and 3 and M. h a p h  but ap- 
parently leaves the existence of M. arenaria 
much in doubt. 

Martin (10) found M. javanica and M. 
incognita to be widely spread on many hosts. A 
survey of root-knot-infected tobacco in Zim- 
babwe and Zambia revealed that 99% of the soil 
samples were infested with M. javanica and 1% 
with M. incognita acn'ta. He also observed that  
M. incognita acrita infestations tended to be 
located in low-lying spots and subject to a cer- 
tain amount of water-logging and speculated 
that the species was presumably introduced into 
the country whereas M. javanica may be 
indigenous. 

In a separate survey carried out in the 
southern region of Malawi (Nyasaland), Martin 
(11) found Meloidogyne spp. to be widely dis- 
tributed in the tea nurseries. In some areas, oc- 
casional plants were infected, and in others 
many plants were heavily infected with galls, 
mainly on tap roots. He also noted that  only 
small populations of females were viable on the 
roots and egg-mass production was generally 
poor. M. javanica was found in 70% of the infec- 
ted plants, the rest being what he identified as  
M. arenaria and, in one case, M. incognita 
acrita. Only three tea plants were lightly galled 
by M. javanica. These results apparently sup- 
ported what had been reported in Sri Lanka by 
Sivapalan (22) who observed that susceptibility 
of tea to root-knot nematodes decreased with 
age and that  this resistance was markedly ob- 
served between 8 and 15 months of growth. He 
found t h a t  juveniles of some root-knot 
nematodes were able to penetrate young feeder 
roots of mature tea bushes but failed to induce 
any galls. The development from second to third 
stage was inhibited apparently by an unknown 
mechanism. 

Subsequent surveys in Malawi by various 
workers (2,3,4,12,18) have all reported that  M. 
javanica and M. incognita are widely dis- 
tributed and cause a lot of economic damage on 
many crops in the country. Bridge and Page (3) 
reported the incidence of M. javanica in burley 
and flue-cured tobacco estates to be as  high as 
96 to 100%. Infestations of this extent have been 
observed in other crops such as potato, okra, 
banana, pigeon pea and cowpea (Saka, un- 
published). In a separate survey, Bridge et al. 
(2) reported an isolated case of M. acronea in 
cotton in the Shire Valley in the southern region 
of Malawi. The nematode has been observed to 
reduce growth and cause low production of 

flowers in cotton. Pathogenicity tests by Bridge 
et al. (2) have shown that  maize (Zea mays), 
pigeon pea (Cajun cajanus), sorghum (Sorghum 
bicolor), g roundnut  (Arachis  hypogaea), 
leucaena, guar bean (Cyamopsis psoraloides), 
and tomato (Lycopersicon esculentum) are 
hosts whereas bulrush millet (formerly 
Pennisetum typhoides, now P. americanum) 
and finger millet (Eleusine coracana) are non- 
hosts. Further surveys for M. acronea in dif- 
ferent ecological zones have shown that  it is not 
widely distributed in the country (Saka, 
unpublished). 

Disease Interaction 
Relatively very little emphasis has been put 

on interaction of Meloidogyne spp. with other 
disease-causing agents in Region V. Perry (16), 
after a survey in cotton-growing areas of 
Uganda and Tanganyika, reported the interac- 
tion of M. incognita with Fusarium oxysporum 
vasiwfectu7n on cotton. Inoculation experiments 
confirmed a rather synergistic relationship be- 
tween the two organisms, and these results 
were supported when soil fumigation reduced 
root-knot intensity from 64% to 18%, and a 
corresponding decrease in wilt incidence from 
14% to 2% occurred. Shepherd (21) has reported 
the interaction of Rhixoctonia solani with M. 
javanica in tobacco in Zimbabwe where he ob- 
served that  galling increased root invasion by 
the fungus; however, there was no evidence of a 
further reduction in yield due to the fungal at- 
tack. Bridge and Page (3) have reported the in- 
teraction of Fusarium oxysporum v. nicotianae 
with M. javanica in tobacco estates that  they 
surveyed in Malawi as a relationship in which 
nematodes predispose the plants to invasion by 
the fungus. 

CONTROL 
The objective of the major emphasis on the 

survey and identification of Meloidogyne spp. 
was to provide a basis for effective control 
measures against these nematodes. So far,  two 
methods, namely cultural and chemical, are 
widely used in various countries. 

Cultural Control 
In Zimbabwe, Shepherd (21) has reported 

early planting of tobacco on ridges after early 
ploughing to be the major cultural control 
method against root-knot nematodes. Under 
Zimbabwean conditions, there is reduction of 
root-knot nematode populations in the top layer 
of soil particularly in sandy soils. The principle 
behind this method is based on Daulton & 



Nusbaum (6) who reported that  Zimbabwean M. 
javanica eggs were killed a t  36°C after 12 hours 
or longer. Shepherd (21) has reported that  tem- 
peratures up to such levels in the upper 50 mm 
of soil in tobacco fields are quite often recorded 
in Zimbabwe. 

Crop Rotation 
Rotation is probably the most inexpensive 

control measure against root-knot nematodes, 
but because of the nematode's wide host range, 
design of an  effective rotation system is often 
rather difficult. After pot experiments with 
various crops, Whitehead (27) suggested the use 
of some resistant varieties of maize, sweet 
potato, groundnut, cotton, sorghum, velvet bean 
and soybean in order to control M. javanica and 
M. incognita in Kenya. Whether further in- 
vestigations were done on these crops is 
unknown. 

Tobacco being the biggest cash crop foreign 
exchange earner in Malawi and Zimbabwe, 
research on rotation invariably has been aimed 
a t  the devising of an  effective system to protect 
this crop from nematodes. Consequently many 
studies have involved the identification of 
suitable crops for inclusion in pasture rotation. 
In Zimbabwe, Daulton (5) extensively in- 
vestigated the inclusion of pasture grasses in 
tobacco-growing areas and reported a yield in- 
crease a s  well as  a reduction of root-knot 
damage with a three-year rotation of weeping 
lovegrass (Eragrostis c u m l a  cv. 'Ermelo'), 
Rhodes grass (Chloris gayana cv. 'Katambora'), 
and panic grass (Panicum maximum cv. 'Sabi'). 
Similar results were later supported by 
Shepherd (21) who observed tha t  Pratylenchus 
zeae,  P. b r a c h y u r u s  a n d  Scu te l l onema  
brachyumm were capable of reproducing on 
these grasses and speculated tha t  the reduction 
of M. javanica by these pasture grasses was due 
t o  s t a r v a t i o n  r a t h e r  t h a n  nema t i c ida l  
chemicals. 

In Malawi, Norse (15) tested six widely grown 
maize variet ies  in a three-year  maize- 
groundnut-tobacco rotation and reported root- 
knot nematode reduction with the two cultivars 
'Bingo' and 'Muthenga' and claimed that  they 
were heterozygously resistant to M. javanica. I t  
is not understood how he arrived a t  this conclu- 
sion. However, quite recently Bridge & Page (3) 
reported in a survey of tobacco-growing areas in 
the central region of Malawi that  the Rhodes 
grass-maize-groundnut-tobacco rotation was in- 
efficient because many solanaceous and other 
nematode weed hosts were allowed to grow dur- 
ing the grass cycle of the rotation. These hosts 

sustained some nematode populations which 
later infected tobacco. Therefore, Bridge & Page 
(3) recommended a longer rotation, preferably 
5-6 years, and regular weeding. 

Chemical Control 
The use of chemicals to control root-knot 

nematodes, particularly in tobacco, is not a t  all 
new in the Region. Recently Shepherd (21), in a 
review of nematode pests of tobacco in southern 
Africa, reported that  attempts with chemical 
control started in the 1920's, but it  was almost 
30 years ago tha t  D-D (dichloropropane- 
dichloropropene), MB (methyl bromide), and 
EDB (ethylene dibromide) were recommended 
for the seedbeds and the fields. Currently, the 
nematicides most widely used in tobacco in Zim- 
babwe and Malawi are methyl bromide and 
ethylene dibromide in seedbeds and fields, 
respectively. 

Satisfactory results have been reported by 
many tobacco farmers in Malawi with ethylene 
dibromide although Bridge & Page (3), after 
visiting some tobacco estates where EDB was 
often used, reported that there was only a 40% 
nematode reduction. They attributed the poor 
performance mainly to faulty injection guns as  
well a s  poor application techniques. They 
suggested further investigations into time and 
depth of application of the chemical in tobacco. 

In Zimbabwe, Shepherd (20,21) reported that  
metam-sodium and dazomet have been exten- 
sively tested but that the results have been un- 
satisfactory. Use of the chemicals was not to be 
recommended in tobacco. Similarly in Malawi, 
nematicidal trials have been carried out with 
the newer organophosphates and carbamates in 
tobacco, banana, potato and tomato fields. The 
results are also unsatisfactory for a recommen- 
d a t i o n  on a n y  of t h e s e  c r o p s  ( S a k a ,  
unpublished). 

CURRENTRESEARCHPROJECT 
In general, much of the research work curren- 

tly underway in the Region is concerned with 
identification of Meloidogyne spp., testing of 
different crop cultivars, screening of various 
nematicides and evaluation of different crop- 
ping systems. 

Uganda 
Bafokuzara (I) reported that  research work 

would concentrate on the effect of cropping pat- 
t e rns  and  organic amendmen t s  aga ins t  
Melddogyne spp. identified through the use of 
perineal patterns and differential host tests. He 
also planned to test different crops a s  well as 
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Table 1. Agro-climatic zones of Uganda 

Zone District Agricultural system 

VII 

VIII 

IX 

Teso 

Karamoja 
Lango/Acholi 

West Nile/Madi 

Ankole 

Kigezi 

Lake Victoria 
Crescent 
Northern Buganda 

Banana, millet and cotton system, with outliers of 
the main coffee-banana system. 
Montane systems: Arabica coffee, banana (wheat 
and maize in Sebei). 
Teso systems: finger millet, cotton and cattle keeping 
(mixed agriculture). 
Pastoral system-cattle keeping. 
Northern systems: finger millet, cotton, tobacco 
(some mixed agriculture also). 
West Nile systems: basic agriculture like Zone V but 
with predominance of cassava as staple food. 
Arabica and Robusta coffee and banana system, 
Montane systems: heterogenous agriculture but 
basically banana, coffee, tea. 
Montane systems in the west: Pastoral to the east: 
Arabic and Robusta coffee, tea, banana, cattle. 
Montane systems but with larger annual crop 
acreage than other montane systems. Sorghum 
is major staple. Arabica coffee, tea. 
Main Robusta coffee and banana system: Robusta 
coffee, banana, tea, cocoa, sugar. 
Western extension of the banana-millet-cotton 
system, but now largely taken up by big ranching 
projects. 

Source: Planning Cell, Ministry of Agriculture. 

breed tomato and tobacco varieties against root- 
knot nematodes. 

Recently, Bafokuzara (personal communica- 
tion) has reported that survey studies to in- 
vestigate the occurrence, distribution and inten- 
sity of different Meloidogyne spp. in the 11 dif- 
ferent agro-climatic zones of Uganda (Table 1) 
are underway. The main objective of these 
studies is to relate nematode species prevalence 
in a given area to ecological factors such as 
cultivation practices, vegetation, major soil 
types and the weather. The results should ul- 
timately facilitate design of control programs. 

Bafokuzara is also carrying out host range 
studies with Meloidogyne incognita race 1 which 
is commonly found in the central region of 
Uganda. The nematode is being tested against 
major food and cash (economic) crops of the 
country which have apparently been identified 
a n d  a r r a n g e d  in to  f ami l i e s .  P r e s e n t l y  
Leguminosae plants (1-3 weeks old) are being 
inoculated with 400 second-stage juveniles of M. 
incognita race 1, and each cultivar is replicated 
ten times. The plants are analyzed for galling, 

egg mass production or other root abnormalities 
and rated as  resistant, intermediate or suscepti- 
ble eight weeks after inoculation. The results of 
these studies, of course, will be reported later as  
these and other plants belonging to other 
families are re-evaluated in control programs in 
the greenhouse and in field tests, with a view to 
m a k i n g  r e c o m m e n d a t i o n s  t o  f a r m e r s  
(Bafokuzara, personal communication). 

Tanzania 
Swai (personal communication) has reported 

t h a t  M. hapla is  widely distr ibuted in 
pyrethrum fields and nurseries in the southern 
highlands of Tanzania. Losses of up to 50% have 
been observed under severe infestations. M. 
hapla also infects local weeds such as Bidens 
pi losa,  Conyxa  sp . ,  S o n c h u s  o leraceus ,  
Dichrocephala integrifolia, Gnaphalium luteo 
album, Grmsocephalurn rubens, Pycnostachys 
sp. ,  Agera tum conyxoides and  Sonchus  
bipon tinii. 

In order to identify some resistant common 
food crops of pyrethrum-growing areas, Swai 



has tested three maize cultivars ('H632,' 'H6302' 
and 'H614'), two wheat cultivars ('Mamba' and 
'Tai'), a n d  two  po ta to  c u l t i v a r s  unde r  
greenhouse conditions. Maize and wheat 
cultivars have been reported to be immune 
whereas potato cultivars showed what Swai 
calls high-level resistance. In a separate experi- 
ment in the greenhouse, three nematicides- 
f e n a m i p h o s  ( N e m a c u r ) ,  c a r b o f u r a n  
(Furadan), and aldicarb (Temik)-have been 
screened against M. hapla. At the rate of 
lOkg/ha, Temik 10G and Nemacur 5G prevented 
root galling. Furadan 5G inhibited galling when 
the chemical was used a t  the rate of 44kg/ha. 
Further experiments are being conducted with 
these chemicals under field conditions. 

Zimbabwe 
Shepherd & Way (personal communication) 

have reported that work to find a bioassay 
method sui table to  decide t he  economic 
threshold (24) still continues. Apparently, the 
results obtained so far  are unsatisfactory, 
although final data have yet to be analyzed. 

In separate experiments, three cassava 
cultivars, five Rhodes grass (Chloris gayana) 
cultivars, three legumes (Siratro, fine stem 
stylo and silverleaf Desmodium), two Brassica 
species (B. napus cvs. 'Regent' and 'Altex' and B. 
campestris cv. 'Candle'), and ten maize cultivars 
were tested against M. javanica and M. 
incognita races 1 and 3. Results revealed that  all 
three cassava cultivars, all Rhodes grass  
cultivars and all maize cultivars were more 
susceptible to M. incognita races 1 and 3 than to 
M. javanica. Silverleaf Desmodium was a host 
to M. javanica. All three nematode populations 
produced very low ratings on Siratro and fine 
stem stylo. Silverleaf Desmodium was not in- 
fected heavily by either race of M. incognita. I t  
was also observed that  tomatoes grown in soil 
mixed with the chopped roots of legumes also 
had low infection ratings after six weeks, 
presumably because the organic amendments 
suppressed the nematodes. 

Results with maize cultivars showed that  
only a small number of females with eggs were 
present in the roots compared with many hun- 
dreds in a similar sample of susceptible tobacco. 
As a result of this experiment, a field trial is un- 
derway to study whether an increased period 
(1,2,3 and 4 years) of maize in rotation with 
tobacco can sufficiently reduce M. javanica to 
the point that no fumigation is necessary in nor- 
mal years. I t  is hoped that  if an increased period 
under maize is sufficiently effective, then food 
production could be increased on tobacco farms. 

In cooperation with the plant breeders, the 
testing of resistant tobacco lines is being carried 
out in the greenhouse. With agronomic trials of 
promising lines, resistant flue-cured tobacco 
possibly can be released in the near future. 

Shepherd (personal communication) has also 
observed that  if the rate of EDB per m2 is effec- 
tive, then the depth of the chemical application 
is not important, and he also found that  spike 
application of water-miscible EDB in the field 
for oriental tobacco was more effective than use 
of a watering can; however, both methods are 
good for the growth of the crop. In an experi- 
m e n t  des igned  t o  s t u d y  t h e  e f fec t  of 
EDB/aldicarb combinations (0, 1.5 and 3.0 
ml/station EDB), Shepherd observed an in- 
crease of nematode control in heavily infested 
soil a t  all levels of t reatments  although 
phytotoxicity has occurred in some cases and 
resulted in loss of plants a t  the highest rate (4kg 
ai/ha aldicarb). 

In Zimbabwe, future work will concentrate on 
the following areas of research: (a) comparing 
methods for recovery of nematodes from soil, 
(b) studying the movement of M. javanica 
juveniles in soil to elucidate how fumigated 
areas are re-infested, (c) screening possible 
tolerant or resistant plants for use in rotation 
with susceptible plants, and (d) testing new 
nematicides as  well a s  investigating improved 
chemical control methods. 

Botswana 
Busang (personal communication) has repor- 

ted that  Melddogyne spp. have been a problem 
mainly on vegetable crops where loss of yield 
and market value has been observed by both 
commercial and small farmers. However, due to 
the absence of nematologists, or even plant 
pathologists, the problem was for some time 
neglected. Quite recently two species of root- 
knot nematodes, M. javanica and M. incognita, 
w e r e  f o u n d  on  p igweed  ( A m a r a n t h u s  
thunbergii), prostrate globe (A maran thus 
gomphrena celoides), flannel weed (Sida 
cordifolia), Pavonia spp. and Kyphorcarpa 
angus tifolia. 

Several projects are currently underway. The 
first involves the identification of root-knot 
nematodes, although M. incognita (Kofoid and 
White) race 2 has already been identified from 
beet (Beta vulgaris) and spinach (Spinacia 
oleracea) by IMP a t  Raleigh, North Carolina. 
Host range and pathogenicity studies constitute 
the second group of projects. Several vegetable 
crops, flowers, and food crops, such a s  bean, 
sorghum and millet, are being tested in the 
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Table 2. Incidence of F. udum, M. javanica 
and F. udumlM. javanica in 
pigeon pea (500 samples). 

Number of 
Pathogen plants infected 
F. zcdunl Butler, only 275 
M. jnvcr?jicu, only 125 
F. zcdum Butler/M. javauica 100 - 

Total 500 

g reenhouse ,  a n d  s o  f a r  i nd i ca t ions  of 
variabilities in susceptibility and resistance 
have actually been observed among the dif- 
ferent crops. Finally, the effects of soil tem- 
perature on the pathogenicity of M. incognita in 
sunflower is being studied. 

Kenya 
Ngundo (13,14) reported some damhge on 

beans caused by M. incognita and screened 23 
local and imported bean cultivars (Phaseolus 
vulgaris) against M. incognita and M. javanica. 
Of the 23 cultivars tested, seven were found 
resistant and none were immune. Interestingly, 
one cultivar PI  165426 tha t  was reported to be 
highly resistant to M. incogxita was susceptible 
to a mixed population of M. incognita and M. 
javanica. Gichure (personal communication) 
reported that projects currently underway are 
concerned with (a) a survey of M. africana 
Whitehead in coffee, (b) screening of different 
nematicides in tomato and potato, and (c) study 
of disease complexes of M. javanica with 
Fusan'um wilt in pyrethrum and of M. javanica 
with bacterial wilts in various potato cultivars. 

Malawi 
Work on screening ICRISAT pigeon pea and 

local lines against Fusarium udum Butler and 
M. javanica still continues after observations 
tha t  there is an  interaction between these 
organisms (Table 2) (17). In a pot experiment in 
the greenhouse, severe wilting was observed in 
plants inoculated with the two organisms. 
Currently three screening plots have been es- 
tablished a t  different ecological locations with 
the objective of identifying resistant germ 
plasm for the small-holder farmers who are the 
victims of these two organisms. 

In addition to pigeon pea, other crops such a s  
bean, cowpea and groundnut (peanut) are being 
screened against root-knot nematodes in the 
greenhouse a s  well a s  the field. The resistant 
cultivars from these tests eventually will be 
evaluated in the many but varied cropping 
systems that  exist in Malawi. 

In cooperation with the University of Florida 
Departments of Agronomy, Entomology and 
Nematology, a study has been initiated to study 
the degree to which Meloidogy~ze spp. limit 
biological nitrogen fixation in forage legumes in 
the tropics. Other activities include a com- 
parison of EDB with aldicarb, oxamyl, car- 
bofuran, and fenamiphos in such crops a s  
potato, banana, tomato and tobacco a s  well a s  
an investigation of the effects of different crop- 
ping systems on the population dynamics of 
Meloidogyne spp. and other plant-parasitic 
nematodes. 

FUTURE NEEDS 
Sasser and Krishnappa (19) quite rightly 

pointed out that  "the sound and orderly growth 
of any science depends on the wisdom, dedica- 
tion and direction given during its infancy." 
From the foregoing summary, it is obvious that  
nematology in Region V had a good infancy 
although the departure of expatriate nematol- 
ogists has left a vacuum that  has taken long to 
be filled in most countries. However, i t  is pleas- 
ing to note tha t  currently every country has a 
trained nematologist involved in research 
because of the present demand for information 
on how to control nematodes by the small- 
holder farmers. 

The victims of Meloidogyne spp. damage in 
Region V are the small growers who simply can- 
not afford to pay the high prices for chemicals 
and have too little land for rotation. Therefore, 
i t  is very important tha t  the future research 
should emphasize the screening of local and 
foreign cultivars a s  well a s  the evaluation of the 
various cropping systems currently practiced by 
small growers. 

Admittedly since the countries of Region V 
are developing countries, our resources for 
research are limited, and funds are badly 
needed for conducting research of this nature. 
There is also a need to train more nematologists 
either locally or abroad. Both of these activities 
will need an association or participation with 
one such as that  which currently exists betweed 
Region V and the International Melddogyne 
Project. 

Finally, on behalf of my fellow cooperators 
from Region V, I would like to thank Professor 
J. N. Sasser sincerely for his insight into 
Meloidogyne spp. problems in developing coun- 
t r ies .  The creat ion of t he  In te rna t iona l  
Meloidogyne Project has given the cooperators 
in the Region a chance to interact among them- 
selves a s  well a s  with other workers in the Pro- 
ject and the opportunity to keep abreast with re- 
cent research a s  well as  publish our results. I 



would also like to express my gratitude to the project, and I sincerely hope this assistance will 
U.S.A. Government for funding this important continue in the future. 
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RESEARCH IN REGION VI 

R. G. Davide 
University of the Philippines at Los BaCos 
College, Laguna, Philippines 

It is indeed a great pleasure for me to present 
this summary report of Region VI which com- 
prises Bangladesh, Burma, Fiji Islands, In- 
donesia, Japan, Malaysia, Nepal, Pakistan, 
Philippines, Republic of China (Taiwan), South 
Korea, Sri Lanka and Thailand. When I received 
the letter of Dr. J. N. Sasser on January 11, 
1983, requesting me to do this job, I thought it 
would be a difficult assignment not only 
because I did not have much time to do it but 
also because I felt that  I wouldn't be able to get 
the necessary information from the country 
cooperators who are very far from the Philip- 
pines. Nevertheless, I immediately established 
contact, through airmail letters, with my 
colleagues in the region asking for their support 
and assistance in making this report truly a 
product of our joint efforts. To my surprise, I 
received ins tantaneous  and enthusiast ic  
responses from them, including my colleagues 
in the Philippines Dr. R. B. Valdez and Dr. T. T. 
Reyes. Only then, did I realize how successfully 
IMP is bridging the information gap among the 
nematologists of the region, bringing them 
much closer, and making them more helpful to 
each other. I think this is just one of the tangi- 
ble accomplishments of IMP in the region. We 
have developed among ourselves a strong bond 
of friendship and fellowship. 

However, before paying tribute to  the 
achievements of IMP in the region, I feel that i t  
is fitting and proper to give due recognition to 
the man who dreamed, conceived and gave birth 
to the idea and ideals of IMP. This man, as  we 
all know, is Dr. J. N. Sasser who is imbued with 
a missionary spirit to spread the gospel of 
nematology to the Third World so that  the small 
and poor farmers can have more food by reduc- 
ing the damage caused by root-knot nematodes 
on their food crops. As his present disciples of 

nematology, we are gathered here together for 
two-and-one-half weeks with a mission to know 
more of the latest approaches and technologies 
on root-knot nematode studies so that we can be 
more effective in teaching our farmers on how 
to control these nematodes in order to increase 
their food supply. These pioneering efforts of 
Dr. Sasser are deeply appreciated by all of us. 

IMP is indeed a unique scientific cooperative 
venture which is in itself an experiment of 
world-wide proportions testing the hypothesis 
that nematologists from the developed and the 
developing countries can cross political, social, 
and cultural boundaries and harmoniously work 
together in solving a global pest problem of 
crops, namely crop losses due to root-knot 
nematodes. As far a s  I know, this project is the 
first of its kind in the world today, and the im- 
pact of this program has now been felt in many 
of the developing countries. As far  as  Region VI 
is concerned, IMP generally has had a strong in- 
fluence on the development of nematology. I t  
has stimulated the growth of the science and 
served as a catalyst in creating awareness 
among various f a rming  sectors  and in 
agricultural policy-making bodies of govern- 
ments concerning the seriousness of the threat 
of root-knot nematodes to crop production. The 
project also challenges the nematologists in the 
region to assert their role strongly in the 
national food production campaign. Above all, i t  
encourages us, the nematologists, to be more 
productive in research and to see to i t  that  our 
research products reach and benefit the end- 
users-our farmers. Of course, there are other 
ways in which the IMP has benefited the region 
that cannot be quantified or expressed in ap- 
propriate words. We cannot fully describe our 
feelings on how lucky we are to have gotten in- 
volved in this project. 



Having read the individual reports submit- 
ted, I am pleased to inform this body, that we in 
Region VI have already substantially advanced 
our research work on various aspects of the IMP 
objectives. These advances are in the areas of 
root-knot nematode survey, species and race 
identification, host range, varietal screening 
and breeding for resistance, and control through 
cultural, biological, and chemical methods. 

SURVEY, IDENTIFICATION AND 
HOST RANGE 

As far as the survey and identification of 
Meloidogyne species are concerned, many coun- 
tries in the region, particularly Japan, South 
Korea, Philippines, Thailand, Sri Lanka, In- 
donesia and Pakistan, have already done con- 
siderable studies, and they know quite exten- 
sively the distribution of M. incognita, M. 
java,nica, M. arenaria and M. hapla. A list of 
crops attacked by these species is already 
available in these countries. However, some 
member countries, particularly those t ha t  
joined the group later, such as Nepal, Burma, 
Fiji Islands and Bangladesh, are still doing sur- 
vey and host-range studies. 

SCREENING AND BREEDING FOR 
RESISTANT VARIETIES 

In breeding crops for resistance to root-knot 
nematodes, Japan, Thailand, Taiwan, Philip- 
pines and South Korea have already made sub- 
s tant ial  progress. A number of resistant 
cultivars have been identified. For instance, Dr. 
Toshio Shiga and Dr. Tomokis Takomata in 
Japan have screened 617 sweet-potato clones 
and found 67 to have resistance to M. incognita. 
Likewise, Dr. Sontirat of Thailand reported that  
Cuban kenaf cvs. 'W.A. Gahana' and 'ER-75-C- 
100' and Hawaiian cultivars of tomato like 
'Healani' and 'Daruma' have resistance to M. 
incognita. In Korea, Dr. Choi found that  tobacco 
cv. 'Osibeubtcho-E' and line 6601-8 have 
resistance to M. incognita. A number of tomato 
lines in Taiwan such as CL106-5-1-0, L97, L274, 
L4109, L4126, and L313 were reported by Dr. J .  
E. Yuen to be highly resistant to all races of M. 
incognita, M. javanica and M. hapla, and this 
was confirmed by Dr. J. N. Sasser here in North 
Carolina. 

In the Philippines, Dr. T. T. Reyes reported 
that 19 pepper cultivars, two cabbage cvs. 'Leo 
#80' and 'K-K,' and radish cv. 'Ramgo' were 
resistant to M. incognita. Dr. Reyes also report- 
ed that  such tobacco cultivars as  'Wisconsin 
Seedling,' 'W-8C,' 'Ramcol70-2' and 'H-225' have 
resistance to M. javanica, while 'W-8C,' 'Ramcol 

70-2' and 'Consum' also have resistance to M. 
incognita. On the other hand, Dr. R. B. Valdez 
found a number of tomato lines, namely 
'Hawaii, ' 'Kalohi,' 'Kowalo,' 'Atkinson,' 
'Healani,' 'BWN-18,' 'Romulus VFN' and 'RV7,' 
to be resistant to both M. incognita and M. 
javanica. In addition, he also observed that  
some breeding lines of sponge gourd, e.g. lines 
81-6, 81-8, 81-17, 81-19 and 81-20, are resistant 
to M. incognita. 

Likewise,  in Indones ia ,  Mr. Widja ja  
Hadisoeganda has screened 88 cultivars of 
white potato and found some with slight 
resistance to M. incognita race 1; these include 
'Nahdo,' 'Nordstern, '  'Cosima,' 'Nicola,' 
'Colidan,' 'Exton,' 'Thung 151,' 'Rapan 104,' '6- 
52-9,' and 'Rapan 181.' 

Other countries in the region are also cur- 
rently doing varietal screening for resistance, 
and they will report their findings in the near 
future. I know that  in Bangladesh, work on 
varietal screening of rice cultivars against the 
rice root-knot nematode has already been in- 
itiated. Dr. Choudhury is also currently screen- 
ing tomato and eggplant varieties against this 
nematode. Likewise in Pakistan, according to 
Dr. M. Saeed and Dr. R. Ahmad, some screening 
work is being done on solanaceous crops. On the 
other hand, nematologists in Nepal, Burma, Sri 
Lanka, Malaysia and Fiji Islands are still in the 
initial planning stages of the study. With IMP'S 
catalyzing influence, I am confident that  we will 
soon have more cultivars resistant to root-knot 
nematodes in the region. 

CROPPING SYSTEMS AND OTHER 
CULTURAL PRACTICES FOR ROOT- 
KNOT NEMATODE CONTROL 

Since our third planning conference in 
Jakarta in July, 1981, there has been con- 
siderable progress in our research studies on 
cropping systems and other cultural methods 
for root-knot nematode control. This is par- 
ticularly true in the Philippines, Thailand, 
Japan, Sri Lanka, Taiwan, Indonesia and 
Bangladesh. In the Philippines, as  a result of 
our studies and observations on various existing 
cropping systems, we have already recom- 
mended and encouraged our farmers to con- 
tinue or apply the following cropping systems to 
control root-knot nematodes: 

1) rice-tobacco-rice, 
2) corn-corn-tomato, 
3) rice-cotton-rice, 
4) rice-watermelon-rice, 
5) tomato-asparagus-radish, 
6) rice-corn-tomato, 



7 )  rice-onion-cabbage, and/or 
8) garlic-onion-tomato. 
These cropping sytems are being studied 

further so their effects on the build-up of other 
species of nematodes and insects can be deter- 
mined. So far, no serious problems have been 
encountered by the farmers. 

In Thailand, Dr. Sontirat observed that two 
consecutive years of growing a non-host crop 
are more effective than planting a susceptible 
crop followed by a non-host crop. Likewise in 
Sri Lanka, Dr. Nalini Gnanapragasam reported 
that cropping patterns with peanut, Crotalaria 
juncea, onion and gingelly (Sesamum indicum) 
could greatly reduce populations of M. incognita 
and M. javanica. In Fiji Islands, Mr. M. Heinlein 
and Mr. Vilsoni showed that  a rotation cropping 
of cassava-dalo-ginger was effective against the 
nematode, while in Bangladesh, Dr. Choudhury 
observed that three consecutive seasons of 
peanut or other resistant crops reduced the 
root-knot nematode population below the 
economic threshold level so that  a subsequent 
susceptible crop, e.g. brinjal (eggplant) could be 
grown successfully. Other countries in the 
region are now giving more emphasis to crop- 
ping systems research, and more information 
should be forthcoming from them later. 

BIOLOGICAL CONTROL 
Studies on the biological control of root-knot 

nematodes have not yet been given full atten- 
tion in the region. However, the recent dis- 
covery of the fungus Paecilomyces lilacinus by 
Dr. P. Jatala of Peru as  a promising biological 
control agent against Meloidogyne spp. has 
sparked our interest in testing the effectiveness 
of the fungus not only against Meloidogyne spp. 
but also on other species like the cyst nematodes 
on potato and Radopholus similis on banana. 
We have recently demonstrated in the Philip- 
pines that P. lilacinus can significantly control 
root-knot nematodes on tomato and other crops 
and result in yield increases comparable to the 
effects of some nematicides. Likewise, it has 
been found effective agains t  Globodera 
rostochiensis on potato and has resulted in a 
yield increase of 1 to 4 tons per hectare. In addi- 
tion to the Peruvian isolate, we were able to ob- 
tain four Philippine isolates whose effectiveness 
against root-knot and the potato cyst nematodes 
is comparable to that  of the Peruvian isolate. 
These isolates can easily be cultured in the 
Philippines on rice hull, coir dust, corn grit, 
mashed potato, chopped leaves of water 
hyacinth (Eichhornia crassipes) and leaves of 
ipil-ipil (Leucuenu leucocephala). Any of these 

substrates, particularly the rice hull, are easily 
available in the rural areas and can be utilized 
by our farmers a t  no extra cost. The use of 
Paecilomyces lilacinus is now recommended in 
the Philippines to control both root-knot and 
potato cyst nematodes. Our search for more 
local isolates of P. lilacinus is in progress, and 
we hope to find more efficient isolates for 
nematode control. 

In Pakistan, Dr. M. Saeed reported that  the P. 
lilacinus from Dr. Jatala and some Bacillus 
spp., when applied as  seed treatment on cucur- 
bits, legumes and other crops, proved promising 
in laboratory tests. I understand that  Dr. Jatala 
is sending P. lilacinus cultures to other IMP 
regions, and we hope that others too will get 
good results from such experiments. We hope 
that  the IMP can make a general recommenda- 
tion regarding the use of P. lilacinus against 
root -knot  nema todes .  I t h i n k  t h a t  t h e  
technology of its application can easily be 
transferred to the farmers' fields a t  minimum 
cost. 

CHEMICAL CONTROL 
On chemical control studies, the region in 

general has not done much. This is probably due 
to a number of reasons. First, considerable 
studies have already been done by the developed 
countries that transport and sell nematicides to 
the Third World markets. What we developing 
countries can do is to determine the economics 
and adaptability to our conditions. A second 
reason for the lack of research in this area is the 
relatively high cost of the imported nematicides 
and their restrictions and hazardous effects to 
humans. Thirdly, research emphasis is given 
primarily to the development of resistant 
varieties, cropping systems and biological con- 
trol. This approach is in line with IMP objec- 
tives to explore first the non-costly and less 
hazardous control methods which could benefit 
our poor farmers. 

However, we are not totally discouraging the 
use of nematicides. In fact, they should be made 
available to growers who can afford to use 
them. In the Philippines, we are continuously 
evaluating nematicides for use in large planta- 
tions of banana, sugar cane, pineapple and other 
c r o p s .  N e m a t i c i d e s  s u c h  a s  o x a m y l ,  
fenamiphos,  aldicarb, ethoprop and car-  
bofuran are locally available. However, only 
carbofuran has so far been registered for 
general use while the others are registered for 
institutional or plantation-company use only. 

Other countries in the region have reported 
results of experiments showing significant ef- 
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f ec t s  of nemat ic ides  a g a i n s t  root -knot  
nematodes. In Japan, Dr. H. Inagaki showed 
that  M. incognita on sweet potato was effec- 
tively controlled by soil treatment with D-D, 
EDB and chloropicrin. In Indonesia, Mr. 
Hadisoeganda reported that  oxamyl and car- 
b o f u r a n  w e r e  m o s t  e f f e c t i v e  a g a i n s t  
Meloidogyne spp. on tomato. Likewise, in 
Bangladesh, carbofuran was effective against 
root-knot nematodes on tomato, while in South 
Korea, Dr. Choi demonstrated that  chemical 
control of M. hapla on peanut with Telone C-17 
had significantly increased crop yield. In 
Malaysia, fenamiphos application on black 
pepper infected with root-knot nematodes 
resulted in 55% yield increase. In the Fiji 
Islands and Nepal, research studies on the 
chemical control of root-knot nematodes are in 
progress. Fiji Islands has a research project on 
chemical dipping of ginger rhizomes and soil 
treatment in the field, while in Nepal Dr. 
Neupane is conducting chemical control of root- 
knot nematodes in eggplant and okra. 

Going through the country reports of Region 
VI, I can generally conclude that considerable 
achievements have already been made in the at- 
tainment of the goals of IMP. Technologies can 
now be generated from these research findings 
in cropping systems, resistant varieties, and 
biological and chemical control. We hope to 
package these technologies and work out  
strategies for their effective dissemination to 
the farmers' fields. 

RESEARCH RECOMMENDATIONS 
Since we are still far from accomplishing the 

objectives of IMP, each member-country in the 

region has eagerly indicated its research needs 
and has summarized them as follows: 

1. More survey studies should be conducted 
so the distribution and extent of damage of 
crops caused by different species and races 
of Meldclogyne can be determined; 

2. Screening and breeding for crop resistance 
against Meloidogyne spp. should be inten- 
sified by the identification of breeders and 
nematologists and the encouragement to 
work as a team; 

3. More studies should be done on cropping 
systems by taking into consideration the 
existing cropping patterns that farmers 
are already using and by modifying these 
patterns to make them more effective 
against root-knot nematodes; 

4. Biological control studies through the use 
of P. lilacinus and other microorganisms 
should be thoroughly explored; 

5. Chemical control studies may be pursued 
fu r the r  if there  a r e  new chemicals 
available for testing; and 

6. Studies should be done on how research 
findings can be delivered effectively to the 
farmers' fields. 

Finally, I wish to conclude this report by ex- 
pressing my sincere thanks and appreciation to 
the delegates of the member countries in Region 
VI who enthusiastically responded to my call 
for assistance in making this report. To Dr. 
Sasser and his staff who worked so hard to 
bring us together in this workshop, we wish to 
thank you very much and we assure you of our 
full support and cooperation in achieving the ob- 
jectives and goals of IMP. 
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IN THE MIDDLE EAST, REGION VII 
OF THE INTERNATIONAL MELOIDOGYNE PROJECT 

I. K. A. Ibrahim 
Department of Plant Pathology 
College of Agriculture. Ahandria University 
Ahandria, Egypt 

The Middle East or Mediterranean Region, 
which is Region VII of the International 
Meloidogyne Project (IMP), extends from the 
Persian Gulf to the Atlantic Ocean and from the 
Arab Peninsula and North Africa to South 
Europe. This region includes about 18 countries: 
namely, Algeria, Cyprus, Egypt, Greece, Iran, 
Iraq, Italy, Jordan, Libya, Morocco, Portugal, 
Saudi Arabia, Spain, Sudan, Syria, Tunisia, 
Turkey and Yemen which are distributed in the 
continents Africa, Asia and Europe. 

Region VII of the IMP comprises many 
geographical areas (mediterranean, coastal 
plains, Sahara desert, oases, mountains, river 
valleys, etc.) which differ in climate and other 
characteristics. Most countries of this region 
have a mediterranean climate with moist, mild 
winters and dry, hot summers. The temperature 
rarely drops below 30" F in winter, and summer 
temperatures, although high, are moderated to 
some extent by cool winds from the north. The 
leading agricultural crops are wheat, cotton, 
barley, corn, rice, peanut, potato, bean, pea, 
tomato, olive, orange, grape and date. Most of 
the known vegetable, fruit and ornamental 
crops are grown also. 

Previous studies revealed that the root-knot 
n e m a t o d e s  ( M e l o i d o g y n e  s p p . )  a r e  of 
widespread occurrence and great economic im- 
portance in many localities of Region VII. These 
nematodes are causing considerable losses of 
many agricultural crops, especially in light 
sandy soil. About eight species of root-knot 
nematodes have been found in countries of this 
region. In order of occurrence and importance, 
these species are M. javanica, M. incognita, M. 
arenaria, M. hapla, M. naasi, M. artiellia, M. ex- 
igua and M. afncana. Generally, M. javanica 
and M. incognita are the most widespread 

species, whereas M. arenaria and M. hapla are 
of limited occurrence. On the other hand, the 
other species are rather rare. In Italy and 
Maltese islands, M. naasi occurs on durum 
wheat, barley and sweet vetch (Lamberti, 1978, 
1979). In Greece, M. artiellia and M. exigua have 
been found on wheat and peach roots, respec- 
tively (Koliopanos, 1978). Decker et  al. (1980) 
reported that M. africana occurs in Sudan. 

ROOT-KNOT NEMATODES IN 
COUNTRIES OF REGION VII 
Cyprus 

In 1978, Philis indicated tha t  root-knot 
nematodes are well established in the island of 
Cyprus and are favored by the warm climate of 
the mediterranean region (17). These nematodes 
attack many plants and cause serious yield 
losses. Tomato, one of the main vegetable crops, 
is devastated by Meloidogyne spp. An extensive 
survey study revealed that there are two species 
of root-knot nematodes, M. javanica and M. in- 
cognita. Rapid nematode development occurs 
from April to October, and nematode activities 
almost cease from December to February. Also, 
Philis showed that tomato cvs. 'VFN-8,' '701'82,' 
and '721'51' were resistant to M. javanica and 
produced good crops in infested soil (17). He 
reported yield losses of several vegetable crops 
caused by root-knot nematodes and indicated 
that losses can easily reach 35-50%, compared to 
non-infested fields (18). 

Egypt 
In Egypt, nematological studies have shown 

that root-knot nematodes are of widespread oc- 
currence and are becoming a real threat to 
agriculture especially in localities with light 
sandy soil (7-11). Three species, namely, M. 
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javanica, M. incognita and M. arenaria were 
found in the surveyed agrarian areas. The first 
two species are widely distributed while M. 
arenaria is of limited occurrence (10). Results of 
the differential host test showed the existence 
of two races (Races 1 & 3) in the M. incognita 
group and only one race (Race 1) of M. arenaria. 
Host range investigations revealed that about 
115 plant species were recognized as hosts of the 
root-knot nematodes. The host plants black 
mustard, casuarina, common balm, date palm, 
guamia, London rocket, mint, pudding-pipe 
tree, saw thistle, sedge, sugar beet, sugar cane, 
Washington palm, wheat and willow may be 
considered new hosts in Egypt for Mehdogyne 
spp. The species M. incognita was isolated from 
103 host plants while M. javanica and M. 
arenaria were found on 65 and 20 host plants, 
respectively. 

The reactions of certain plant cultivars to M. 
javanica, M. incognita (Race 1 and Race 3) and 
M. arenaria Race 1 were determined in the 
greenhouse. Results of these studies indicated 
t h a t  tomato cvs. 'Amex-VFN,' 'Monita,' 
'Patriot,' 'VFN-Bush' and 'VFN-8;' the rice cvs. 
'IR 28,' 'IR 459,' and 'Philip. 24;' the citrus 
rootstocks sour orange (Citms aurantium), lime 
(C. aurantifolia), Cleopatra mandarine (C. 
re ticulata), grapefruit (C. paradisi), rough 
lemon (C. jambhiri), trifoliate orange (C. 
trifoliate), and troyer citrange (Poncirus 
trifoliate X C. sinensis) were resistant to all 
nematode populations. The t imber trees 
Casuarina glauca, Cupressu.~ semperuirens and 
Eucalyptus camaldiolensis were resistant to the 
tested nematodes, except C. glauca was suscep- 
tible to M. incognita Race 1. 

Oteifa and Elgindi tested the resistance of 79 
cultivars of 21 economic crops to certain 
biotypes of M. incognita and M. javanica and 
showed that  peanut cvs. 'Giza 4,' 'No. 219' and 
'No. 296' and rice cvs. 'Giza 159,' 'Giza 171,' 'Giza 
172,' 'Sakha 1' and 'Sakha 2' were resistant or 
immune to all the tested nematodes (16). The 
wheat cvs. 'Giza 155,' 'Giza 156,' 'Shenab' and 
'Strok-7' and barley cvs. 'Bonus,' 'Giza 119' and 
'Giza 121' were relatively resistant to most of 
the tested nematodes. 

Greece 
Koliopanos showed t h a t  the root-knot 

nematodes were first described in Greece in 
1935, and their galls were observed on roots of 
tomato, okra, potato, tobacco, lettuce, almond, 
apricot, dahlia and eggplant (12). Until 1979, 
more than 85 plants had been reported as  hosts 
for root-knot nematodes and most of these 
plants are of economic importance (13). The 

root-knot nematode species M. incognita, M. 
javanica, M. arenaria, M. hapla, M. artiellia, M. 
thamesi and M. m g u a  have been found in 
Greece. However, the most prevalent species 
are M. incognita, M. javanica and M. arenaria, 
which have been detected on many host plants. 
The other species have been reported on few 
hosts: M. artiellia on wheat, M. hapla on 
cyclamen and M. exigua on peach (12, 13). 

Iran 
In I ran ,  four Meloidogyne species (M. 

javanica, M. incognita, M. arenaria and M. 
hapla) are present on a wide range of crop 
plants and weeds. These nematodes have been 
isolated from many economic crops growing in 
different regions of the country. About 63 
plants have been found infected with the root- 
knot nematodes in Iran (1). Abivardi et  al. in- 
dicated that the introduction of root-knot- 
nematode-infected tomato seedlings to the new 
areas may be an important factor for the 
nematode spread (2). They noticed that the dif- 
ferent climatic conditions in the surveyed coun- 
ties of Fars Province did not seem to affect the 
presence or absence of M. incognita and M. 
javanica, while M. hapla was only observed in 
cold regions. 

Iraq 
In Iraq, root-knot nematodes are considered 

serious pests  on many crops, especially 
vegetables, tobacco, sugar beet and date palm 
trees. The three species M. javanica, M. in- 
cognita and M. arenaria have been reported in 
Iraq. M. javanica is the most widely distributed 
and causes severe damage to tomato, eggplant, 
tobacco and date palm trees. Studies on the use 
of several nematicides to control root-knot 
nematodes showed that ethylene dibromide and 
D-D mixture were very effective. DBCP, 
Nemacur and Furadan ranked next in effec- 
tiveness against these nematodes on tomato and 
tobacco crops (23, 24). 

Italy 
In this country, five species of root-knot 

nematodes (M. incognita, M. javanica, M. 
arenaria, M. hapla and M. naasi) have been 
found attacking cultivated plants (6, 14). The 
most common species is M. incognita which is 
distributed through all the country and causes 
remarkable crop losses on some fruit trees 
(peach and olive) and various vegetable, in- 
dustrial and flower crops. Among the most 
damaged crops are tomato, eggplant, can- 
taloupe and watermelon on which yield reduc- 
tions of up to 50% have been observed. Other 



plants frequently attacked and severely affec- 
ted are carnation, cucumber, celery, artichoke, 
carrot, garden beet, anemone and white clover. 
Melddogyne javanica is more widespread in the 
southern regions of Italy where it attacks 
tomato, eggplant and carnation. The two species 
M. arenaria and M. hapla are rather rare. M. 
arenaria has been found on peach, tobacco and 
carnation, while M. hapla infects mainly winter 
crops such as carrot and potato. M. naasi was 
present in 17% of declining durum wheat fields 
sampled in southern Italy (14). 

Jordan 
Root-knot nematodes have been known to oc- 

cur in the Jordan Valley since the mid 1950's. 
Vegetable crops and banana trees grown under 
irrigation exhibited root galling. Almost all of 
the irrigated lands in the Jordan Valley and the 
elevated highlands are infested with root-knot 
nematodes, and the problem is one of national 
dimensions (3, 4). Two species of Melddogyne 
occur in Jordan: namely, M. javanica and M. in- 
cognita. Results of the differential host test in- 
dicate the presence of one race (Race 1) of M. in- 
cognita. On vegetable crops, M. javanica 
predominates in the southern Jordan Valley 
while M. incognita predominates the irrigated 
highlands. It  was observed that M. javanica has 
an optimum temperature that is 4-5" C higher 
than that of M. incognita. Results of screening 
tests under field conditions showed that  tomato 
cvs. 'Mont Favet 75-26 Inra,' 'Mistral,' 'Engeria 
VFN,' 'Piersol VFN,' 'VFN-8,' 'Calmart' and 
'Nemasol' were resistant to highly resistant to 
M. javanica. Tomato cvs. 'Maramand Trianon 
VFN' and 'Marette' were susceptible to M. 
javanica but exhibited resistance to M. in- 
cognita (4). 

Portugal 
In Portugal, root-knot nematodes were first 

observed in 1882. The results obtained since the 
establishment of the Middle East Region VII of 
the IMP show the presence of the root-knot 
nematode species M. incognita, M. javanica, M. 
arenaria and M. hapla on many host plants 
(19,20). More than 60 plant species have been 
recorded as hosts for Meloidogyne spp. Impor- 
tant host plants include grape, tomato, potato, 
pepper, tobacco, peanut, sugar beet, melon, 
carrot, strawberry, fig, celery, olive, peach, 
eggplant, broad bean, rose and alfalfa. 

Sudan 
Root-knot nematodes are considered one of 

the  most impor tant  parasi tes  of many 
agricul tural  crops in Sudan (26). These 

nematodes have been found to be widely dis- 
tributed in river silt along the Nile bank and 
also in light alluvial soils of western and 
southern sectors of Sudan, but not under the 
Gezira heavy clay soil. In these localities, root- 
knot nematodes can infect many crop and weed 
plants, but those most severely affected are 
vegetables and tobacco. Species of root-knot 
nematodes identified in Sudan are M. javanica, 
M. incognita, M. arenaria, M. africana and M. 
megdora  (5,26). The most economically impor- 
tant  species are M. javanica and M. incognita. 
Yassin reported that  M. javanica can inflict 
heavy damage especially on tomato and tobacco 
in the northern sector, and M. incognita is more 
prevalent in the south on tomato and eggplant 
(26). Up to 70-100% of tobacco and tomato 
plants in pilot farms around Zalingei in western 
Sudan might be completely devastated by M. 
javanica. In southern Sudan, M. incognita is 
considered a limiting factor in the production of 
vegetable crops to supply a canning factory in 
Wau District. The tomato cultivars 'VFN-8,' 
'VFN-Bush,' 'Motaba,' 'Rossol,' 'Piersol,' 
'Ronita,' and 'Marsol' exhibit resistance to M. 
javanica in Wad Medani. 

Turkey 
The root-knot nematode disease is one of the 

most important problems to many agricultural 
crops in Turkey. The root-knot nematode 
species: M. incognita, M. javanica, M, arenaria, 
M. hapla and M. thamesi have been found on 
many cultivated plants and weeds. Crops such 
as tomato, cucumber, bean, squash, tobacco, 
eggplant, pepper, sugar beet, peach, grape, fig 
and plum were found to be susceptible to 
Meloidogyne spp. (27, 28). 

Yemen 
Severe damage by root-knot nematodes has 

been observed in Yemen on tomato, potato, 
eggplant, pepper, squash and banana. Results of 
a survey s tudy indicated t h a t  root-knot 
nematodes were present in about 30% of 110 
fields sampled. Two species, M. incognita and 
M. javanica, were identified. M. incognita, the 
most common, was found in 60% of the tested 
populations, followed by M. javanica. Tomato 
seed beds were often severely infested with both 
M. incognita and M. javanica. It was evident 
that certain adverse factors, in addition to 
severe M. incognita attack, were responsible for 
heavy losses in banana production (21, 22). 

IDENTIFICATION OF ROOT-KNOT 
NEMATODE ISOLATES 

A total of 172 isolates (populations) of root- 
knot nematodes were collected from galled roots 
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Table 1. Species and races of root-knot nematodes found in 172 isolates collected from 18 
countries of the Middle East and Mediterranean region as determined by the host 
differential test. 

No. of isolatesa 
MJ MI MI MI MA MA MH 

Country R 1 R2 R3 R 1 R2 Total 
Algeria 1 1 - - - - 2 
Cyprus 19 - - - - - - 19 
Egypt 26 9 - 1 2 - - 38 
Greece 2 3 - - - - 5 
Iran 11 2 - - - 3 - 16 
Iraq 3 - - - - - - 3 
Italy 1 1 - - - 2 4 - 

Jordan 6 - - - - - - 6 
Libya 6 1 - - - - 1 8 
Ma1 t a  1 1 - - - - - 2 
Morocco 12 1 - 1 - 1 15 
Portugal 2 - 1 1 - 2 1 7 
Saudi Arabia 3 2 1 - - - 6 
Spain (Canary 

Island) 8 6 - 1 - - - 15 
Sudan 5 4 1 - - - - 10 
Syria 1 1 - - - - 2 
Turkey 4 2 - - 1 - 7 
Yemen 4 2 - 1 - - - 7 
Total 115 36 3 4 3 6 5 172 
a MJ: M. javanica, MI: M. incognita, MA: M. arenaria, MH: M. hapla, R: race. 

of infected host plants grown in 18 countries of 
the Middle East region. The nematode isolates, 
in the form of egg masses, were sent to the IMP 
a t  North Carolina State University for iden- 
tification to species and race by morphological 
characters and the differential host test (25). 
Data from these studies are presented in Table 
1. The results showed that 115 isolates (about 
66.8% of the total samples) belong to M. 
javanica, 43 to M. incognita (36 race 1, 3 race 2 
and 4 race 3), 9 to M. arenaria and 5 to M. hapla. 
I t  is clear that  M. javanica is prevalent and has 
been found in samples from all countries of 
Region VII. M. incognita race 1, which occurred 
in samples from most participating countries, is 
the next most common. In contrast, the other 
root-knot nematode species and races were of 
limited occurrence. The colder climate species 
M. hapla was detected only in samples from 
Italy, Libya, Morocco and Portugal. 

CONCLUSION 
The present studies indicate that in Region 

VII of the IMP M. javanica and M. incognita 
race 1 are dominant whereas the other species 
and races of root-knot nematodes are rare or 
limited in occurrence. 

I t  is evident that Meloidogyne spp. are by far 
the most important nematode pathogens on 
many agricultural crops in most countries of the 
Middle East and Mediterranean Region. Serious 
crop losses attributed to root-knot nematodes 
have been reported from many countries of this 
region. The main factors which contribute to the 
economic importance of these nematodes are: 
the great reductions in crop yield which occur 
when susceptible plant cultivars are grown in 
heavily infested soil, their wide host range, 
their persistence in a viable state in soil for long 
periods of time, their high reproductive capacity 
(rate) in the presence of the growing host plant, 
and the  absence of generally acceptable 
chemical control measures. Although all 
recognized nematicides give satisfactory control 
of root-knot nematodes, chemical control is a 
technical and economic problem in most 
developing countries. On the other hand, the use 
of crop rotation, resistant varieties and 
biological methods of control normally offer the 
cheapest and best means of root-knot nematode 
control. 

Present changes occurring in agricultural 
production in developing countries, such a s  the 
use of intensive cropping systems with one or 



more crops in the same field, necessitate a more trol of the root-knot nematodes under the 
thorough examination of certain aspects of the natural field conditions of developing countries, 
root-knot nematode problem, i.e., economic in spite of the fact that the root-knot nematode 
thresholds, population dynamics and resistance disease has been studied for several years in 
of plant cultivars. There is an urgent need for some of these countries. 
more research on the biology, ecology and con- 
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A BRIEF HISTORY OF NEMATOLOGY IN 
INDIA 

The study of nematodes in India dates back as  
early as  1901 when Barber (13) reported the 
root-knot nematode on tea from the southern 
part of the country. Some of the important 
historical developments during the eight 
decades that  followed are enumerated in Table 
1. However, a few of the highlights are  outlined 
as  follows. 

Training Programmes 
An International Training Course was held in 

New Delhi in 1964 in collaboration with The In- 
ternational Agricultural Centre, Wageningen, 
The Netherlands. Beginning in 1967, the South- 
East Asia post-graduate nematology course was 
organized for a few years a t  New Delhi and 
Aligarh. In 1973, an all India short term course 
on "Recent advances in nematological tech- 
niques and control" was conducted a t  the Uni- 
versity of Agricultural Sciences, Bangalore. The 
"Summer Institute in Phytonematology" was 
held a t  Allahabad in 1976. 

Teaching 
Separate divisions of nematology have been 

established a t  the Indian Agricultural Research 
Institute, New Delhi; Orissa University of 
Agriculture and Technology, Bhubaneshbar; 
Haryana Agricultural University, Hissar; and 
Tamilnadu Agricultural University, Coim- 
batore. A few others have initiated separation 
from plant pathology, entomology, zoology, 
botany or biology divisions. This movement has 
strengthened the post-graduate teaching and 
research programmes. 

Professional Society 
The Nematological Society of India was 

founded in 1969 and has been publishing the 

Indian Journal of Nemntology since 1971. The 
present membership is around 200. 

Publications 
Four books have been published exclusively 

on plant nematology in India (23, 86, 113, 116), 
in addition to chapters on nematology in other 
books (45). 

All India Coordinated Project 
The Indian Council of Agricultural Research 

has established an All India Coordinated 
Research Project on Nematode Pests of Crops 
and Their Control a t  various centres and has 
been conduc t ing  All Ind i a  Nemato logy 
Workshops since 1972. 

Some of the economically important plant- 
p a r a s i t i c  n e m a t o d e s  of I n d i a  i n c l u d e  
Meloidogyne spp. on vegetables, pulses, cereals 
etc.; Radopholus similis on banana and black 
pepper; Pra ty  lenchus coffeae on coffee; 
Heterodera avenue on wheat and barley; 
Globodera spp. on potato; Rotylenchulus 
reniformis on many crop plants; Tylenchulus 
semipenetrans on citrus; Anguina tritici on 
wheat; and Hirschmanniella oryxae on rice. The 
available estimated crop losses due to some of 
these parasites are given in Table 2. 

STUDY OF MELOIDOGYNE IN INDIA 
Root knot caused by Meloidogyne spp. is one 

of the most economically important nematode 
diseases on crop plants in India. An attempt has 
been made thus far  to assess the root-knot 
problem both qualitatively and quantitatively. 
This information has been generated from 
various sources, including personal communica- 
tions and cooperation among nematologists. 
Most of the research is the outcome of as  many 
as  21 agricultural universities, research in- 
stitutes under Indian Council of Agricultural 
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Table 1. Historical nematological developments in India. 

Root-knot nematode on tea in South India 
Ufra disease of rice in Bengal, Ditylenchus angustus 
Tundu disease of wheat, Anguina tritici 
Root-knot on various crop plants in Madras State 
White tip of rice, Aphelenchoides besseyi in Central India 
Cereal cyst nematode, Heterodera avenue 
Citrus nematode, Tylelichulus semipenetrans 
Golden cyst nematode of potato, Heterodera rostochiensis 
First international nematology course a t  I.A.R.I., New Delhi 
Burrowing nematode on banana, Rudopholus similis 
First Southeast Asia post-graduate nematology course a t  I.A.R.I., New Delhi 
The Nematological Society of India 
An Introduction to Plant Nematology (book) 
Indian Journal of Nematology, First All India Nematology Symposium, 
I.A.R.I., New Delhi 
Plant Parasitic and Soil Nematodes of India (book) 
First All India Nematology Workshop, New Delhi 
All India Short Term Course on Recent Advances in Nematological Techniques and 
Control, Bangalore 
Summer Institute in Phyto-nematology, Allahabad 
Plant Nematology (book) 
Plant Parasitic Nematodes in India (book) 

Research, different centres under the All India 
Coordinated Research Project on nematode 
pests of crops and their control, ad hoc projects 
and various other institutions. 

I t  may be that  during the summarization of 
the vast data, some of the findings might not 
have found a place in this text. However, every 
effort was made to compile and include a s  much 
information as possible in the form of various 
tables. 

Host Range and Distribution 
So far ten species have been reported attack- 

ing a large number of host plants belonging to 
different genera (113) (Table 3). Out of the ten 
species reported only three, M. incognita, M. 
javanica and M. graminicola, are predominant, 
accounting for approximately 48.0, 15.0, and 
5.5% of total Meloidogyne populations, respec- 
tively (Table 4). M. incognita and M. javanica 
have been found to attack mostly the vegetables 
(Tables 5, 6, 7, 8), whereas M. graminicola is 
specific to rice (Table 9) and restricted in its dis- 
tribution to only a few states. M. arenaria oc- 
curs rarely and attacks only a few selected crops 

(22) (Table 10). However, the existence and iden- 
tity of the remaining six reported species [M. 
hapla (55), M. lucknowica (110), M. brewicauda 
(77), M. africana (18), M. exigua (118), and M. 
thamesi (97)] a t  present is doubtful (Table 11). 
With the reported variations within the species 
and the current improved technology for iden- 
tification, these species should be examined 
again since some of them were reported many 
years ago. Similarly, in 22% of the studies, the 
exact species was never clearly indicated. 

Yield Losses 
Although root-knot nematodes are serious 

pests, reports on the estimation of yield losses 
have been infrequent, vague, and imprecise (15, 
31, 46, 85). 

Host-Parasite Relationship 
The majority of the work has concentrated on 

the establishment of the pathogenic inoculum 
level of Meloidogyne on various crops (128). 
Research of this nature has been done on 
vegetables (tomato, eggplant, okra, cucurbits), 
pulses (mung bean, cowpea), cereals (rice, 



Table 2. Estimated crop losses due to various nematodes in India. 

Area or % area 
Nematode Crop Infected Loss in Rupees Distribution 

Heterodera avenae 

A nguina tritiei 
Glo bodera 

ros toc hiensis 
Praty lenchus co ffeae 
Radopholus similis 

Ty lenc hulus 
semipenet rans 

Meloidogyne spp. 

Roty lenchulus 
re?ziformis 

Wheat 
Barley 

Wheat 

Potato 
Coffee 
Banana 
Pepper 
Coffee 
Coconut 
Arecanut 

Citrus 
Tomato 
Okra 
Brinjal 
French bean 
Cowpea 

Cotton 
Maize 
Finger millet 
Cowpea 
Black gram 

2800 hectares 
1000 hectares 

32 million Rajasthan 
25 million Punjab, Haryana 

Himachal Pradesh, 
Jammu and Kashmir 

70 million Northern India 

Niligiri Hills 
20 million Southern India 
- Southern India 

Throughout India 
- Throughout India 

Throughout India 

Table 3. Species of iUelo&ogyne with their maize) and fruits (grapes, passion fruit). Water 
host genera so far reported from absorption capability of tomato roots and 
India. photosynthetic characters in eggplant and 

bengalgram have been found to be adversely af- 
fected by the attack of M. incognita (1). 

Species Host genera 
Seed Transmission 

M. incognita 232 Root-knot juveniles in soil clods and plant 

144 
debris mixed with true seeds may play a vital 

M. javanica role in transmission (53). 
M. graminicola 
M. arenaria 
M. hapla 
M. africana 
M. exigua 
M. thamesi 
M. lucknowica 
M. brevicauda 

Biology 
Amino acids like a and P-alanine, serine, 

proline, tryptophan, etc., have been found to af- 
fect the hatching of juveniles considerably (36). 
Even some of the fungicides were effective in 
reducing t h e  emergence of M. incognita 
juveniles (124). Ultrasonics and electrolysis 
have also been found to have lethal effects (77). 
Hydrogen-ion concentrations of 7.1 to 7.25 were 
favourable for the development of the nematode 



Table 4. Studies made with different species of Meloidogyne on various crop plants in India. 
-- -- 

Crops 
- -- 

Plantation Cereals & 
Species General Vegetables Pulses Rice Commercial & Medicinal millets Fibre Others Total 

M. incognita 98 187 40 - 6 12 12 - 16 371 

M. javanica 46 43 12 - 5 - 5 8 119 

M. incognita & M. javanica 34 12 3 - 6 - - - 1 56 

M. graminicola - - - 43 - - - - - 43 

M. arenana - 5 2 - - 1 A 1 2 
9 3 

- 1 - - - - - - - 1 
P 

M. hap la 
M. brevicauda - - - - - 1 - - - 1 

M. lucknowica - 2 - - - - - - - 2 

M. afncana 1 - - - - - - - - 1 
M. exigua - - - - 1 - - A 1 
M. thamesi - 1 - - - 1 - - - 2 

M. sppa 71 59 - - 24 7 - - 9 170 

Total 250 310 57 43 41 23 12 5 35 776 

aM. spp. includes the studies made on more than one species a t  a time and also where the exact species was not mentioned. 



Table 5. Numbers of studies made on various aspects of M. incognita on different crop plants in India. 

Crops 

Plantation 
Aspects studied General Vegetables Pulses & medicinal Cereals Commercial Others Total 

General 
Methodology 
Host range & distribution 
Yield losses 
Host-parasite relationship 
Biology 
Cytology 
Ecology 
Physiological races 
Interaction 
Histopathology 
Histochemistry 
Biochemistry 
Control 
General 
Physical 
Cultural 
Crop rotation 
Biological 
Organic amendments 
Inorganic fertilizers 
Chemical 
In vitro 
Seed treatment 
Plant and soil application 
Host resistance 
Integrated 

W 
M 
W 

Total 98 187 40 12 12 6 16 371 



Table 6. Numbers of studies made on various aspects of M. javanica on different crop plants in India. 

Crops 

Aspects studied General Vegetables Pulses Commercial Fibre Others Total 

Host range and distribution 
Yield losses 
Host-parasite relationship 
Biology 
Interaction 
Histopathology 
Histochemistry 
Control 
Cultural 
Biological 
Organic amendments 
Inorganic fertilizers 
Chemical 
In vitro 
Seed treatment 
Plant and soil application 
Host resistance 

Total 46 43 12 5 5 8 119 



Table 7. Numbers of studies made on various aspects of M. incognita and M. javanica 
together on different crop plants in India. 

Crops 

Aspects studied General Vegetables Commercial Pulses Others Total 

General 
Host range and distribution 
Biology 
Interaction 
Control 
Crop rotation 
Biological 
Chemical 
Host resistance 

Total 34 12 6 3 1 56 

(9). Studies on the effect of seasons on the dura- 
tion of the life cycle showed that life cycles are 
longest during winter and shortest in summer 
(48). Cobaltm radiation has  been shown to 
reduce the growth and development of M. 
graminicola in rice roots (72). Rao & Israel (81) 
reported that M, graminicola required about 26 
to 51 days to complete the life cycle a t  different 
periods of the year and that  penetration of in- 
fective juveniles occurred within five hours of 
inoculation. 

Cytology 
Three distinct populations of M. incognita 

with chromosome numbers 2n = 27, 2n = 36 
and 2n = 44 (45) have been identified, and dif- 
ferences in chromosome numbers of populations 
have been attributed to polyploid origin (78). 
K r i s h n a p p a  (44)  c o m p a r e d  t h e  t h r e e  
physiological races cytologically and found that 
there was no correlation regardless of their 
geographical origin and the original host on 
which they were collected. 

Ecology 
Several ecological factors like soil aeration, 

temperature, manuring, vegetation, and pH 
have been shown to affect population and dis- 
ease development (69). Neutral pH and soil 
moisture a t  field capacity retard disease to a 
great extent (35). Temperature also affects the 
vertical distribution of root-knot populations in 
the field. In potato fields, i t  has been observed 

that  the nematodes congregate more in the up- 
per layers of the soil during summer and deeper 
during winter months (63). Nematodes are more 
prevalent in sandy soils than in clay soils and 
are more evenly distributed in cultivated soils 
with more intensity of root galling as  opposed to 
virgin soils (57). Rao & Israel (80) have reported 
the existence of a linear relationship between 
the activity of nematodes and percentage of 
sand content in soil. They also have found that  
application of nitrogen alone or in conjunction 
with phosphorus increases the degree of M. 
grarninicola infestation in the standing crop 
(80). Soil temperatures of 18.0°C to 23.5"C have 
been found to be congenial for root-knot forma- 
tion and temperatures from 18.5"C to 20.5"C 
congenial for eggmass production (79). 

Physiological Races 
With varied agroclimatic conditions, different 

cropping patterns and non-specific agricultural 
practices in India, there is a high possibility of 
variation within the species. However, only a 
few reports have indicated the possible oc- 
currence of biotypes within M. incognita (75,87, 
88) and M. gra~ninicola (82). Three physiological 
races of M. incognita have been identified based 
on differential host reaction (44). Race 1 has 
been found to occur in all the agroclimatic zones 
irrespective of the original host. Race 2 is pre- 
sent only in Karnataka zone and race 3 in Kar- 
nataka and Tamil Nadu (Tables 12 & 13). One of 
the possible reasons for the occurrence of all 
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Table 8. Numbers of studies made on various aspects of Meloidogyne spp.a on different crop 
plants in India. 

Crops 

Plantation 
Aspects studied General Vegetables Commercial and medicinal Others Total 

General 
Methodology 
Host range and distribution 
Yield losses 
Host parasite relationship 
Seed transmission 
Biology 
Ecology 
Interaction 
Histopathology 
Histochemistry 
Biochemistry 
COll tr01 
General 
Physical 
Cultural 
Crop rotation 
Biological 
Organic amendments 
Chemical 
Host resistance 

Total 7 1 59 24 7 9 170 

aM. spp. includes the studies made on more than one species at a time and also where the exact species was not 
mentioned. 

three of the physiological races in Karnataka 
region may be due to the testing of large num- 
bers of populations from many localities and 
crop plants. Once large numbers of root-knot 
populations in other regions are tested, a truer 
picture may exist with regard to the effect of 
specific ecological factors on the occurrence and 
frequency of physiolocical races. Such insights 
may lead to improved management practices es- 
pecially through crop rotation and screening for 
host resistance. 

Interaction 
Association of root-knot nematodes with 

other microorganisms is quite prevalent. It has 

been found that wherever there is such an 
association, the effect is synergistic, resulting in 
more damage to the host. Several fungi 
( R h i x o c t o ) j i ( i ,  S c l e r o t i u  m ,  F u s a r i u n z ,  
Phornoj).~is, Asj~ergillus, Cortecium, Cum~z~laria, 
P ~ t h i z ~ ~ t l  etc.) are known for such associations 
(16,40,76). R. bataticola and M. incognita, when 
inoculated simultaneously in soil, reduce the 
germination of seeds in okra and eggplant (16). 
A similar observation has been made by Shukla 
& Swarup (102) concerning tomato. The 
presence of Phomopsis vexans has reduced the 
development of root-knot index on eggplant and 
also the nematode population (40). 

Similarly a few viruses (maize, bottle-gourd, 



Table 9. Numbers of studies made on various 
aspects of M. graminicola on rice in 
India. 

Aspects studied 
Number of 

Publications 
- 

General 
Yield losses 
Host range and distribution 
Host parasite relationship 
Biology 
Ecology 
Physiological races 
Interaction 
Co~ltrol 
Physical 
Cultural 
Organic amendments 
Chew ical 
Seed treatment 
Plant and soil application 
Host resistance 
Histopathology 
Biochemistry 

Total 43 

eggplant and tobacco mosaic, as  well as tomato 
leaf curl) and mycoplasma-like organisms (little 
leaf of eggplant) have been found to interact 
with Meloidogyne spp. (26, 50, 126). When 
mosaic virus has been associated with root- 
knot ,  t h e  incubation period for  mosaic 
symptoms has been shorter and the reproduc- 
tion of the nematode has been greater than 
when either has been inoculated alone (41). The 
plant growth and virus multiplication has not 
been affected but the nematode population has 
been suppressed in tobacco when M. incognita 
was inoculated preceeded by the virus (26). In 
case of eggplant and bottle gourd, however, 
root-knot development has been enhanced by 
the presence of mosaic virus (51). 

Pani & Das (64) have reported the association 
of Meloidogyne spp. with bacterial wilt of 
tomato. 

Association of M. javanica with the stem 
borer (Stomopteryx nertaria) has been found to 
cause more damage than either separately on 
Phaseolus aureus (73). 

Interestingly the cumulative effect of dif- 
ferent plant-parasitic nematodes has been ob- 
served in the case of Meloidogyne spp. with 
Tylenchorhynchus sp., Radopholus sirnilis, 
Roty lenchus  sp., Hoplolairnus sp., and  
Heterodera oryzicola, and also within the 
species of Meloidogyne (37, 83, 100). Population 
build-up of Hoplolairnus indicus around tomato 
roots has been inhibited by M. incognita, 
perhaps due to competition between the two 
nematode species or possibly the physico- 
chemical changes brought out by root-knot in- 
fection (28). In the case of maize, the presence of 
lower numbers of T. vulgaris and M. incognita 

Table 10. Studies made on various aspects of M. arenaria on different crop plants in India. 

Crops 

Aspect Studied Chillies Peanut Brinjal Betelvine Bolsom Total 

Host range and distribution - - 1 1 - 2 
Host parasite relationship 1 2 - - - 3 
Control 
Chemical 1 - - - - 1 
Host resistance 2 - - - - 2 
Histopathology - - - - 1 1 

Total 4 2 1 1 1 9 



Table 11.  Numbers of studies made on other minor species of Meloidogyne in India. 

Species 

Aspects studied M. hapla M. lucknowica M. brevicauda M. africanu M. exigua M. thamesi Total 

Morphology and taxonomy - 1 - 
(sponge gourd) 

Host range and distribution 1 - - 

Histopathology 

Control 

1 1 2 5 
(coffee) 

Total 1 2 1 1 1 2 8 



Table 12. Occurrence of races of Meloidogyne incognita in certain regions of India. 

Identification by differential 
host reaction 

Region and State 

- - - - - - - -  - 

No. of populations Race 1 Race 2 Race 3 

Northern zone (Haryana and 
Punjab) 
Northeastern zone 
Assam and West Bengal) 
Eastern coastal zone 
(Andhra Pradesh and Orissa) 
Deep southern zone (Kerala 
and Tamilnadu) 
Karnataka zone (Karnataka) 

Total 127 86 31 10 

Table 13. Frequency of occurrence of races of M. incognita on different crops in India 
(based on reaction of differential hosts). 

Numbers of populations of M. incognita 

Original host Race 1 Race 2 Race 3 

Brinjal (eggplant) 
Tomato 
Bhendi 
Green chillies 
Root crops 
Other vegetables 
Cole crops 
Leafy vegetables 
Spices and commercials 
Pulses 
Fruit crops 
Fibre and miscellaneous 

Total 86 31 10 
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had a synergistic effect on cyst production by 
Heterodera zeae, whereas gall formation by M. 
incognita has been adversely affected by 
presence of both the other nematode species. 
The final population of T. uulgaris has been 
found to be reduced by low levels of H.  zeue and 
by both high (1000 juveniles) and low (500 
juveniles) levels of M. incognita (33). 

Nodule formation by legumes has also been 
affected by the interaction of M. incognita and 
Rhizobium sp. (106). 

Histopathology 
Root-knot infection in different crops has 

resulted in various histological changes like for- 
mation of multinucleate giant  cells with 
thickened cell walls (112), poor development of 
xylem with disrupted flow of water, broken 
epidermis, cork and cortical cavities (108). 
Haustorical appendages have been observed in 
the giant cells of tomato, brinjal and chillies in- 
fected with M. i?~cognitu (14). In rice also, the 
giant cells have been seen in the vascular region 
accompanied by distorted xylem and a large 
number of syncytia and associated with egg- 
laying females (89). The development of the 
first  three races of Meloidogyne has been re- 
cently compared by histopathological studies 
(44). 

Histochemistry 
The chemistry of plant cells has been shown 

to be altered by root-knot infection. Increased 
carbohydrate content in cowpea infected with 
M. incognita (98), increased proteins and ascor- 
bic acid levels in tomato (123), increased amino 
acids in sugar beet (84), and pollen sterility in 
eggplant (119) have been noticed. Free amino 
acids and indole compounds have also been seen 
in okra and jute infected with M. ju~lutlica. In- 
fection with Meloidogyne spp. has caused 
localization of total lipids in papaya. 

Biochemistry 
Various compounds are responsible for im- 

parting resistance to root-knot infection. The 
concen t r a t i on  of va r ious  phenols  a n d  
orthodihydroxy phenols has been found to be 
highest in a resistant tomato variety (12). The 
IAA-oxidase system and peroxidase have been 
more active in the resistant tomato varieties 
(24). In tomato, the quantity of DNA and RNA 
has been found to be higher in infected plants 
than in healthy plants (52). Mote & Dasgupta 
(54)  have  r epo r t ed  t h e  s igni f icance  of 
phenylalanine ammonia lyase in the resistance 

response of tomato to M. incognita. Similarly 
the total proteins also increased in the M. 
iticogvita-infected carrot (8). 

In the rice cv. 'TKM-6,' the multiplication of 
M. gr.aminicola was inhibited indicating the 
presence of a biochemical defense mechanism 
against the nematode (94). 

Control 
Attempts to control this nematode began on 

economic crop plants as early as  1933 (10). 
PHYSICAL METHODS Incubation of potato tubers 
a t  45°C for 48 hr has been shown to kill about 
98.9%) of M. incognita without affecting tuber 
viability (62). Krishnamurty & Elias (42) 
showed that drying of M. incognita-infested soil 
reduces the intensity of pr imary galls in 
tobacco. Physiotherapy of rice plants against M. 
gr.urui)~icolu has been recommended by Prasad 
& Rao (70). 
CULTURAL. Various cultural practices like 
changes in dates of planting (25), water stress 
(56), rabbing tobacco seed bed with paddy husk 
(43), removal of the knotted root portion in 
tobacco (67), deep ploughing and fallowing have 
considerably reduced the nematode population. 
CROP ROTATION Successful results have been 
achieved by rotation with non- and poor hosts in 
reducing the root-knot nematode population 
levels to a considerable extent (4,68,90,99,120). 
BIOLOGICAL Use of weed plants (59), plant ex- 
tracts (58, 61), antagonistic plants like Tagetes 
(3) and garlic (7), root exudates (2), fungal 
filtrates (17, 93) and bacteria (74) have given 
some encouraging results. 

ORGANIC AMENDMENTS One of the important 
aspects of root-knot nematode research in India 
which has attracted several scientists is the use 
of organic amendments in nematode manage- 
ment. A considerable amount of work has been 
carried out a t  Pantnagar and Aligarh. Out of 
several amendments tested, oil cakes like neem, 
groundnut, etc. (39, 109) have given successful 
results. Others like sawdust (115), green leaves 
(32), decaffinated tea waste and water hyacinth 
(91), prawn exoskeleton (21), rice-hull ash (95) 
and several other indigenous materials have 
given encouraging results. 
INORGANIC FERTILIZERS Effects of different levels 
of certain inorganic elements on root-knot in- 
cidence have been studied (65). Results from In- 
dia indicate that  the addition of nitrogen in- 
creases galling by M. incognita in tobacco plants 
(122). However, increased levels of potash have 
significantly reduced the number of galls by M. 



javanica in tomato (27) and M. incognita in 
castor (30). 

CHEMICAWIN VITRO STUDIES Some chemicals like 
fatty acids (114), fungicides (103), antihelminth 
antibiotics (5), piperazine citrate (29) and 
homoeopathic drugs (101) have been tested for 
their effect on hatching and mortality in the 
laboratory. 

CHEMICAL SEED TREATMENT Considerable reduc- 
tion in root-knot incidence has been obtained by 
treatment of gram seeds with carbofuran and 
fenamiphos (34); okra (117) and sugar beet 
(125) with carbofuran and aldicarb sulfone; 
tomato with oil cakes (111); and rice with ox- 
amyl, phorate and fensulfothion (71), and 
ceresan dry (92). 

PLANT AND SOIL APPLICATION OF CHEMICALS Sev- 
eral chemicals including halogenated hydro- 
carbons (DBCP, DD, EDB, MBr), organo- 
phosphates (phorate, dichlofenthion, ethoprop, 
thionazin, parathion, chlorophonium, fena- 
miphos), dithiocarbamates (aldicarb, carbo- 
furan, methomyl, metam-sodium), amino acids, 
antihelminth antibiotics and several others 
have been tested for their efficacy a t  different 
dosages and methods of application (66, 127). 
Aldicarb a t  1 kg/ha and carbofuran a t  2 kg/ha 
decreased the root-knot index and larval popu- 
lation and significantly increased grain yield 
of moth bean, Vigna acontifolia (127). Fe- 
namiphos and aldicarb gave good control of 
M. incognita and higher yields in french bean 
(105). Similarly DBCP, DD and dichlofenthion 
were very effective in controlling M. incognita 
and increasing yield of green gram (107). 
Aldicarb a t  0.4 g/m2 was found to be highly 
effective in protecting tomato seedlings against 
root-knot nematodes (6). However, most of 
these chemicals a re  neither available nor 
practical in India, and only carbofuran and 
aldicarb seem to be widely used. 

HOST RESISTANCE A number of attempts have 
been made to identify the sources of resistance 
among both the cultivated and weed hosts for 
several crop plants. However, a wide range of 
reactions was encountered under different pop- 
ulations and sets of conditions in cucurbits (38), 
tomato (19, 49 104), brinjal (60), cowpea (20), 
rice (Y.S. Rao, personal communication) and 
several other crops (86), some of which are in- 

dicated in Table 14. Although several of these 
cultivars have been found to be resistant to a t  
least one Meloidogyne species, they have to be 
rigorously screened against several isolates of 
each species under field conditions before being 
recommended (44). 

INTEGRATED CONTROL Attempts have been made 
to integrate methods of control for effective 
management of root-knot nematodes attacking 
vegetables (121), sorghum (96), and brinjal(47). 

FUTURENEEDS 
More emphasis in the future needs to be 

placed on the following apsects: 
1. Precise estimation of crop losses a t  dif- 

ferent ~ o ~ u l a t i o n  levels under field conditions 
for cor;elation with crop health and determina- 
tion of thresholds for important crops. 

2. Collection and characterization of as  many 
Meloidogyne populations as possible from dif- 
ferent host plants in each state for identifica- 
tion of species and races and assessment of fre- 
quency and distribution. 

3. ldentification of sources of resistance 
among important food and fibre crops to 
Meloidogyne species/races common in various 
agroclimatic zones. 

4. Better utilization of indigenous materials 
like oil cakes and other economical amend- 
ments. 

5. Development of integrated nematode- 
management models for various crops. 

6. Strengthening of graduate teaching and 
research programmes by establishment of 
separate departments in all the institutions. 
7. Creation of increased awareness among 

farmers  concerning nematode problems 
th rough  extension services,  l i t e r a tu re ,  
audiovisuals etc., in local languages, demonstra- 
tions in farmers' fields, and farmers' training 
programmes; strengthening of the various ex- 
tension programmes in nematology under Lab- 
to-Land and Training-and-Visit systems. 
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Table 14. CultivarsAines which have shown various kinds of resistant reactions to different 
species of Meloidogyne. 

Species of 
Meloidogyne Resistant cultivarAine 

- -- 

Tomato 

Potato 
Brinjal 

Cucurbits 
Sugar beet 
Capsicum 

Green pea 

Guar 

Tobacco 
Rice 

- pp - 

M. incognita 

M. javanica 

M. incognita 
M, javanica 
M. arenaria 
Meloidogyne spp. 

M. incognita 
M. incognita 

Meloidogyne spp. 
M. incognita 
M. incognita 
M. incognita 

M. incognita 

M. javanica 
M. incognita 
M. javanica 
M. incognita 
M. jnvanica 
Meloidogyne spp. 
M. graminicola 

SL-120, Pelican, Nematex, NMR-1, 
VFN Bush, New Yorker, Healani, 
Kalohi, Small Fry, West Virginia, LA 
121, EC 118270, EC 118272, EC 
118276, EC 118277, Hybrid Karataka, 
Hawaii 7746, Hawaii 7747, Anahu. 
Healani, Kalohi, Anahu, Hawaii 7526, 
Atkinson, Nematex, Y-207, Y-240. 
Kalohi, 7544,7540, Healani, LPI, 
LP2,66N1,569N-10, Manalucie, 
Atkinson. 
Nematex, VFN-8,65N215-1,65N255-1, 
SL-120. 
HC 294, A-2708, Great Scot, VTn*. 
Vijaya, Black Beauty, T3, S1, S4, 
T2(UP), Banaras Giant. 
S96-2, S419, Pol Baigan. 
Bikaner, Jaipuri. 
Maribo-N, Maribo-autopoly. 
G4,Mirch-1, Red Long, K2, NP-46A, 
CA(P)63. 
G152,821-1-B, IC-9641,23/3/1, P-1327, 
A(338-R), IC-2902, EC-107163,29-5, 
761-1122, IC-2441, RS9. 
HFC-12, HFC-311, C-28, RS9. 
T44, T2. 

Speigh t G-28. 
Hamas, IR-5-47-2, Manoharsali, 
TKM-6, Garem, Basanti. 
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Technology transfer is a broad topic encom- 
passing many theories of technical assistance. 
In some cases, technology transfer and technical 
assistance have been considered to be syn- 
onymous. In other cases, one has been viewed a s  
only a single component of the other. 

TECHNICAL ASSISTANCE VS. 
TECHNOLOGY TRANSFER 

Technical assistance has been defined as  the 
transfer of knowledge and skills from one group 
of people to another with a view to fostering 
development (18). When defined in this manner, 
technical assistance represents a one-way 
process. Definitions of technology transfer, 
a l t hough  s i m i l a r  t o  t hose  of technica l  
assistance, generally connote two-way com- 
munication. 

Basche e t  al. (3) and Goulet (19) define 
technology transfer as  an exchange of technical 
knowledge among countries that  promotes 
education, international understanding, and 
mutual respect. The word "exchange" implies 
two-way communication, an  element that  often 
is missing in definitions of technical assistance. 
Capriles (7) defines technology transfer as "a 
process in which a country is free to choose 
autonomously, from among different alter- 
natives of scientific and technical knowledge, 
those best suited to its natural conditions, 
development objective, capacity for assimila- 
tion, and pattern of living." The concept of 
freedom of choice distinguishes this definition 
from that  of technical assistance. Historically, 
two-way communication between donor and 
recipient and  the  choice of appropr ia te  
technology by the recipient have not been con- 
sistently recognized as  necessary components of 
technical assistance. 

Diffusion Theory 
In the late  1940's and 1950's, technical 

assistance often operated on the principle that 

the technology available in developed countries 
could be taken and applied to less developed 
countries (29). This practice grew out of the dif- 
fusion model or "trickle down" theory, which 
presumed effective dissemination of technical 
knowledge (20). Since agricultural research sta- 
tions were nonexistent in most developing coun- 
tries, technical agricultural knowledge was 
drawn from experiment stations and extension 
services in developed countries. 

This theory ignored several factors. First, 
agricultural techniques and materials used in 
temperate climates cannot be transferred di- 
rectly to agriculture in the tropics (9). About 
85% of the  world's scientific agricultural 
research occurs in temperate-zone countries 
and, therefore, is not necessarily directly trans- 
ferable to the tropics (15,36). In spite of this 
fact, much of the technical assistance of the 
1950's fell into the "direct-transfer" category 
and consisted primarily of exports of seeds, 
animals ,  equipment ,  and  temperate-zone 
cultural practices (13,20). Some of this technical 
assistance was useful, but i t  was often designed 
specifically for production techniques and con- 
sumption standards of western, industrialized 
countries (9,14,21,44). For example, in many 
cases, i t  was assumed erroneously that  fer- 
tilizer, irrigation, or mechanized farm equip- 
ment would be available to the developing coun- 
try farmer, or that  food qualities favored by 
developed countries would be acceptable to 
developing country farmers and consumers. 

Problems arising from the application of the 
diffusion model led to a reassessment of inter- 
national technical assistance (29). Technology 
from developed countries had to be deployed 
with an  appreciation of the problems of 
agriculture in the tropics. I t  became obvious 
that successful generation and transfer of ap- 
propriate technology were going to require open 
communication between scientists in developed 
and developing countries. 
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WHAT IS TRANSFERRED 
Technology transfer can be examined in three 

phases: material transfer, design transfer, and 
capacity transfer (20). Many of the early efforts 
in technical assistance consisted entirely of 
material transfer: goods or commodities such as 
seeds, plants, animals, books, and machines. 
Design transfer, on the other hand, includes in- 
struction in laboratory procedures, transfer of 
equipment design or blueprints, or other 
methods that  explain the use or operation of ex- 
isting technology. The third category, capacity 
transfer, is the ultimate form of technology 
transfer. It  encompasses all the steps leading to 
the  formation of a core of indigenous, 
professional people with the  necessary 
educational background to develop their own 
new and appropriate technology. 

In a sense, capacity transfer can be consid- 
ered more important than material or design 
transfer because it leads to the development of 
indigenous agricultural research and/or train- 
ing programs.  Two common methods of 
capacity transfer include 1) the employing of 
scientific personnel to perform specialized jobs 
and/or to instruct local people in the perfor- 
mance of these jobs, and 2) the sending of stu- 
dents to universities in developed countries or to 
International Agriculture Research Centers for 
advanced education. 

In theory, this second approach is a par- 
t i cu l a r ly  a p p r o p r i a t e  way t o  t r a n s f e r  
technology to developing countries in tropical 
climates because the students have an oppor- 
tunity to select and adapt the technology they 
learn to meet the needs of agriculture in their 
own countries (37). If this approach is to be most 
effective, students must be familiar with the 
agricultural problems in their own countries 
before they go overseas to study; otherwise, 
they may find themselves inadequately equip- 
ped when they return home. 

In 1979, the National Association for Foreign 
Student Affairs conducted a survey on the 
relevance of U.S. college graduate programs to 
students from developing countries (2). Over 
87% of the agriculture professors questioned 
indicated that  foreign graduate students would 
face a substantial number of difficulties in ap- 
plying their newly acquired education in their 
professional careers a t  home due to a lack of 
adequate equipment and technical facilities, 
cultural differences and problems in translat- 
ing theoretical knowledge into practical applica- 
tion. Over 60% of the professors indicated a will- 
ingness to change course requirements, thesis 
topics, and special assignments to make degree 

programs more relevant to foreign students. In 
spite of this willingness on the part of the 
professors, only 39% of them said that  foreign 
students were likely to inquire about tailoring a 
thesis  research problem to  re la te  t o  a 
professional career a t  home. Unless more effort 
is taken to make agricultural graduate study 
programs relevant to foreign students, capacity 
transfer will not be achieved. A shortage of 
scientific personnel in most developing coun- 
tries is the major factor limiting the establish- 
ment and maintenance of a research organiza- 
tion large enough t o  deal with existing 
agricultural problems. 

The events leading to the establishment of the 
International Agriculture Research Center 
CIMMYT form a classic example of successful 
capacity transfer (6). In 1943, none of the Mex- 
icans working in agricultural sciences had a 
Ph.D. degree and only a few had Master's 
degrees. In 1945, the Office of Special Studies in 
Mexico employed 7 scient is ts  from the  
Rockefeller Foundation to s tar t  an agricultural 
research program, and 25 Mexicans were hired 
into internship positions. The staff increased to 
20 scientists by the late 1950's, and in 1960, the 
Office of Special Studies was dissolved and 
merged into a new National Institute of 
Agricultural Research under Mexican direction. 
In 1963, the Institute became the International 
Center for Maize and Wheat Improvement. 
Over 700 Mexicans worked as interns a t  the In- 
stitute for one or more years in the period from 
1943 to 1963; approximately 250 Mexicans 
received fellowships to universities in the U.S. 
or other developed countries; 156 Mexicans 
received Master's degrees in agricultural 
sciences; and 85 received Ph.D.'s in agricultural 
sciences (6). In the year CIMMYT was es- 
tablished, all but four of these trained personnel 
were employed in agricultural sciences in Mex- 
ico, so there was a good demand for these highly 
trained specialists. 

WHO BENEFITS FROM 
TECHNOLOGY TRANSFER 

In addition to identifying the type of 
technology to be transferred, pinpointing the 
anticipated recipient of such aid is also impor- 
tant. This approach is necessary to ensure that 
the benefits derived from new technology reach 
the intended persons. For example, the develop- 
ment of the new high-yielding varieties of 
wheat and rice that launched the Green Revolu- 
tion were considered a t  the time to be examples 
of unbiased, directly transferable technology 
with the potential to benefit all farmers, in- 



eluding subsistence farmers and those with 
small landholdings. In fact, however, the high- 
yielding varieties were not designed to be in- 
troduced alone, but as  one component of a 
package involving many complementary inputs: 
fertilizers, adequate water, and effective control 
of plant diseases, insects and weeds, not to  men- 
tion the presence of large markets, extension 
serv ices ,  c r e d i t  i n s t i t u t i o n s ,  a n d  f a r m  
machinery. The necessity for inputs such as  
these made the use of the new varieties time 
consuming, expensive, and impractical for 
many farmers and completely inappropriate for 
subsistence farmers (44). As a result, i t  was of- 
ten the wealthier farmers with more land and 
resources who would benefit the most from new 
technology (31). 

In recent years, significant increases in 
agricultural production in developing countries 
have occurred largely in export crops rather 
than in crops or livestock grown primarily for 
the internal market (11). Such occurrences are 
understandable because export crops a r e  
necessary  t o  solve balance-of-paymen t 
problems. However, if the aim of technology 
transfer is not merely to increase yields, but 
also to reduce the extent of hunger and improve 
standards of living within the developing coun- 
tries, then the small farmer who is not generally 
an  exporter is the person who needs to benefit 
from advances in agricultural technology 
(23,27). Unfortunately, many agricultural ad- 
vances serve only t o  make  the  larger ,  
mechanized farms more profitable and to make 
the subsistence farmer poorer. 

HOW TECHNOLOGY IS TRANSFERRED 
Transfer of agricultural technology is depen- 

dent  on the existence of an  effective in- 
stitutional framework (4). In the United States, 
the land grant system serves this function by 
linking the university to farmers as  well a s  to 
private and public institutions. In the past, 
technical assistance often included efforts to es- 
tablish academic and professional organiza- 
tions, similar to those which exist in the United 
States, within other societies where similar in- 
stitutional infrastructure did not exist (6). Such 
efforts tended to burden the developing country 
with an overextended, and often ineffectual, 
academic bureaucracy (41). This senario oc- 
curred in India several decades ago. At  that  
time, agricultural training programs were 
based on British systems. Many instructors that  
were trained in Britain received little or no 
education in dealing with the agricultural situa- 
tion in India. As a result, instructors returning 

to India lectured on agricultural principles and 
theory but lacked the practical knowledge of es- 
sential farming skills. 

Other countries faced different kinds of 
problems. One of these was the lack of an educa- 
tion program to carry effective new technology 
to the farmers and/or a credit program to 
enable the purchase of required inputs (12). 
These problems indicate that  the existing in- 
stitutional framework has an important func- 
tion in technology transfer. Three aspects of 
that  framework will be discussed here: the re- 
search program, the extension service, and the 
farmer. 

Role of Research 
Research organizations have two major pur- 

poses: l) the generation of new ideas and 
technologies and 2) the training of emerging 
generations of scientists (10). Long-term (15-20 
year) goals for research should be established 
before program development begins. Once the 
overall goals are  envisioned, short-term plans 
can be developed to fit  the framework (39). 

The first step in an agricultural development 
program should be the initiation of a substan- 
tial, highly integrated research program that  
adapts basic research to solve farm problems 
(1). There is a great need for applied research 
because many problems of significance to 
developing countries have not been studied suf- 
ficiently elsewhere in the world. Such problems 
include management and fertility of tropical 
soils, ecology of major pests and diseases, in- 
cluding nematodes, and soil-plant-water rela- 
tionships under subtropical and tropical condi- 
tions. Research should emphasize relevance to 
the existing agricultural situation so that  small 
farmers can benefit from the proposed solutions 
(16). Development of new technology is not go- 
ing to be well founded unless the physical and 
socio-economic conditions of the regions where 
i t  is likely to be used are given due considera- 
tion. Developed countries that  are  labor scarce 
often do not realize soon enough how inap- 
propriate are their solutions for labor-intensive 
societies (44). 

In the late 1960's, the Development Assistance 
Committee of the Organization for Economic 
Cooperation and Development (OECD) in Paris 
proposed a n  i n t e r n a t i o n a l  s y s t e m  f o r  
agricultural research (28). Under this system, 
selected "world centres" would concentrate on 
broad basic and applied research in the fields of 
crop and animal production. The centres would 
develop new plant types; study the problems of 
disease control, soil fertility, and other specific 
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problems; and train scientists who could then 
work in "regional, national, and/or provincial 
centres." Certainly, the Consultative Group of 
International Agriculture Research Centers 
falls well within this definition of "world cen- 
tre." These institutions generate improved 
agricultural technology for increased food 
production as evidenced through their publica- 
tions, recommendations, improved and diverse 
crop germ plasm, and trained personnel (38,421. 

The "regional centres," as defined by the 
OECD, are to serve large areas defined by 
similar ecological characteristics. Smaller coun- 
tries within a certain region might draw largely 
on the work of the regional centres, but larger 
countries would need to establish national 
research systems working in connection with - 
the  regional centres.  Provincial centres 
naturally would be part of the national re- 
search system within some of the larger 
countries. 

THE INTERNATIONAL MELOIDOGYNE P R O J E ~  The 
organization of the International Melddogyne 
Project (IMP) serves as a model of the guidelines 
proposed by the OECD. The IMP is a USAID- 
funded research program, in operation since 1975, 
which works toward the development of manage- 
ment strategies for root-knot nematodes. The 
project center in Raleigh, N.C., can be categorized 
as  a world center, each of eight project regions 
(Central America, South America, Brazil, West 
Africa, East Africa, Asia, Middle East and India) 
as  regional centers, and each of the regions as  
comprised of various national and provincial cen- 
ters. Research planning conferences have been 
held periodically in most of these project regions, 
and they have given scientists opportunities to 
share research findings, suggest new approaches, 
and pinpoint important regional nematode 
problems. 

The IMP has relied heavily on the cooperation 
of i t s  worldwide network to generate new 
technology. These scientists have conducted ex- 
tensive sample surveys in their countries for the 
presence of root-knot nematodes. Sample popula- 
tions sent to the project center have been iden- 
tified and maintained in greenhouse culture. 
These populations now comprise the world's most 
extensive collection of Meloidogyne species and 
are vital to all aspects of the IMP'S research 
program. 

In addition to conducting research and 
generating technology, the IMP emphasizes 
transfer of technology. Periodic regional con- 
ferences, the compilation and distribution of re- 
search findings, graduate training a t  the project 
center, and an intensive three-weekinternational 

workshop have been sponsored to further this 
goal. The emphasis is on education because scien- 
tists need periodic refresher training to continue 
effective research. It  has been estimated that  
within 4 to 7 years after graduation, most of the 
knowledge a scientist acquires during his ad- 
vanced educat ion  becomes obsolete (1). 
Therefore, research personnel need to attend 
workshops and conferences, take sabbaticals, and 
stay abreast of the current literature to avoid 
becoming out of date. The emphasis of the IMP on 
education, accompanied by small research grants 
for the purchase of specialized equipment, books, 
and subscriptions to nematological journals, has 
served to increase the research capabilities of 
scientists in developing countries. 

Role of Extension 
In the United States, extension services dis- 

seminate the agricultural technology produced 
by the universities. In other countries, similar 
duties may be the responsibility of the govern- 
ment, the university, farmer's associations, 
banks, or statutory bodies. In the United States, 
the agricultural extension service evolved with 
the existing economic and political framework 
and adapted itself to theneedsof the U.S. farmer. 
Since this system was so highly successful here, 
the adoption of this model was previously advo- 
cated in developing countries receiving U.S. aid. 
However, despite strong efforts to "transplant" 
extension services into other social, economic, 
agronomic, and political conditions, success has 
not been common. For extension services to be 
successful they not only must have strong links to 
research,  bu t  also mus t  opera te  with a n  
awareness of local conditions, cultural traditions, 
and an understanding of the ways of life and 
thinking of the farmers. 

What then is meant by the role of extension in 
technology transfer? Though the entire institu- 
tion of U.S. agriculturalextension may not be uni- 
versally adaptable, its functions are indispen- 
sable to the transfer of agricultural technology. 
These functions include introduction of practical 
applications of research results, instruction of 
growers in new skills, and encouragement in the 
acceptance of new ideas. 

Extension cannot provide all the services need- 
ed by agriculturists, but it  sometimes can 
stimulate or coordinate activities of public agen- 
cies, or even of public enterprises, to provide 
goods and services necessary to implement 
technological change. Perhaps, more important- 
ly, extension can expand the individual farmer's 
capacity t o  serve himself.  In addit ion to  
benefiting the farmer, extension-typeserviceses- 



tablish a link between research/teaching institu- 
tions and farmers that  helps these institutions 
maintain their relevance to the real problems and 
concerns of the growers. Here again, i t  is the con- 
cerns of the small farmers that  need to beheard in 
order for the problems of rural poverty and 
hunger to be addressed. 

Experts in the field have recommended a ratio 
of one agricultural extension agent to every 500 
families (40). However, some of the services es- 
tablished in the Andes Mountains have only one 
agent to every 10,000 farm families (35). In order 
to serve so many families, agents have to travel 
extensively and are unable to gain an under- 
standing of local conditions or develop the 
necessary rapport with individualsandgroups. In 
such situations, the tendency is for the agent to 
concentrate on the more easily accessible farm- 
ers with large holdings and adequate resources. 
When this course of action is followed, new 
technology may be adopted and used on relatively 
large acreages, but the benefits bypass sub- 
sistence farmers. 

TRAINING AND VISIT SYSTEM OF AGRICULTURAL 
EXTENSION The Training and Visit (T&V) system 
of extension developed by Daniel Benor has had 
some success in overcoming the previously men- 
tioned problem (5). This system is characterized 
by a management structure with a clear line of 
responsibility. I t  introduces relatively unsophis- 
ticated techniques, and concentrates initial ef- 
forts on a few specified major problems. 
Although ratios of one villageextension worker to 
every 300 to 500 farm families have been viewed 
asoptimum, adequate results have been obtained 
with ratios as  low as 1 in 1200. The village exten- 
sion worker (VEW) maintains his effectiveness 
under such conditions by gettingcertain farmers 
to volunteer to serve as contacts with other farm- 
ers. The VEW sets up a system, such as that  used 
in West Bengal, whereby he visits each of eight 
groups of farmers for a full day once every two 
weeks. He always visits agiven group on the same 
day of the week, so that groupalways knows when 
he should be with them. On each visit, he meets a t  
least with the contact farmers. Interested farm- 
ers who are unable to attend a meeting then rely 
on the contact farmers for their information. In 
addition to his eight days with the farmers, the 
VEW has two days of in-service training every 
two weeks from agriculture extension officers 
and various subject matter specialists. 

TheT&Vsystem has proven itself to be an effec- 
tive method of extension. It  has been introduced 
primarily in countries such as Turkey, India, 
Pakis tan ,  Burma,  Nepal, Sri  Lanka, and 
Thailand, where there are large numbersof farm- 

ers working on small farms. Bangladesh is also 
beginning to adopt this approach, and Indonesia's 
extension service already incorporates many 
principles of the T&V approach. 

To survive, however, the T&V system must es- 
tab l i sh  con tac t  and  exchange  wi th  t h e  
agricultural research system already functioning 
in each particular country. In India, this linkage 
has been accomplished by the formation of head- 
quarter and district-level technical committees 
composed of r e sea rche r s  and  extens ion  
specialists who communicate with each other on 
their problems and progress. Establishing such a 
link may well be the most difficult step in setting 
up a successful T&V program, and methods of go- 
ing about it will no doubt vary from country to 
country. Starting out small and making adjust- 
m e n t s  a l o n g  t h e  w a y  c a n  lead  t o  t h e  
organizational framework best suited to the par- 
ticular situation. 

Role of the Farmer 
The farmer is probably the most undervalued 

participant in the technology transfer process (8). 
Researchers and extension personnel have often 
been frustrated by the apparent unwillingness of 
farmers to use the new technology being made 
available to them. As a result, the farmer may be 
labeled as uncooperative and be denied credit for 
his years of agricultural experience. The farmer 
certainly has something to say about the kinds of 
improvements he views as necessary. He is not 
likely to accept without reservation advice of- 
fered by intruders who may not beawareof perti- 
nent circumstances and who don't have to take the 
risks. Agricultural scientists and developing 
country farmers both want to increase the ef- 
ficiency of agricultural production, but each 
group copes with a different set of problems and 
has a unique perception of the situation. The solu- 
tion, therefore, is to bring farmers and scientists 
into meaningful communication (15,24-27). 

THE INTERNATIONAL POTATO CENTER &THE FARMER 
Dr. Robert E. Rhoades, agricultural anthropolo- 
gist for the International Potato Center, has sug- 
gested seven key questions to be asked of farmers 
throughout the processes of technology genera- 
tion, adaptation, and transfer (33). 

1) Is the problem to be solved important to 
them? This question should prevent the re- 
searcher from projecting his own values or 
preferences into the farmers' circumstances. Of- 
ten, when this question is not asked, the re- 
searcher goes on to solve "problems" that are not 
important to farmers. 

2) Do farmers understand the trials? Many 
technologies interesting to scientists may be alien 
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to farmers, sosufficient attention should begiven 
to explaining new practices. 

3) Do farmers have time, inputs, and labor re- 
quired by the improved technology? Growing a 
crop "under the farmer's conditions" may entail 
much more than doing a demonstration trial in a 
farmer's field. Methods of transportation and 
availability of markets arealso important compo- 
nents of "farmer's conditions." 

4) Does the proposed technology make sense 
within the present farmingsystem? Allaspectsof 
a new technology must be evaluated for its effects 
on theecosystem andcomparedcritically with the 
indigenous farming practices. 

5) Is the mood favorable for investing in certain 
crops in a region? An understanding of the farm- 
er's attitude toward investment or innovation in 
crop production is a t  stake here. In regions where 
there is the possibility of replacing a traditional 
crop by a commercially more attractive crop, this 
question is particularly appropriate. 

6) Is the proposed change compatible with local 
preferences, beliefs, or community sanctions? 
Things to be considered here include taste and 
color preferences regarding food crops, local 
customs concerning planting and harvesting 
dates, or, in some cases, government regulations 
concerning field rotation, irrigation, or types of 
crops to be planted. Some discretion and tact are 
necessary when local customs are analyzed for 
the presence of a rational basis. 

7) Do farmers believe the technology will hold 
up over the long term? Demonstration trials 
usually last only a season or two, but farmers will 
want to know whether the new technology will 
stand the test of time. Farmers may use low- 
yielding varieties consistently when high- 
yielding varieties are available simply because 
they do not know how the new varieties will hold 
up under drought, early frost, or other conditions 
which the farmer knows he can expect a t  regular 
intervals. 

These seven common-sense questions help 
scientists to think like farmers and give them a 
good idea of the technology's potential accep- 
tability. New technology that  conflicts with 
socio-cultural elements should not be cast aside 
completely, but rather the most limiting factor 
to its success should be addressed. Increasingly, 
the development of varieties that perform well 
under less than ideal conditions, such as 
drought, low soil fertility, and chronic infesta- 
tions of pests and diseases, is being researched. 
Adapting technology to a complex farming 
system may be easier than having farmers 
change their system to fit new technology (33). 

FAILURE AND SUCCESS IN 
TECHNOLOGY TRANSFER 

Several agriculturists have outlined reasons 
for failure in technology transfer: 1) introduc- 
tion of techniques beyond the comprehension of 
the indigenous farmer; 2) insufficient or inap- 
propriate basic research; 3) existing social bar- 
riers and ingrained traditional farming prac- 
tices; 4) inactive bureaucracy in the client coun- 
try; 5) failure of the host or client country to 
muster sufficient resources to complement the 
foreign experience; 6) lack of practical farm- 
level demonstrat ions on management  of 
necessary farm operations; 7) ineffective farm- 
er  involvement in the transfer; and 8) inade- 
quate training for village-level extension work- 
ers (8,17,27). The following examples of actual 
attempts to transfer agricultural technology 
may illustrate some of these points. 

Dryland Farming Systems in North Africa 
and the Middle East 

In the late 1960's, South Australian dryland 
farming practices were suggested for introduc- 
tion to parts of North Africa and the Middle 
East (8). Up until this time, farming practices 
used in these areas were based on European and 
North American methods that  were not de- 
signed for arid climates. Although these 
methods had not been very productive or suc- 
cessful in the Middle East, they were familiar. 
Politicians with the power to have work started 
on dryland farming projects were difficult to 
convince and did not give their approval until 
the mid-1970's. At that time, projects to in- 
troduce Australian dryland farming practices 
were begun in Libya, Algeria, and Tunisia. The 
major objective was to prove the technical 
feasibility of a rotation of alfalfa, a pasture 
plant, with cereal crops in a cereal-livestock 
program. 

Researchers outlined the system in detail on 
paper and described everything from methods 
of pasture regeneration to soil conservation 
measures. The plan was to be so detailed that 
the farmers would be able to consult it for every 
decision that  needed to be made. Unfortunately, 
many of the farmers concerned did not read, 
and no extension system was in operation to 
transfer the practice to the farmers. 

In Tunisia, excellent alfalfa pastures on re- 
search farms produced greatly improved graz- 
ing and sufficient quantitites of nitrogen for a 
subsequent cereal crop. However, in the farm- 
ers' fields, cereal yields were actually lower 
than normal because the farmers had not been 
instructed in the operations of shallow cultiva- 



tion and weed control. The farmers' reactions 
were so negative that they became unreceptive 
to further dryland farming proposals. Thus in 
Tunisia, the project was considered a failure. In 
Libya, however, farm managers were brought 
in from Australia to instruct the Libyan farm- 
ers in the new practices. As a result, successful 
introduction of the Australian dryland farming 
system did occur in Libya. 

Potato Storage Experiments in Peru 
In the late 1970Js, an interdisciplinary team of 

social and biological scientists from the Inter- 
national Potato Center began experiments 
geared toward reduction of potato losses to dis- 
ease in storage (34,39). They were looking for 
simple control methods that small-scale farm- 
ers in the Andes mountains could adapt to their 
current practices with as little inconvenience as 
possible. The biological scientists began re- 
search on storage principles used many years 
ago by European and American growers. The 
social scientists on the team went to the Man- 
taro Valley in the Central Peruvian mountains 
to talk to farmers. 

Farmers were puzzled to hear about the re- 
search to reduce storage losses because, as fa r  
as  they were concerned, there were no losses. 
All potatoes, even the small, shriveled, and 
spoiled ones, were used for some purpose, 
whether it  was for animal feed, dehydration for 
long-term storage, or even immediate home con- 
sumption. In fact, the social scientists were in- 
formed tha t  the shriveled, partly spoiled 
potatoes were preferred in some dishes because 
they had a "sweeter" taste. 

The social scientists carried the news to the 
biological scientists that they were working on 
an  imaginary problem. The post-harvest 
physiologists were somewhat reluctant to 
believe this, so another visit was made to the 
farmers. This time the farmers acknowledged 
that although there were no losses in terms of 
potatoes for animal or  human consumption, 
there were losses in the category of seed 
potatoes. The potatoes were stored in darkness, 
usually in home cellars. Under these conditions, 
the potatoes produced long sprouts. Not only did 
the removal of these sprouts cost the farmer 
much time and labor, but also subsequent ger- 
mination was reduced. The social, economic, 
and biological losses were found to be real, so 
the scientists redefined their research problem 
to concentrate on improvements in seed potato 
storage. 

Diffused light storage was thought to be a 
satisfactory answer to the seed potato problem, 

and time was spent constructing model storage 
facilities using this principle. However, further 
conferences with the farmers ruled out the 
possibility of storage facilities separate from 
the house for reasons of security and con- 
venience. Converting inner courtyards or 
verandas of houses for diffused light storage 
seemed to be a suitable compromise, so experi- 
ments were set up to test this possibility. Farm- 
ers showed interest in the new set-up but failed 
to adopt the method. The social scientists deter- 
mined that it  was the expense of the seed trays 
used by the researchers that the farmers had 
trouble accepting; therefore, the farmers were 
shown how to construct seed trays out of locally 
available materials. From this point on, the 
technology began to be adopted in principle 
though not always exactly as designed by the re- 
searchers. 

Farmer-Back-To-Farmer 
The potato storage experiment just described 

led the International Potato Center to formu- 
late a model for technology transfer known as 
farmer-back-to-farmer (34). As the title indi- 
cates, farmers have a primary role in the 
process of regenerating, applying and transfer- 
ring appropriate technology. Problems iden- 
tified by the farmers receive first priority. An 
interdisciplinary team of researchers works 
closely with farmers to formulate a common 
definition of the problem. Once a potential solu- 
tion is developed, it  is tested and adapted under 
conditions as similar as  possible to those of the 
farmers. Finally, the farmers evaluate the new 
technology. Based on their reactions and 
suggestions, the technology can be improved 
through the same farmer-back-to-farmer 
process. 

The farmer-back-to-farmer model differs sig- 
nificantly from previously mentioned theories. 
The diffusion model or "trickle down" theory 
might be represented by the diagram in Fig. 1. 

RESEARCH 

J/ 
EXTENSION 

L 
FARMERS 

Fig. I .  Schematic representation of the diffusion 
model of technology transfer. 
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RESEARCH EXTENSION - FARMERS 

Fig. 2. Schematic representation of a dynamic model 
of technology transfer. 

FARMER -BACK -TO-FARMER MODEL 

Adapted 
Solution 

Definition 

Roblem 

Solution u 
Fig. 3. Schematic representation of the farmer-back- 

to-farmer model of technology transfer [Adapt- 
ed from Rhoades & Booth (34)l. 

Information developed by researchers is passed 
on to extension personnel and eventually 
trickles down to the farmer. 

Once problems of the diffusion theory were 
recognized, models such a s  the one illustrated in 
Fig. 2 were adopted. Organizational structures 
like this one allowed two-way communications 
between research and extension and between 
extension and farmers. However, direct com- 
munication between researchers and farmers 
was still nonexistant, and the extension service 
acted as  a buffer that  effectively prevented such 
interaction. With the farmer-back-to-farmer 
model (Fig. 3), the farmer is given credit for his 
agricultural experience and assumes a responsi- 
ble role in the technology transfer process. The 
researcher also benefits by gaining a better 
awareness of common agricultural problems 
(32). 

ROLE OF TECHNOLOGY TRANSFER IN 
SOLVING WORLD FOOD PROBLEMS 

In 1974, a t  the World Food Conference in 
Rome, it was stated that the following steps 
must be taken in order to fight world hunger: 

1) Direct basic research toward the poor ma- 

jority, 
2) Accelerate the development and accept- 

ance of appropriate technology, 
3) Conduct comparative studies of the devel- 

opment experience, and 
4) Design better international mechanisms 

for mutual cooperation for improving food 
production and nutrition (16,30). 

Each of these directives stresses the impor- 
tance of effective technology transfer to the goal 
of increased food production. If the population 
doubles in the next generation or so, effective 
technology transfer will be even more im- 
perative because a t  least 90% of the extra food 
needed will be expected to come from increased 
yields per hectare (22). The usefulness of new 
technologies, however, will continue to be limit- 
ed strongly by the land tenure system, social 
structure, food distribution systems, the dis- 
tribution of power in the local area, and govern- 
ment agricultural development programs and 
policies (23,31,40,43). 

In 1979, James P. Grant, president of the 
Overseas Development Council in Washington, 
D.C., stated that  "if the world's food supply 
were to increase even by 50% over the next five 
years, this increase alone would not greatly af- 
fect the existing patterns of human deprivation. 
What is needed are changes in modes of produc- 
tion and patterns of distribution. World hunger 
in our times is less a problem of production than 
a consequence of the lack of purchasing power 
among the growing number of unemployed and 
underemployed in the developing countries" 
(16). Economists even point out that  increases in 
agricultural production actually lead to price 
declines unless there is a corresponding increase 
in demand (6,11,22). In such cases, farmers may 
have no economic incentive for using new 
technologies to increase production. 

In spite of the grim realities, there is much 
optimism that food production in developing 
countries can be doubled by the end of this cen- 
tury and thereby eliminate much hunger and 
malnutrition (16). To proceed toward this goal, 
future research must focus largely on the needs 
of the small-scale producer. In this way, new 
technological solutions will be more likely to be 
appropriate for subsistence farmers, not just 
the large land owners. This approach, combined 
with improved communication among re- 
searchers, extension personnel, and farmers, 
practically guarantees the development of ap- 
propriate agricultural technology. Although 
development of such technology alone cannot 
totally alleviate world hunger, it will undoubt- 
edly be responsible for much progress toward 
successful achievement of that goal. 
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Geographic Index 

Africa 3-6, 19,122,178-180,353-368, 373-378, 402,404 
Alabama 184 
Algeria 373, 376, 404 
Argentina 122, 304, 308, 347 
Asia 3, 4, 19, 122, 369-372, 402 
Australia 404, 405 
Bangladesh 304, 369-372, 403 
Belize 329 
Benin Republic 353, 355 
Bermuda 328, 329 
Bolivia 304, 347 
Botswana 361, 365 
Brazil 19, 304, 351, 352, 402 
British Isles 12, 122, 304, 361 
Burma 369, 370, 403 
California 178 
Cameroun 353 
Canada 122, 304 
Canary Islands 304, 376 
Caribbean 14, 19, 327-334 
Central America 4, 19, 122, 327-334, 402 
Chile 122, 304, 347, 348 
China 3, 12, 122 
Colombia 4, 122, 304, 347, 348 
Costa Rica 122, 304, 328-334 
Cuba 304 
Cyprus 304, 373, 376 
Ecuador 122, 304, 308, 347, 348 
Egypt 12, 304, 373, 376 
El Salvador 328, 329, 331 
England (see British Isles) 
Europe 12, 122, 373-378, 404 
Fiji Islands 369-372 
Florida 366 
France 122, 304 
Georgia 252, 299 
Germany 122, 304 
Ghana 353-355 
Greece 373, 374, 376 
Guadeloupe 304, 328-330, 332-334 
Guatemala 304 
Guinea 353 
Guinea Bissau 353 
Holland 122 
India 4, 6, 19, 304, 379-398, 401, 403 
Indonesia 4, 15, 278, 304, 369, 370, 372, 403 
Iran 373, 374, 376 
Iraq 373, 374, 376 

Italy 122, 373, 374, 376, 406 
Ivory Coast 304, 353-356 
Jamaica 304, 328-334 
Japan 369, 370, 372 
Jordan 304, 373, 375, 376 
Kenya 122, 361, 363, 366 
Korea (see South Korea) 
Liberia 353, 355 
Libya 122, 373, 376, 405 
Malawi 304, 361-363, 366 
Malaysia 304, 369, 370, 372 
Mali 353 
Maltese islands 373, 376 
Martinique 328 
Mexico 3, 4, 19, 122, 304, 327-334, 402, 404 
Middle East 19, 373-378, 402, 404 
Morocco 304, 373, 376 
Nepal 304, 369, 370, 372, 403 
Nicaragua 328, 329, 334 
Niger Republic 353 
Nigeria 6, 279, 304, 353-357 
North Carolina 12, 222, 309, 312, 402 
Nyasaland (see Malawi) 
Pakistan 304, 369-371, 403 
Panama 304, 305, 307, 308, 328-334 
Paraguay 347, 348 
Peru 15,279,304,305,307,308,347,349,371,402,405 
Philippines 279, 304, 307, 308, 369-371 
Portugal 122, 304, 373, 375, 376 
Puerto Rico 304, 328-334 
Republic of China (see Taiwan) 
Rhodesia (see Zambia & Zimbabwe) 
Sahel 4 
St. Vincent 331, 332 
Saudi Arabia 304, 373, 376 
Senegambia 353-355 
Sierra Leone 353 
South America 4, 19, 122, 347-350, 402 
South Korea 122, 304, 369, 370, 372 
Spain 373, 376 
Sri Lanka 362, 369-371, 403 
Sudan 373, 375, 376 
Surinam 328, 329, 331-334 
Syria 373, 376 
Taiwan 122, 369, 370 
Tanganiyka (see Tanzania) 
Tanzania 304, 362, 364 
Thailand 304, 369-371, 403 
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Tobago 328 Upper Volta 353 
Togo 353 Uruguay 304, 347, 349-350 
Trinidad 304, 328-332 Venezuela 304, 347, 349 
Tunisia 373, 404, 405 Vietnam 304 
Turkey 3, 373, 375, 376, 403 Yemen 373, 375, 376 
Uganda 361-364 Zambia 361, 362 
United States 7, 12, 122, 304, 307, 308, 316, 400-402, Zimbabwe 304, 361-363, 365 
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Host Plant Index 
Abelmoschus esculentus (see also okra) 233,252,278, bottle gourd 387 

328 Brassica 
African horned cucumber 236, 238 campestris 365 
Ageratum conyzoides 364 napus 365 
alfalfa 11, 144, 165, 167, 168, 196, 199, 200, 203, 204, oleracea var. botrytis (see also cauliflower) 331 

208, 264, 348, 375, 404 okracea var. capitata (see also cabbage) 255, 278, 
Allium 277, 328 328 

p m m  278 okracea var. cauhrapa 278 
sativum 279 rapa (see turnip) 255 

almond 348, 374 brinjal (see also eggplant) 196, 200,201,277,371,381, 
amaranthus 328, 332 387, 389-392 
Amaranthus 328 broad bean 375 

gomphrena celoicEes 365 buckwheat 328 
thunbergii 365 bulrush millet 362 

Anacardium sp. 328 cabbage 255, 259, 278, 284,285, 288-290,328-330,332, 
Ananm comosus 252, 329 333, 370, 371 
anemone 375 cacao (see cocoa) 
Apium graveolens var. dulce (see also celery) 328 Cajanus cajan (see also pigeon pea) 255, 328, 362 
apple 328 cantaloupe 233, 236, 374 
apricot 374 Capsicum (see also pepper) 328, 392 
Arachis hypogaea (see also peanut) 252,278,329,357, annum 233 

362 jhtescens 253 
arecanut 381 cardamom 328, 329, 331 
artichoke Can'ca papaya (see also papaya) 328 

globe 375 carnation 328, 329, 348, 375 
Jerusalem 170 carrot 278, 328, 329, 331, 348-350, 352, 375, 390 

asparagus 370 Carthamus tinctorius 167 
avocado 328, 329, 331 cashew 328, 331 
Azadimchta indica 167 cassava 278,328,332,351,353,356,357,364,365,371 
bajra 196, 198, 200, 201, castor bean 277, 391 
balm, common 374 casuarina 374 
banana 14, 328, 331, 347-349, 351, 362-364, 366, 371, Casuan'na gluuca 374 

375, 379, 381 cauliflower 331, 333 
barley 22, 373, 374, 379, 381 celery 328, 329, 331, 333, 349, 375 
bean 7, 22, 183, 234-237, 307, 328, 330-332, 347-352, chayote 328 

365, 366, 373 chickpea 22 
broad 375 chillies 387, 389, 390 
castor 277 Chinese cabbage 22 
kidney (see also pole bean) 183, 184, 233, 366 Chhris gayana 363, 365 
lima 148, 183, 356 chrysanthemum 204, 209, 270 
luna 328 Chrysanthemum sp. 277, 329 
moth 391 citrange, troyer 374 
mung 278, 380 Citrullus vulgaris 278, 328 
pole (see also kidney bean) 252, 253 Citrus 201, 203, 265, 328, 331, 348, 349, 375, 381 
snap 167, 236, 255, 260, 261, 284-290, 330 aurantifolia 374 
velvet 363 aurantium 374 
winged 328 jam bhin' 374 
yardlong 328 paradisi 374 

beet (see also sugar beet) 328, 329, 349, 365, 375 reticuluta 374 
bengalgram 381 sinensis 374 
bentgrass, creeping 194, 196-200, 202, 203 trifoliate 374 
bermuda grass 168, 194, 195 Cleopatra mandarine 374 
Beta vulgaris (see also beet or sugar beet) 252, 328, clover 

365 red 194, 196-198, 200, 202 
betelvine 387 white 375 
bhendi 389 cocoa 328, 351, 353, 356, 364 
B i d m  pilosa 364 coconut palm 14, 353, 381 
bitter gourd 278, 328, 331 cocoyam 356 
black gram 199, 204, 207, 208, 381 Coffea arabica (see also coffee) 328 
black mustard 374 coffee 79, 123, 328-331, 348, 349, 351, 361, 364, 379, 
black pepper 15, 199, 203, 328, 329, 372, 379 381, 388 
bolsom 387 Coleus blumei 159 



Colocasia esculenta 329 
common balm 374 
concord grape 196, 198, 264, 265 
Conyza sp. 364 
copra 14 
corn (see also sweet corn) 165, 194-197, 235, 252, 253, 

255-265, 277-279, 283-300, 305, 328, 329, 348, 351, 
353, 370, 373 

cotton 21, 167, 169, 184, 190, 194-196, 198, 200-202, 
252, 307, 347-349, 351, 352, 362-364, 370, 373, 381 
Egyptian 238 

cowpea 7,22, 199,206,207,233,235-237,353,355-357, 
362, 366, 380, 381, 390-392 

Cro talaria 
juncea 278, 371 
spectabilis 255, 352, 
usaramoensis 278 

cucumber 147, 165, 238, 252, 253, 255-260, 284-288, 
290-294, 298-300, 328, 329, 331, 333, 375 

Cucumis 
melo (see also cantaloupe) 233, 236 
metu1;iferu.s 236, 237 
sativus (see also cucumber) 156, 252, 328 

Cucurbita sp. 328, 329, 380, 392 
pepo var. melopepo 253 

Cupressus sempervirens 374 
Cyarnopsis psoraloides 362 
cyclamen 374 
Cyp homandra betacea 348 
dahlia 374 
daisy 329 
dalo 371 
dasheen 329 
date palm 373, 374 
Daucus carota var. sativa (see also carrot) 328 
Desmodium 22, 365 
Dianthus 328 

ca yophillus 348 
Dichrocephala integrifoliu 364 
Dioscorea (see also yam) 328, 356 

cayenesis 356 
dumetorum 356 
rotunda (see also guinea yam) 198 

Dodartia orientalis 79 
Echinochloa sp. 348 
eggplant (see also brinjal) 144,238, 278,328,329,333, 

370-372 374, 375, 380-381, 386-390 
wild 238 

Egyptian cotton 238 
Eichhomza crassipes 371 
Elettaria cardamomum 328 
Eleusine coracana 362 
Eragrostis curvula 167, 363 
Eucalyptus camaldiolensis 374 
Eupatorium odoraturn 356 
Fagopyrum esculentum 328 
fig 352, 375 
fine stem stylo 365 
finger millet 362, 364 
flannel weed 365 
Fragaria sp. (see also strawberry) 278, 329, 349 
garlic 279, 371, 390 
gerbera 328 

Gerbera sp. 328 
gingelly (sesame) 371 
ginger 328, 371, 372 
Glycine 357 

javanica 278 
mar (see also soybean) 252, 255, 328 

Gnaphalium luteo album 364 
Gossypium (see also cotton) 

barbadense 238 
hirsutum 252 

gram 391 
bengal 381 
black 199, 204, 207, 208, 381 
green 391 

grape 196, 198-201, 204, 207, 208, 264, 265, 328, 331, 
347, 348, 373, 375, 381 

grapefruit 374 
Grassocephalum rubens 364 
green gram 391 
groundnut (see peanut) 278 
guamia 374 
guar  bean 362, 392 
guinea yam 198, 201 
heliconia 329 
Heliconia sp. 329 
Hibiscus cannubinus (see also kenaf) 328 
Impatiens balsamina 158-161 
ipil ipil 308, 371 
Ipomoea batatas (see also sweet potato) 233,278,328, 

356 
Jerusalem artichoke 170 
jute 205, 209, 353, 390 
kenaf 328, 353, 370 
kidney bean 183, 184, 233, 366 
kikuyu grass 361 
kohlrabi 278 
Kyphorcarpa angustifoliu 365 
Lactuca sativa (see also lettuce) 328 
leek 278 
lemon, rough 374 
lettuce 328, 329, 331, 349, 374 
leucaena 357, 362 
Leucaena (see also leucaena) 

glauca 308 
leucocephala 371 

lima bean 148, 183, 356 
lime 374 
London rocket 374 
lovegrass, weeping 363 
lucerne (see also alfalfa) 11 
luffa 328 
Luffa sp. 328 
lulo 348 
luna bean 328 
Lycopersicon 

esculentum (see also tomato) 233, 255, 328, 332, 
348, 356, 362 
p m w a n u m  (see also wild tomato) 233, 236, 237 
pimpinellifolium 331, 332 

maize (see also corn) 22, 278, 330, 357, 362-365, 381, 
387 

Malus sp. 328 
mandarine 374 



Manihot esculenta 278, 328 
maracuya 349 
margosa 167 
marigold 167, 277-279 
Medicago sativa (see also alfalfa) 264 
melon 235, 236, 328, 331, 352, 375 
Mentha sp. (see also mint) 329 
millet 7, 255, 364, 365, 382 

bulrush 362 
finger 362, 381 

milo (see sorghum) 255 
mint 329, 374 
Momordica charantia 278, 328 
moth bean 391 
Mucuna aterrima (see Stizolobium aterrimum) 
mung bean 278, 380 
Musa sp. (see also banana) 328 
mustard, black 374 
naranjilla 328, 348 
neem 390 
Nicotiana (see also tobacco) 328 

tabacum 252, 278 
oat 11, 144, 149 
oil palm 353 
okra 233, 237, 238, 252, 253, 278, 328, 329, 331, 352, 

355, 356, 362, 372, 374, 380, 381, 386, 390, 391 
olive 373-375 
onion 277-279, 328, 332, 349, 371 
Onobrychus sp. 79 
orange 306, 351, 373, 374 
Orobanche ramosa 329 
Oyza  (see also rice) 

glaberrima 356 
sativa 278, 329, 356 

panic grass 363 
Panicum maximum 363 
papaw tree 349 
papaya 328, 329, 331, 390 
parsley 328 
PassiJlora edulis var. flavicarpa 349 
passion fruit 349, 381 
Pavonia spp. 365 
pea 256, 330, 331, 373, 392 
peach 265, 328, 329, 348, 350, 374, 375 
peanut 7,21,252,255,257-260,278,284,285,287-294, 

298-300, 320, 329-331, 353, 355, 357, 362, 363, 366, 
371-375, 387, 390 

pecan 188 
Pennise turn 

amm'canum 255, 362 
clandes tinum 361 
tvvhuides 196. 362 

black 19'9, 203, 372, 379 
red 332 
sweet 332 

Persea americana (see also avocado) 328 
Petroselium crispum 328 
Phaseolus 328 

aureus (see also green gram) 278, 387 
lunatus (see lima bean) 183 
vulgaris (see also kidney bean) 183, 184, 233, 252, 

255, 348, 349, 352, 366 
pigweed 365 
pineapple 198, 202, 252, 329, 331, 349, 371 
Pinus ponderosa 188 
pigeon pea 22, 255, 328, 331, 332, 362, 366 
Piper nigrum (see also black pepper) 199, 328 
Pisum sp. (see also pea) 330 
plantain 14, 328, 331, 353 
plum 195, 375 
pole bean 252, 253 
Poncirus trifoliate 374 
Ponderosa pine 188 
portulaca 328 
Portulaca sp. 328 
potato 11, 12, 14, 15, 22, 170, 171, 217-224, 226, 227, 

238, 252, 263-265, 277, 279, 304, 305, 307, 328, 329, 
331, 332, 347-349, 352, 355, 362, 363, 365, 366, 370, 
371, 405 

pothok 329 
prostrate globe 365 
Prunus persica (see also peach) 328 
Psophocarpus tetragonolobus 328 
pudding-pipe tree 374 
Pueraria 357 
pumpkin 236, 329 
Pycnostachys sp. 364 
pyrethrum 361, 364, 366 
radish 370 
rape (see Brassica campestris) 
red clover 194, 196-198, 200, 202 
Rhodes grass 363, 365 
rice 14,206,278, 279,329,331,332,351,353-357, 370, 

371, 373, 374, 379, 380, 382, 385, 387, 390-392 
Ricinus communis (see also castor bean) 277, 356 
Rumex sp. 328 
rose 375 
rough lemon 374 
rutabaga (see Brassica nupus) 
rye 144 
Saccharum officinamm (see also sugarcane) 328 
safflower 167 
sainfoin 79 
saw thistle 374 
Scindapsus sp. 329 
Sechium edule 328 
sedge 374 
Sesamum indicum 371 
Setaria geniculata 350 
Sida cordgolia 365 
silverleaf Desmodium 365 
Siratro 365 
small grain (see also wheat, rye, barley) 284 
snap bean 167, 236, 255, 260, 261, 284-290, 330 
Solanum 217-224, 328 

ajanhuiri 218 
andigenum 347 
bulbocastanum 218 
chacoense 218, 220, 349 
demissum 218 
melongena (see also eggplant) 196, 238, 277 
microdantum 218, 220 
phureja 218, 220, 221 
quitoense 328, 348 



sisym briifolium 238 
sparsipilum 218, 220, 221 
tuberosum (see also potato) 218,252,277,304,328, 
347, 348 
tuberosum sub-sp. tuberosum 348 
tuberosum sub-sp. andigenurn 348 

Sonchus 
bipontinii 364 
oleraceus 364 

sorghum 7, 362, 363, 365, 391 
Sorghum (see also sorghum) 278 

bicolor 362 
vulga,re 255 

sorrel 328, 332 
sour orange 374 
southern pea 255-262, 265, 284-288, 290-298, 300 
soybean 14, 144, 145, 155, 160, 165, 167, 169, 194-198, 

201, 204, 206, 207, 226, 235, 252, 255260, 262, 284- 
286, 288, 290-294, 298-300, 328, 330, 332, 348, 349, 
351, 356, 363 

spinach 256, 259, 260, 290-292, 294, 298-300, 365 
Spinacia oleracea (see also spinach) 256, 365 
sponge gourd 370, 388 
squash 236, 238, 252, 253, 261-263, 352, 375 
Stizolo bium atem'mum 352 
Strawberry 278, 329, 349, 375 
stylo 357 

fine stem 365 
Sty lozanthes 278 

S. gracilis 357 
sugar beet 11,12,14,199,206,207,252,329,374,375, 

390-392 
sugar cane 328, 329, 331, 347, 349, 351, 352, 364, 371, 

374 
sun hemp 278 
sunflower 366 
sweet corn 233, 252, 253, 256-260, 290-292, 294, 298- 

300, 332 
sweet potato 170, 207,226,233-237,278,328,331,332, 

350, 356, 363, 370. 372 
Tagetes (see also marigold) 277, 390 

erecta 167 
patulu. 278, 349 

tea 362, 364, 388, 390 

Theobroma cacao (see also cocoa) 328, 356 
tobacco 21, 145, 148, 170, 184, 189, 196-200, 202, 204, 

208, 237, 252, 278, 284, 322, 328, 329, 331, 347, 349- 
352, 362-366, 370, 374, 375, 387, 390, 392 

tomato 21, 144, 147-149, 159, 167, 168, 170, 179, 184- 
187, 189, 190, 196, 199-202, 206-208, 226, 233, 235- 
238, 242, 255, 259, 277-279, 307, 328-333, 347-350, 
352, 355-357, 362-366, 370-375, 380, 381, 386, 387, 
389-392 

tomato-tree 348 
trifoliate orange 374 
triticale 22 
Triticum sp. (see wheat) 256, 278 
troyer citrange 374 
turnip 255-260, 265, 278, 284-286, 288-300 
velvet bean 363 
Vicia faba 156, 158 
Vigna 332 

acontifolia 391 
mungo (see also black gram) 199 
sesquipedalis 328 
sinensis (see also cowpea) 199, 206, 207, 255 
unguiculata (see also cowpea) 233, 356 

Vitis vinifera (see also grape) 328, 347 
Washington palm 374 
water hyacinth 371, 390 
water lily 308 
watermelon 21, 328, 331, 333, 370, 374 
weeping love grass 363 
wheat 11,22, 165, 179,256-260,278,290-292,294,298- 

300, 348, 364, 365, 373-375, 379, 381 
white clover 375 
wild eggplant 238 
wild potato 349 
wild tomato 236 
willow 374 
winged bean 328 
Xanthosoma sagittifolium 356 
yam 328, 330, 353, 355, 356 
yardlong bean 328 
Zea mays (see also corn, maize, and sweet corn) 233, 

252, 277, 283, 305, 328, 330, 362 
Zingiber o f k n a l e  (see also ginger) 328 
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composticola 188 
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Centro Internacional de Mejoramiento de Maiz y 

Trigo (CIMMYT) 22, 400 
cephalic sensory structures 57 
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cyst nematodes 158, 371 
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207 
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Meloidogyne spp. & viruses 12, 13, 386, 387 

Ditylenchus 
angustus 14 
dipsaci 11, 12, 199, 202, 204, 208 

Dolichohrus 194 
dormancy 178 
dorsal esophageal gland 60 
dorsal esophageal gland orifice 59,60,81,85,89,106, 

110 
ecology 21, 22, 177-180, 193, 330, 331, 383, 385-387 
ectomycorrhizae 188 
eggplant mosaic virus 387 
electrophoresis 31, 128-129, 135 
enzymes 135-139 
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esterases 127-130, 136-139 
ethoprop 270,271,284,287-293,295,297-299,307,371, 

391 
ethylene dibromide (EDB) 233,244,249,270,363,365, 

366, 372, 391 
excretory pore 81, 84 
excretory system 68, 84 
fallow 5, 292, 386 
false root-knot nematode (see Nacobbus spp.) 
fenamiphos 250, 259-264, 290-293, 297-299, 331, 365, 

366, 371, 372, 391 
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Fusarium 183-190, 330, 332, 366, 386 
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205, 330 
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mysporum vasinfectum 362 
solani 330 
solani f. sp. phaseoli 330 
udum 366 

gel electrophoresis 31, 128-129, 135 
giant cells 145-147, 155-161, 184 
Globodera 304, 348, 379 

pallida 136, 245, 305-307 
rostochiensis 11, 12, 14, 15, 128, 130, 170, 171, 245, 

305, 307, 308, 371, 381 
tabacum 196, 198, 200, 203 

Glomus spp. 188 
glutamateoxaloacetic transaminase 138 
golden nematode (see Globodera rostochiensis) 
green revolution 3,4, 8 
gubernaculum 88 
Helicotglenchus 194 

dihystera 194, 197, 284, 289 
pseudorobustus 194, 195 

Hemicycliophora 194, 195 
arenaria 196, 201 

hemizonid 37, 85, 88 
herbicides 285 
Heterodera 35, 36, 79, 95, 155, 199, 243, 244 

avenae 11, 149, 379, 381 
cajanz 199, 206 
glycines 14, 155, 199, 204, 206, 244, 312 
goettingiana 244 
marioni 79, 143, 144, 233 
oryzae 14 
oryzicola 199, 206, 387 
radicicola 79, 143 
schachtii 11, 12, 14, 79, 199, 204, 206-208 
zeae 390 

Heteroderidae 35 
Heteroderinae 35 
Heteroderoidea 35 
Hirschmanniella oryzae 379 
Hoplolaiminae 35 
Hoplolaimus 194, 387 

columbus 194-196, 198, 200, 201, 244, 312 
galeatus 194-196, 200 
indicus 196, 200, 205, 209, 387 

host-parasite relationships 143-153,380,383,384,386, 
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host resistance (see resistance) 
host response 146-150 
hypersensitive reaction 169-170 
hypodermis 55 
Hypsoperine 125 

ottersoni 348 
spartinae 125 
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22 
lnternational Melddogyne Project 8, 19,23,130, 135, 

178, 222, 237, 304, 307, 333, 353-398, 402 
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intestine 60 
isazofos 331 
late blight 219 

little leaf of eggplant 387 
Longidorus 194 

apulus 155 
Macrophomona phaseoli 205 
maize mosaic virus 386 
maize streak virus 279 
malate dehydrogenase 138 
Melozdodera 35 
Meloidoderella 36, 37 

indica 35 
Meloidoderellinae 35, 36 
Meloidoderinae 35 
Mehdoderita 35 
Meloidoden'tidae 35 
Meloidogyne acronea 80, 91, 347, 362 
M. africana 80, 361, 366, 373, 375, 380-382, 388 
M. aquatilis 80 
M. ardenensis 80, 88 
M. arenark 41, 79, 80, 95, 234, 355 

biochemistry 127-133 
cytogenetic characters 21, 22, 117-122 
damage evaluation 329, 330 
distribution 328, 329 
dormancy 178 
ecology 21-22, 177-182 
effects of soil characters on 179, 180 
effects of temperature on 178, 179 
female reproductive system 114 
gel electrophoresis 128-130 
giant cells produced by 159 
heads & stylets of females 97-98, 100-102 
heads & stylets of males 102-107 
heads & stylets of second-stage juveniles 105, 106, 

108-110 
histopathology 330 
host resistance 222, 223, 331, 332, 356, 357 
identification & distribution 328,329,354,355,361, 

362, 370, 373-376, 380-382 
identification by enzyme phenotypes 135-140 
interactions with other nematodes 204, 208 
N. C. differential host test 20-21 
perineal patterns 97-99 
race A 22 
race B 22, 329 
race 1 21, 374, 376 
race 2 21, 376 
research on in Central America 328-333 
root penetration 145 
serology 130, 131 

M. artiellia 80, 373, 374 
M. bauruensis 80, 351 
M. brevicauda 80, 92, 380-382, 388 
M. camelliae 80 
M. carolinensis 80, 117, 118, 122, 124, 125, 138 
M. chitwoodi 80, 118, 122, 125, 138, 178, 179, 329 
M. coffeicola 80, 351 
M. cmciani 80, 118, 123 
M. decalineata 80, 348, 361 
M, deconincki 80 
M. elegans 80, 351 
M. enterolobii 80, 118, 123, 138 
M. ethiopica 80 
M. e;cigua 79, 80 



cytogenetics 118, 123, 124, 
distribution 329 
effect of temperature on 178 
host resistance to 332 
interactions with other pathogens 330 

M. g r a b m i  80 
M. graminicola 80,91,118,123,138,199,206,380-382, 

385, 387, 390, 392 
M. graminus 80, 88, 116, 118, 123-125 
M. hapla 79. 80, 95 

biochemistry 128-133 
cytogenetic characters 21, 22, 118, 121-123, 125 
distribution 329, 347-349, 351, 361, 362, 364, 365, 

373-376, 380-382, 388 
dormancy 178 
ecology 177-180 
effects of soil characters on 179-180 
effects of temperature on 178-179 
feeding site 145 
female reproductive system 116, 117 
gel electrophoresis 128-130 
heads & stylets of females 98, 100-102 
heads & stylets of males 103-10'7 
heads & stylets of second-stage juveniles 108-110 
host resistance 222, 234, 370 
host response 146 
identification by enzyme phenotypes 135-138 
interactions with other nematodes 196, 198-204, 

206-208 
management of 264, 265, 283, 284, 288, 331, 372 
N. C. differential host test 20, 21 
perineal patterns 97-99 
race A 22, 118, 121, 125 
race B 22, 119, 122 
root penetration 144 
serology 130 

M. hispanica 118, 123, 138 
M. incognita 79, 80, 95, 127, 184, 187, 234 

am'ta 79, 80, 347, 351, 361, 362 
biochemistry 127-133, 390 
biological control 13, 304, 305, 307, 371 
cytogenetic characters 21, 22, 117-119, 123 
distribution 11, 15, 328-333, 347-352, 354-357, 361- 

366, 370, 373-376, 380-382, 389-391 
dormancy 178 
ecology 21, 22, 177-180, 330, 331 
effect of host's nutritional deficiencies on 147, 148 
effect of plant water relations on 148 
effect of soil characters on 179, 180 
effect of temperature on 178, 179 
female reproductive system 115, 116 
gel electrophoresis 128-130 
giant cells produced by 155, 158, 159, 161 
heads & stylets of females 97, 100-102 
heads & stylets of males 101, 103-107 
heads & stylets of second-stage juveniles 105, 106, 

108-110 
histopathology 330 
host resistance 167-170, 220-231, 370 
host response 146, 147, 328 
identification by enzyme phenotypes 135, 137-140 
interactions with fungi 183, 184, 187, 330 
interactions with other nematodes 196, 198-209 

management of 241, 242, 244, 252, 272, 278, 284, 
288, 290, 331-333, 370-372, 390-391 

N. C. differential host test 20, 21 
perineal patterns 9699 
race A 22 
race B 22 
race 121,204,330,331,348,356,362,364,365,370, 

374-376 
race 2 21, 330, 331, 348, 356, 365, 376, 385 
race 3 21, 330, 356, 362, 365, 374, 376, 385 
race 4 21, 204, 348, 356 
root penetration 145 
serology 130, 131 
wartellei 80 

M. indica 80 
M. inornuta 80, 351 
M. javanica 79, 80, 95, 234 

biochemistry 127-133 
cytogenetic characters 21, 22, 117-120, 122, 123 
distribution 328, 347-352, 354-356, 361-363, 365, 

366, 370, 373-376, 380-382 
dormancy 178 
ecology 21, 22, 177-180 
effect of host nutritional deficiencies on 147, 148 
effect of plant water relations on 148 
effect of soil characters on 179, 180 
effect of temperature on 178, 179 
effect of photosynthesis 148, 149 
female reproductive system 114 
gel electrophoresis 128-130 
giant cells produced by 155-159, 185, 186 
heads & stylets of females 97, 100-102 
heads & stylets of males 101-107 
heads & stylets of second-stage juveniles 106, 108- 

110 
host resistance 169, 222, 370 
host response 146, 147, 328 
identification by enzyme phenotypes 135-140 
interaction with stem borer 387 
interactions with fungi 184, 185, 187 
interactions with other nematodes 196, 199-201, 

204, 206-208 
management of 278, 331-333, 370, 371 
nematode development 145-148 
N. C. differential host test 20, 21 
perineal patterns 96-99 
root penetration 145 
serology 130, 131 

M. kikuyensis 80, 329, 361 
M. kieanovae 80 
M. kralli 80 
M. litoralis 80 
M. lordel& 80, 351 
M. lucknowica 80, 380-382, 388 
M. mali 80 
M. megadora 80, 361, 375 
M. megatylu 80, 90, 117, 118, 122, 124, 125 
M. megriensis 80 
M. microcephulu 38, 39, 80, 92, 118, 123, 137 
M. microtylu 80, 117, 118, 122, 124, 125, 138 
M. naasi 80, 118, 123-125, 128, 138, 178, 196, 198-200, 

202, 203, 348, 373-375 
M. nataliei 80 



M. oryzae 80, 118, 123, 138, 329, 331, 333 
M. oteifae 80 
M. ottersoni 80, 118, 123, 348 
M. ovalis 80 
M. pini 92 
M. platani 40, 41, 80, 90, 118, 123, 138 
M. poghossianae 80 
M. prqvora 80 
M. querciana 80, 118, 123, 138 
M. sewelli 80 
M. spartinae 37, 80, 88, 125 
M. spp. 12, 19, 35-37, 79, 202, 204, 243, 381, 392 

anatomy 47-77 
biochemistry 21, 96, 127-133, 227, 383, 386, 390 
body length 84, 88 
body shape 80 
body wall 48 
caudal sensory structures 58 
cephalic sensory structures 57 
cephalids 85, 88 
cuticle 80, 351 
cytogenetics 21, 22, 117-125 
cytology 96, 113-126, 383, 385 
cytotaxonomy 113-126 
development 145, 146 
dieestive svstem 58 
disease complexes with fungi 12, 15, 183-213, 330, 

362. 383-387 
distribution 20, 122 
dormancy 178 
dorsal esophageal gland orifice 59, 60, 81, 85, 89, 

106, 110 
ecology 21, 177-180, 193, 330, 331, 383, 385-387 
effects of cropping systems on 286, 287, 292-300 
effects of temperature on 178 
esophagus 58 
esterases 127-130, 136-139 
excretory system 68, 84 
feeding site 145 
females 36, 69-76, 79-85, 96-102 
gubernaculum 88 
head 50, 81, 85, 88, 98 
hemizonid 37, 85, 88 
histopathology 330 
host-parasite relationships 143-153, 380, 383, 384, 

386, 387 
hypodermis 55 
interactions with other nematodes 193-213 
intestine 60 
juveniles 37, 49-60, 62, 70, 88-91, 105, 106, 108-110 
lateral field 84, 88, 97 
males 37, 61-68, 70, 84-88, 98-107 
metacorpus 81, 85 
morphology 21, 31, 47-77, 79-93, 95-112 
nervous system 56 
oogenesis 113-115 
perineal patterns 37, 80, 96, 97 
phylogeny 27, 113-126 
physiology 383, 385, 387 
rectum 62 
reproduction 48, 68, 122 
resistance to 13, 16, 22, 131, 165-174, 217-224, 231, 

233-240,331,349,351,352,356,357,365,370,373- 

375, 383-387, 390-392 
second-stage juveniles 70, 88 
serology 130, 131 
somatic muscles 56 
spicules 88 
stoma 58 
stylet 59, 81, 85, 88, 89, 97-110 
tail terminus 91, 97 
taxonomy 15, 20, 27-33, 35-45, 47-77, 135-139 

M. subarctica 80, 118, 123 
M, tadshikistanica 80 
M. thamesi 80, 178, 351, 374, 375, 380-382, 388 
Meloidogynidae 35-37 
Meloidogyninae 35, 36 
Meloinemu 35-37, 42-44 

chitwoodi 42, 43 
kerongense 42-44 

Meloineminae 35 
metacorpus 81, 85 
metam-sodium 272, 356, 363, 391 
metham 270, 271 
methomyl 391 
methyl bromide 250-253, 259, 260, 270, 289-293, 295, 

298, 299, 331, 363, 391 
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PREFACE 

The world community has focused great at- 
tention over the past two decades upon the ques- 
tion of how we can feed our burgeoning human 
population. Even with the present famine in 
Africa, it is generally recognized that  our 
world's natural resource endowments can sup- 
port a population substantially larger than the 
present one. However for this increased support 
to occur, substantial areas of new land must be 
brought into crop production, and productivity 
must be increased by a t  least 3% annually on 
lands presently under cultivation. The proposed 
gain in productivity is a great challenge to crop- 
production specialists! If this rate of growth in 
productivity is to be realized, significant ad- 
vances must be made in all components of the 
production systems of the developing world, in- 
cluding those of protecting crops against pests 
such as  insects, pathogens, weeds and plant- 
parasitic nematodes. 

Plant-parasitic nematodes are recognized in 
the United States and other developed countries 
as  potentially serious constraints to crop 
productivity. This recognition did not occur 
generally, however, until after World War I1 
when the study of plant nematodes began to 
receive attention concomitantly with the 
development of effective and economical 
management practices (including chemical con- 
trol agents). The recognition of nematodes as  
serious deterrents to crop productivity did not 
occur simultaneously in the developing coun- 
tries because there were very few trained 
nematologists to confirm the  presence of 
damaging population levels and to initiate work 
toward development of appropriate manage- 
ment strategies and tactics. 

The United States Agency for International 
Development (USAID) recognized the lack of at- 
tention to plant-parasitic nematodes in the 
developing nations in 1975 when it  funded a pro- 
ject a t  North Carolina State University entitled 

"Research on Integrated Crop Protection 
Systems with Emphasis on the Root-Knot 
Nematodes (Meloidogyne spp.) Affect ing 
Economic Food Crops in Developing Nations.'' 
The project was given a world-wide mandate 
and focused on the Meloidogyne species be- 
cause  t h e y  a r e :  ( a )  widely d i s t r i b u t e d  
geographically, (b) adapted to a very wide host 
range, and (c) generally recognized as  causing 
more economic damage to food crops than any 
other single group of plant-parasitic nematodes. 
S i n c e  p r o b l e m s  c a u s e d  b y  s p e c i e s  of 
Meloidogyne a r e  common to  much of the 
developing world, i t  was reasoned that  this con- 
centration would attract great interest and com- 
mitment by scientists in those nations. 

The activity, which came to be known as  the 
International Meloidogyne Project (IMP), did 
draw the attention of scientists throughout the 
world as  evidenced by the many collaborators 
primarily from more than 60 developing na- 
tions. A truly peer-type relationship was es- 
tablished between the collaborating country scien- 
tists and the IMP staff. Even though the 
IMP was conceptualized and funded before the 
Collaborative Research Support Programs 
(CRSP's) were established under Title XII, i t  
embodies most of the CRSP characteristics. The 
collaborating scientists jointly planned the 
work that was to be done in the various regions 
of the world, and all of them worked on 
problems tha t  were of common interest. In a 
few short years and with modest funding inputs 
through the IMP, the science of nematology was 
greatly advanced throughout the developing 
world. Scientists were recognized within their 
respective countries for their interest and ex- 
pertise in nematology. Special in-service train- 
ing was provided through workshops and con- 
ferences to provide a common focus and 
knowledge base for the projects. Work was in- 
itiated collaboratively within each participating 



country which demonstrated the  need to 
manage plant-parasitic nematode populations 
below the damage threshold levels. Finally, 
various management strategies were evaluated 
as  the basis for the identification of appropriate 
technology for each of the countries/regions. 

In the process of conducting the project on a 
world-wide basis, scientists a t  North Carolina 
State University had the unique opportunity of 
assembling a vast amount of observational and 
research data on Melddogyne spp., such as  (a) 
geographic distribution patterns of species and 
races and the ecological factors tha t  determine 
these patterns, (b) cytogenetic basis of species 
and their evolution, (c) morphology and tax- 
onomy, (d) comparative biochemistry of species 
and races, and (e) sources of genetic resistance 
within food crops. The IMP provided the scien- 
tific base for the development of economical and 
ecologically sound management strategies for 
root-knot nematodes on a worldwide basis. Few 
groups of plant pathogens have been treated in 
such a comprehensive manner through a world 
network of collaborating scientists. 

Perhaps, the most important product of the 
IMP is this publication A n  Advanced Treatise 
on M e l d d o ~ y n e  with Volume I devoted to 

Biology and Control and Volume I1 devoted to 
Methodology. These books will be of great value 
to crop-protection specialists, both researchers 
and extension specialists, throughout the world. 
They present state-of-the-art knowledge of this 
important group of plant pathogens, and a 
significant component of that  knowledge is a 
product of the IMP. Both volumes represent the 
proceedings of the final conference conducted 
under the IMP a t  Raleigh, North Carolina in 
April, 1983. This Conference was attended by 95 
scientists representing 39 countries. 

North Carolina State University is proud of 
the achievements realized under the IMP. Ap- 
preciation is expressed to all of those who have 
collaborated on the project thereby making it  an 
outstanding effort which will contribute much 
to enhanced food production throughout the 
world. We also express appreciation to those 
representatives of USAID who had the vision 
and determination to sustain the funding for 
the IMP during a 9-year period. 

J. Lawrence Apple, Coordinator 
International Programs 
North Carolina State University 
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C H A P T E R  1 

SAMPLING NEMATODE COMMUNITIES 

K. R. Barker 

Plant Pathology Department 

North Carolina State University 

Raleigh, North Carolina, U S A  

Sampling nematode communities has been 
the basis for the development of improved 
control tactics for more than 30 years. This 
approach came about as a result of the early 
research by N.A. Cobb (17) and others who 
developed reasonably reliable sampling and 
extraction procedures. One of the first quanti- 
tative studies in nematode sampling was con- 
ducted by Anscornbe on the potato-cyst nema- 
tode (4). With the development of rapid, analyt- 
ical computer programs, much effort has been 
directed toward improved sampling for various 
nematode taxa, especially Meloidogyne and 
Heterodera spp. These studies include the 
characterization of temporal and spatial dis- 
tribution patterns of numerous species. 

Various approaches have been employed to 
characterize the typically polyspecific nema- 
tode communities (1,8,24,28,50). Many inves- 
tigations have documented that nematode pop- 
ulations and communities change over time, 
with the maximum numbers usually occurring 
near harvest for annual crops (7,8,11,12,14,23, 
32,34). Only during the last 15 years, however, 
have the horizontal spatial patterns, reflecting 
the typically aggregated populations, been 
studied extensively (6,8,15,22,28,30,39,45). 
Most experiments have been based on the 
collection of composite samples with varying 
numbers of soil cores. Samples are collected 
with a sampling tube, and the populations of 
the taxa present are extracted and counted. A 
few studies of spatial patterns have been based 
on single core samples (28,49). Frequency 
distributions have been analyzed and fitted to 
various probability distributions, such as the 
negative binomial, Neyman Type A, and Poisson 
(1,4,15,28,49,57,58,63). 

The mapping of nematode damage by aerial 
infrared photography also has potential as a 
means of determining within-field distributions 

(6,4 1,51,60,6 1). For example, this technique 
was used to assess sugarbeet damage caused 
by Heterodera schachtii with such a high degree 
of accuracy that the author suggested aerial 
surveys could be used as a basis for recom- 
mendations of fumigant nematicides (61). In 
contrast, detection of damage caused by Pra- 
tylenchus penetrans in flue-cured tobacco was 
less reliable by this method (41). Promising 
results have also been obtained with the seed- 
borne Ditylenchus dipsaci in alfalfa, where the 
size of infested foci were followed during initial 
years of infestation (6). This technique had 
sufficient accuracy that the non-random spatial 
pattern of this nematode could be described by 
a negative binomial in given fields (6). 

Other rather unique methods for charac- 
terization of nematode infestations have been 
explored. The analyses of the relative ATP 
content in cysts, as indicated by measurement 
of bioluminesce with a photometer, was found 
to have promise for quantitative estimation of 
field populations of Globodera pallida and 
G. rostochiensis (5). Another interesting con- 
cept in nematode management is tare soil 
sampling for Heterodera schachtii (68). These 
soil samples, collected at the processing plant, 
have a high level of sensitivity by which relative 
infestation levels of this nematode can be 
detected. Bioassays, which are particularly 
sensitive when carefully handled soil andlor 
tissue samples are used, are very useful for 
Meloidogyne spp. (12,27,47,53,54). Thus, nema- 
tode-population assays to be used for research 
andlor management purposes can be ap-  
proached in various ways. 

This chapter is concerned with the recent 
progress in and potential of sampling for nema- 
todes for various purposes. Specific areas 
discussed include the major objectives of sam- 
pling, consideration of the spatial and temporal 
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patterns of nematodes in reference to sampling, 
importance of nematode biology and crop 
management, approaches to sample collection, 
care and management of samples, and the 
methods of characterizing nematode com- 
munities based on sample data. This discussion 
applies to soil as well as plant samples collected 
for nematode assay. The details of extraction 
and assay procedures are given in the following 
chapter. 

OBJECTIVES OF SAMPLING 

The major purposes of sampling for nema- 
todes include population estimation for re- 
search, advisory or predictive programs, dis- 
ease diagnoses and general surveys. The goals 
of sampling for nematodes vary with each type 
of experiment and other purposes of sampling. 
For integrated pest management programs, 
the ultimate goal of sampling is relating num- 
bers and kinds of nematodes to crop per- 
formance as well as evaluation and selection of 
management tactics. In contrast, research pro- 

grams may have as their primary goals the 
characterizing and understanding of nematode- 
population dynamics. The goal of sampling in 
quarantine programs is the detection of any 
nematodes present and prevention of spread. 

The specific objectives of sampling, as well 
as any mathematical models to be used, should 
be determined before a sampling program is 
planned. This approach is particularly impor- 
tant since the objectives may dictate the sam- 
pling design and type and amount of data 
needed (8,18,66). In developing sampling pro- 
cedures for a specific purpose, one should be 
familiar with the expected precision for the 
particular nematodes in question. Smaller sam- 
pling errors can be expected where nematodes 
occur randomly in the soil, leading to a Poisson 
frequency distribution (Table 1,2). In practice, 
nematodes occur in aggregated or contagious 
distributions which lead to much greater sam- 
pling errors. For example, sampling infestations 
of Globodera rostochiensis where the infestation 
level is 1 cystlg is subject to a standard error of 
approximately 18%, as compared to the ex- 

Table 1. Range of sampling errors for randomly distributed nematode populationsa. 

Precision 95% Confidence 
Number of nematodes Standard error (coefficient of variation) limits 

in sample (n) 6 SE % n n + 2 6  

BAdapted from Jones and Kempton (34); SE = standard error. 

Table 2. Chances of detecting nematodes in 500-g soil samplesa. 

Average field population Percentage chances 

Per acre Per 500 g soil For detection For failure to detect 

aAfter Southey (64), assuming sampling errors are near those of the Poisson distribution. 



pected error of about 10% for a randomly 
distributed population (16,64). 

The quarantine regulations in many countries 
require land to be certified free of specific 
nematodes, such as the potato-cyst nema- 
tode, on the basis of soil sampling (64,65). 
Unfortunately, a negative result from sam- 
pling only indicates that the population is 
unlikely to exceed a given density. Thus, when 
sampling is for quarantine purposes, the re- 
quirements for sampling precision become 
more critical a t  low population levels. Both the 
numbers and sizes of samples must be increased 
to ensure detection of low numbers of nema- 
todes (64). 

Simple detection by sampling still serves as 
the basis for determining geographic distribu- 
tions of plant-parasitic nematodes. Although 
this type of sampling requires less rigor than 
that for quarantine purposes, the information 
on the geographic distribution of nematodes is 
still limited. Most of the available publications 
on distribution of these pests must be consid- 
ered carefully since some data reflect the 
distribution of nematologists as well as the 
known distributions of nematodes. 

Sampling for advisory purposes, diagnosis 
of disease problems, and crop-loss assessment 
is becoming increasingly important as pest- 

management programs become more prevalent 
(37,59). Even though initial numbers of nema- 
todes can generally be related to the yield of 
annual crops, many factors, including errors in 
sampling, may affect this relationship (1 1,12, 
24,52). This topic is discussed further in chap- 
ters 10 and 16. Since many nematodes are 
involved in disease complexes, sampling for 
diagnostic purposes requires that healthy as 
well as diseased plants be assessed for this 
purpose. Isolation of associated fungi and 
bacteria also may be required where it is 
suspected that these organisms are involved in 
disease etiology. 

CONSIDERATION OF SPATIAL AND 
TEMPORAL PATTERNS 

The spatial and temporal patterns of nema- 
todes must be considered carefully in sam- 
pling for any purpose. The horizontal spatial 
patterns of plant-parasitic nematodes are typ- 
ically patchy or contagious types (Fig. 1) (8,28, 
42,45). This fact poses many difficulties in 
sampling as well as experimental design in 
reference to nematode research and control. 
The vertical spatial patterns of nematodes also 
vary greatly, depending on the crop, soil type, 
and the nematode species involved (13,14,23, 

Fig. 1. Clustered horizontal spatial pattern of Meloidogyne incognita (spring samples) as determined in two sam- 
plings (A & B), those for "A" being collected on April 4, 1968, and those for "B" on April 25, 1968. Each dot 
in the 5 x 5-m quadrats represents 25 juveniles/500 cm3 of soil; black quadrats had 2 400 juveniles for this 
soil volume; crop was a fescue cover crop following tobacco. Respective distribution parameters per sam- 
pling for A & B:a2 = 33.5, 22.0;Y = 3.0, 2.3; k = 0.31(n.s.), 0.35; %zeros = 47.2, 46.4, and C. V. (%) 194, 206 
(based on counts/20 cmhoil). [Distribution data from both sample sets could be fitted to Neyman Type A 
and Logarithmic distributions]. 
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70). Equally important, the seasonal fluctua- 
tions or temporal patterns change with crop 
and nematode species (8,9,32). 

The aggregation of nematodes is responsible 
for the typically patchy stunting associated 
with these pests. These aggregates vary over a 
field and within small areas of a field. Repeated 
sampling of 5 x 5-m quadrats, with 5-core 
composite samples, gives a similar general 
spatial pattern of Meloidogyne incognita in a 
field, but the assay results vary greatly for 
given quadrats (Fig. 1). This divergence appar- 
ently is due to the occurrence of small clusters 
of this nematode and to related sampling error. 
Spatial patterns of nematodes can be mapped 
in several ways. This mapping may be done by 
hand as in Figure 1 forMeloidogyne incognita or 
by various computer programs. Contour maps 
can be used to depict the densities of Meloido- 
gyne spp. as in Figure 2, in a field that had been 
planted to tobacco (8,49). Note that in this 
case, the direction of the rows had a striking 
influence on the relative areas infested with 
this nematode. This relationship was true for 
Meloidogyne and Criconemella spp. in a recent 
study (49) (Fig. 2). 

Thus sampling should be oriented across 
crop rows rather than with them. Three-dimen- 
sional graphs represent another type of com- 
puter mapping of nematode distributions (28, 
29). These are especially useful in relating 
nematode numbers to edaphic factors such as 
soil texture (28). 

LEGEND: LEVELS L I 

Although horizontal nematode-population 
assay data have been fitted to a number of 
standard mathematical distributions, they are 
most often described by the negative binomial 
distribution (1,4,8,15,28,44,49,57,58,63). This 
distribution has a variance (s2) to mean (5) 
ratio that is greater than 1 .O, indicating aggrega- 
tion. The variance to mean ratio would equal 
1.0 for randomly distributed populations. A 
regular distribution has an expected s2 that is 
less than the 5. The negative binomial is 
especially suited for describing clustered pop- 
ulations. It is described by two parameters: the 
5 and an aggregation index, the exponent k. 
The k parameter reflects the magnitude of 
clumping. The value of k also increases with 
the mean. Fractional k values indicate that the 
distribution is approaching the logarithmic 
series which occurs at k = 0. As k increases to 
infinity (for practical purposes, k values 2 8), 
the distribution becomes identical to the Pois- 
son, indicating a near random distribution 
(20,66). A simple method for estimating k is: 

x2 k =- 
s2-f 

The accuracy of this estimation method is 
dependent on n, the sample size. In general, k 
should be estimated in this manner only when 
n > 30. Computer programs are available for 
testing the goodness-of-fit of the negative 
binomial distribution to sample data and for 
deriving estimates of k (25,28). Analyses of 

B 
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4 PLANT ROrlS * 4 PLANT ROWS 

Fig. 2. Contour maps of relative levels of A) Meloidogyne incognita and B )  Criconemella spp. population densities 
(nematode numbers/500 cm3 soil) in a tobacco field [after Noe (49)]. 



sample data for Meloidogyne spp. have given a 
range of k values of 0.29 to 2.0, indicating a 
high degree of aggregation (28,49). Some data 
for this nematode cannot be fitted to the 
negative binomial distribution (47), but may be 
fitted to others (Fig. 1). 

Taylor's power law (20,66,67) provides an- 
other index of aggregation for a given species: 

where s2 = samples variance; a = sampling 
factor; and b = index of aggregation. Values 
of b > 1.0 indicate clustering of the population, 
with aggregation increasing as b increases. 
This model has been used in the study of a few 
plant-parasitic nematodes (8,15,24). Various 
other indices of aggregation (1,8,18,20,49,50,66) 
also may be used to describe nematode pop- 
ulations. 

Information on the vertical spatial patterns 
of plant-parasitic nematodes also is essential 
for reliable sampling. Typically, most plant- 
parasitic nematodes are closely associated with 
the root distribution. The greatest population 
densities of most species occur in the plow 
layer of the soil. This fact is true for most 
Meloidogyne spp., but some have been found at 
depths of 120 cm or greater (2,23,48). The 
vertical spatial patterns of M. incognita and 

1200 I LSD MELOIDOGYNE INCOGNITA I\ 
I 

other nematodes may change with time (32,48). 
Numbers of juveniles of this species may 
increase at  depths of 30-45 cm in the spring 
while those at lesser depths decline (Fig. 3). 

The timing of sampling for nematodes should 
be based on knowledge of the seasonal popula- 
tion dynamics of the target species. The fact 
that the life span of most Meloidogyne spp. is 
less than 6 months partially accounts for pop- 
ulation declines after the harvest of annual 
plants (Fig. 4). In contrast, various life stages of 
Globodera and Heterodera spp. may survive 
for many years, giving more temporal stability 
to these nematode populations. Highly virulent 
species of Meloidogyne, such as M. arenaria, 
may cause enough damage to their host that 
the population declines and infestations are 
undetectable at planting time in the warmer or 
tropical regions. The management practices, 
including the use of nematicides and/or de- 
struction of roots after harvest, also alter the 
spatial and temporal patterns of nematodes. 
The differential temporal changes of the pre- 
dominant species in polyspecific communities 
often pose problems in sampling and should 
be considered in selecting sampling dates. 

June July Aug Sept Oct Nor Doc Jan Feb Mar Apr May 
1966 1967 

TIME OF SAMPLING 
5 

Fig. 3. Population changes of juveniles of Meloidogyne 

ing season (crop was flue-cured tobacco; sugar- 
flotation-sieving extraction (7); note increase 

incognita at different depths during 
Sept.1 0 c t . l  Nov.1 Dec.1 Jan.1 Feb.1 Mar.1 Apr.1 May 1 

Timeol Sampling (T)  

in nematode numbers at 30-45 cm depth in Fig. 4. Regression depicting winter population decline 
spring). of Meloidogyne incognita after tobacco. 
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IMPORTANCE OF NEMATODE 
BIOLOGY AND CROP MANAGEMENT 

One must be familiar with the biology and 
population dynamics of target species in devel- 
oping sampling schedules and procedures. The 
parasitic habit, type and number of egg deposi- 
tions by females is particularly important in 
considering sampling. Some species deposit 
eggs singly, some in masses, and some develop 
eggs that are retained in cysts. The life stages 
detectable may pose problems in sampling for 
nematodes. The eggs of most plant-parasitic 
nematodes are difficult to identify if they can 
be extracted. Similarly, juveniles typically can 
be identified only to the generic level. 

The decision of whether to collect root as 
well as soil samples for nematode assay de- 
pends on the host-parasite relations of the 
nematodes in question. Polyspecific com- 
munities that contain both ectoparasitic and 
endoparasitic nematodes may require soil and 
root samples, particularly after mid-season 
for annual crops and for all samples of peren- 
nial crops. The specific timing of sample col- 
lection is dependent on the population fluctua- 
tions for each of the target species. 

Crop phenology and management have im- 
portant impacts on nematode populations 
which must be evaluated in sampling. These 
relationships, however, may be confounded by 
effects of initial population levels of nema- 
todes. Normally, nematodes build up to max- 
imum levels a t  midseason or near harvest on 
annual crops. Where high initial populations 
occur, however, the maximum populations may 
develop before midseason and then decline 
as a result of severe damage to the host. With 
perennial plants, populations fluctuate over 
time with greatest population levels occurring 
sometime after maximum plant growth. 

Management practices often affect nema- 
tode populations and should be considered in 
collecting soil samples for nematode assays. 
Generally, row crops accentuate the patchiness 
or non-random distribution of nematodes. In 
contrast, broadcast seeding of crops such as 
alfalfa may minimize the contagious distribution 
of nematodes. Minimal or no-tillage cropping 
practices also allow nematodes to remain in 
greater numbers in the root zones of the old 
crop, resulting in a more patchy spatial pattern. 
In contrast, tillage of land after crop harvest 
disperses the nematodes from the old roots as 
well as increases death rates of the nema- 

todes. Where possible, soil samples should be 
collected after plowing which results in the 
nematodes being more randomly distributed 
(34). 

Edaphic factors greatly influence the local as 
well as regional distribution and population 
dynamics of nematodes. A few nematodes, 
such as Belonolaimus longicaudatus occur only 
in soils with a high sand content. The peak 
populations of nematodes such as Meloidogyne 
incognita may occur near the end of a tomato 
season in a fine-textured soil where the tem- 
peratures are relatively low, but a t  midseason 
in sandy soil in a warmer geographic location 
(1 1). These effects may be altered by manage- 
ment tactics such as the use of nematicides 
and/or resistant cultivars. The worldwide study 
of the relationship of edaphic factors to pop- 
ulations of Meloidogyne spp. by Sasser (62) 
should provide greater understanding on how 
these factors affect nematode distribution as 
well as crop response. 

SAMPLE COLLECTION 

Only limited developments have occured in 
the technology of soil-sampling devices. The 
classical, cylindrical, tube-type sampler and 
auger designed by soil scientists still serve as 
standard equipment for most nematologists. 
Improvements in the cylindrical soil-core sam- 
pling tube have been directed largely at reduc- 
ing the effort required to probe the soil. Esser 
et al. (21) developed two types of cone-shaped 
tubes that facilitate more rapid and less stren- 
uous sample collection than that allowed by the 
Hoffer or Oakfield sampling tubes. There are 
also various types of electric (40) and hydraulic- 
assisted (69) tubes that facilitate sampling in 
compacted soils and allow the collection of 
relatively undisturbed cores of soil to a depth 
of a meter or more. Sampling for roots with an 
auger was improved by the development of a 
screen-shaker unit for separating soil from 
roots (35). 

Two rather unique sampling approaches have 
been utilized for cyst nematodes. One system 
involves a machine that operates on the vac- 
uum principle (31). Another sampler is com- 
prised of an all-terrain vehicle with buckets on 
a chain (19). The greatest need in sampling is 
for an automated tractor-mounted sampling 
device which could be used during land prepara- 
tion. This would be particularly useful in the 
extensive IPM programs. 



Timing of sample collection is dependent on 
the purpose of the nematode assay and the 
population dynamics of the target species. 
Survey samples for use in quarantines or in the 
characterization of nematode distributions 
should be made when nematode populations 
occur in maximum numbers. Evaluations of 
nematicides and resistant cultivars should be 
based on samples taken when the populations 
of non-treated, susceptible plants are near 
maximum, but before the effects of the manage- 
ment tactics have been depleted. The best 
time for sampling for advisory purposes in 
relation to crop performance is immediately 
prior to establishment of a crop. Some nema- 
tode populations, however, may be below de- 
tectable levels at that time of the year. Because 
of this fact, some nematode advisory programs 
utilize fall sampling and then extrapolate, based 
on expected mortality, froin those population 
densities to those expected at the time the 
subsequent crop is established. This estimation 
can be done with simple regressions (Fig. 4) or 
more comprehensive models. Unfortunately, 
the slopes of such regressions vary with man- 
agement practices (Fig. 5) and environment. 
Populations of Heterodera glycines have a 60- 

n - Following Narnallclde Tfestrn.nt "'. ..., 
(9011 0Ilc.d : not plowed) 

y (Log ) : 3.885 - 0.0831 
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Fig. 5. Effects of management practices on survival of 
Meloidogym incognita after a tobacco crop 
(nematodes extracted by centrifugal flotation). 

70% mortality during some winters in North 
Carolina, but decline little during other years 
(D. P. Schmitt, personal communication). 

Three to four different sample periods should 
be employed in the evaluation of nematicide 
efficacy and relative cultivar resistance. For 
nematicide treatments, a pre-treatment sample 
(Pi), within 1 week prior to treatment, an inter- 
mediate post-treatment (PJ, a midseaon (P ), 
and a final sample (PI) should be used 6). 
Where nematicide treatments are applied in 
the fall to avoid delays in establishment of 
spring crops, the sample schedule should be 
modified accordingly. The collection of post- 
treatment samples in late fall and early spring 
are necessary if nematicide efficacy on peren- 
nials is to be determined. A population sample 
at harvest may be sufficient for evaluation of 
resistant cultivars, but more frequent assays 
are desirable even for this purpose. The opti- 
mum sampling times may be determined more 
precisely by calculation of degree hours or days 
(24), or cumulative indices of nematode activity 
(33) necessary for maximum population in- 
crease. Weekly or biweekly nematode and 
plant monitoring may be necessary in modeling 
experiments. This topic is discussed by Ferris 
in Chapter 16. 

The relative size of sample area and numbers 
of cores collected per area for nematode assay 
differ greatly for different purposes and be- 
tween assay and research programs. A sample 
area of 1-2 hectares or less is recommended for 
advisory purposes (47,59). Very large fields 
should be broken down on the basis of a grid, 
and representative areas with uniform soil and 
crop histories should be selected randomly to 
provide a basis for sampling. For regulatory 
purposes, the sample area should be much 
smaller, in the range of approximately 113 
hectare, but this differs from country to coun- 
try (64). 

Sample size may be determined on the basis 
of relative population densities and the nema- 
tode spatial pattern (8,26,28,43,44,45,46). 
Nematode sample data for some fields do not 
fit any mathematical distribution (1,47). In 
these situations, empirical methods of com- 
puting relative errors for samples can be utilized 
(47). 

The approach of measuring sample error 
may be expanded to include measuring that of 
crop-response (24), but this is yet to be accom- 
plished for most nematode-crop combinations. 
A soil sample of 10 to 30 cores may give 
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adequate information for estimates of a large 
population, but 100 or more cores may be 
necessary if low population levels are to be 
estimated or even detected. The collection of 
five composite samples with 20 cores each was 
found to give satisfactory or acceptable sample 
information for the nematodes infesting a 7- 
hectare alfalfa field (28,30). 

Mathematical models have been developed 
by which the numbers of samples needed for 
given levels of precision can be estimated 
(36,66). Numbers of cores necessary for aggre- 
gated populations, which can be described by 
the negative binomial, may be calculated with 
the following equation: 

n. = (Za12) 2 (1/f + l lk),  
E~ 

where n = number of samples; Z = upper a12 
of the normal distribution; 2 = mean of the 

Fig. 6. Suggested diagrams for collecting soil samples 
for nematode assays. A) &commended pattern 
of collecting a minimum of 20-30 cores for 
general assays in large plots or fields of 1-2 ha; 
B) Sampling pattern for collecting soil in two 
center rows of four-row experimental plots 
with performance data also being obtained 
from these two rows; C) Procedure for sam- 
pling single-plant plot; D) Patterns for sam- 
pling in feeder-root zone of established peren- 
nials (additional cores should be collected from 
each plant where small plots are used) [after 
Barker et al. (7)]. 

population; k = experimentally determined 
dispersion parameter of the negative binomial; 
and E = predetermined standard error as a 
decimal of the mean. This model, as described 
by Karindinos (36), is much more rigorous than 
those given by other authors (8,66). It does 
have the advantage of being more suitable for a 
single sample. This model will show that the 
recommended numbers of cores of 20-50 pro- 
vides a population estimate within a range of 
30-50% of the mean for most row crops. 

Sampling patterns that may be used for 
nematodes include random, stratified random, 
systematic, and two-stage sampling. The spe- 
cific type of spatial pattern and relative density 
of the target nematode species should be 
considered in selection of the sampling proce- 
dure (Fig. 6). The nematode species being 
assayed also have an influence on the results of 
sampling experiments. Church et al. (16) sug- 
gested that a systematic approach to sampling 
of Globodera rostochiensis was preferable 
over random sampling. Samples were taken at 
the rate of 25-50 cores for fields up to 10 acres. 
The problems associated with the clustered 
distributions of nematodes as described herein 
have been documented by many investigators. 
In working with Pratylenchuspenetrans , Proctor 
and Marks (57) concluded that 40-core sam- 
ples gave more reliable results than 20-core 
samples of 0.01-ha plots. Recent studies by 
Seinhorst (63) also show that large samples 
may reduce some of the error in sampling for 
Globodera rostochiensis in very small plots. 

Considerable attention has been given to 
sampling procedures for Meloidogyne spp. by a 
number of researchers (28-30,47,49,53,54). 
Although nematologists have obtained similar 
k values forMeloidogyne spp. on row crops, the 
estimated numbers of soil cores and samples 
needed for a given level of precision vary 
greatly (28,43,46; Barker et al., unpublished). 
This divergence is due to utilization of different 
models for calculation of these estimates. Ac- 
cording to the Karindinos mode1 (36), 30 to 60 
cores are needed if a population estimate 
within 50% of the mean is to be obtained 
(Barker et al., unpublished). The less rigorous 
model, which deletes the (Zd2)'  component 
of the model, gives core or sample estimates 
that are about 70% fewer than when this 
component is included. The precision attain- 
able in solidly planted crops, such as alfalfa, 
apparently is more acceptable, being in the 
range of 20% of the mean (28). Because sam- 



pling error varies with degree of aggregation, 
population density, field size, and sample size 
(26), further research is needed to determine 
the range of sampling precision that is attain- 
able with nematodes. This endeavor should 
include repeated sampling of several fields 
over a number of sample times. The very small 
k values (0.27 to 2.0) obtained for Meloidogyne 
spp. (based largely on single soil cores) thus 
result in unmanageable sample numbers (Table 
3) for acceptable levels of precision for some 
purposes. This problem can be overcome par- 
tially for IPM purposes by use of large com- 
posite samples of 1.0-1.5 kg, as suggested by 
Seinhorst (63) for Globodera rostochiensis. The 
precision in sampling low population density 
fields and in describing the associated distri- 
butions may be improved by the use of bio- 
assays (46,53,54). This approach is especially 
important for virulent Meloidogyne spp. 

The direction of row-placement often has a 
major influence on the distribution pattern of 
those nematodes (49). Similarly, edaphic factors 
such as soil texture and other environmental 
factors, may be related to the distribution of 
nematodes and should be considered in sam- 
pling (55,56). On the basis of available infor- 
mation, more intensive sampling is needed for 
row crops (Barker et al., unpublished) as com- 

pared to solidly planted crops (28). 
Another source of variation in sampling in- 

volves the mechanics of the collection of specific 
cores by given individuals. This problem can 
be minimized by standardization of the distance 
from plants, depth, angles, and inclusion of 
roots by sampling only when moisture is near 
optimum. The loci of sample collection should 
be correlated or closely related to the location 
of maximum fibrous root growth (7,39,45). On 
annual crops, this usually is within 10-20 cm of 
the base of the plants, whereas the collection of 
soil cores on most perennial plants should be in 
the area of the dripline of the foliage (7,45) 
(Fig. 6-C, D). The depth of sample collection is 
dependent on the host, nematode species, and 
type of soil. Variation also is introduced among 
counts made by different observers in the 
laboratories. Use of duplicate samples mini- 
mizes these errors, but is impractical in com- 
mercial-scale laboratories. 

CARE AND STORAGE OF SAMPLES 

Plant-parasitic nematodes are thin-walled, 
short-lived microorganisms. Improper handling, 
such as exposure to the sun, temperature ex- 
tremes or improper storage results in high 
mortality rates and erroneous information. 

Table 3. Examples of numbers of samples needed based on model belowa. 

Number of samples needed per mean number of nematodesd 
Predetermined 

Value of k precision (E)" 10 100 lo00 

a Model is: n = f.Zd2)' l h  + ' l k  , Karandinos ( 3 6 ) .  
E2 

k = aggregation parameter, based on negative binomial distribution. 
E = precision parameter (as 70 of mean). 
Refers to numbers of soil cores needed per k and .? combination per level of precision. 
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These problems are particularly important 
where extraction methods are dependent on 
nematode motility or where bioassays are uti- 
lized. The handling of soil and root samples 
during collection and transit to the laboratory 
warrant special care. After collection, each 
sample should be sealed in a plastic bag and 
placed in an insulated container or kept out of 
the sun at a moderate temperature, preferably 
less than 30°C (59). The effects of shipping 
samples on nematode survival have received 
only limited study. In one comparison, samples 
collected and mailed to the laboratory yielded 
fewer numbers of Belonolaimus spp. and Para- 
trichodorus minor than samples that were trans- 
ported directly to the lab (R. E.  Motsinger, 
personal communication). Other species such 
as Hoplolaimus columbus and Rotylenchulus 
reniformis were not adversely affected by transit 
through the mail. Another study showed that 
the use of styrofoam containers gave 1.4 to 3 
times more specimens of Helicotylenchus di- 
hystera, P. minor and Xiphinema americanum 
upon extraction by elutriation and centrifuga- 
tion than did samples shipped (during 14 days) 
in non-insulated containers (59). Soil samples 
from quarantined areas may be treated before 
shipment by saturation with the fixative FAA 
and picric acid or 5% formalin. These nema- 
todes must be extracted by flotation methods. 

Laboratory storage of soil samples may facili- 

tate hatching and increased extractable num- 
bers of nematodes, or improper storage may 
lead to nematode death, which would result in 
misleading assay results. The two most impor- 
tant parameters in sample storage are tempera- 
ture and moisture. Adequate moisture and a 
temperature of 10-13°C result in relatively 
uniform recovery rates of Meloidogyne incog- 
nita over a period of weeks, as compared to 
numbers in non-stored samples (10) (Fig. 7). 
However, excessive moisture or extreme tem- 
peratures may result in rapid declines of nema- 
tode populations in storage. An exception to 
this was observed with Criconemella xenoplax: 
samples stored with 16-24% moisture (VIW) 
for 1-7 days before extraction increased the 
recovery of this nematode (38). 

METHODS OF CHARACTERIZING 
NEMATODE COMMUNITIES 

The precision of estimates of nematode 
population densities is dependent on the rela- 
tive density, degree of aggregation, type of 
sample and reliability of the extraction methods 
utilized. Errors among samples of Globodera 
rostochiensis are about 2 times greater than 
that expected for Poisson distributions (64,65). 
Estimates of the errors encountered for Meloi- 
dogyne spp. vary more than this. 

Numerous additional methods of analyzing 
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Fig. 7. Survival of Meloidogyne incognita as affected by temperature and storage time. A) Short-term effects; B) 
Mean effects of temperature on yields with two extraction methods over 16 weeks storage [latter after 
Barker et al. (lo)]. 



nematode communities are available (20,49,50, 
66). These range from frequencies of occur- 
rence (50) to complex spectral analysis (49). 
Only some of the most frequently used pro- 
cedures are included herein. The application 
of these and other ecological principles should 
improve the reliability and usefulness of sam- 
pling for nematodes. 

Most nematode assays are based on numbers 
or density per unit volume or weight of soil. In 
addition to this absolute measure of density, 
one may determine how many specimens1 
species are in a sample relative to the total 
mean number of nematodes for all species. 
This relative density is calculated as a per- 
centage (50) : 

Relative density = 

no. of individuals of a species in a sample 
total no. of  individuals in a sample 

X 100. 

The sum of all relative densities for a com- 
munity equals 100%. 

Models are available for determining relative 
biomass such as that developed by ~ n d r a s s ~  
(3): 

G = 
a2b 

where G = biomass in pg; a = the greatest body 
width Cum); b = body length (pm); 1.6 = 
constant for correcting volume of nematode; 
and 1,000,000 is a factor for converting pm3 to 
pg. Typical biomass values for given nematodes 
are available (3). 

Two types of frequency may be calculated. 
Frequency is a measure of distribution uni- 
formity or rate of occurrence (50). Absolute 
frequency is given as a percentage: 

no. of samples containing a species X 100. 
no. of samples collected 

Relative frequency is calculated as: 

absolute frequency of species 
X 100. 

sum of frequency of all species 

Prominence value = density V' frequency 

These determinations are based on the absolute 
density and frequency per species. 

The importance of a nematode species in a 
community may be estimated by calculation of 
the importance value (50): 

Importance value = 

relative frequency + relative density -I- 
relative biomass. 

The sum of all relative biomass values for a 
community also equals 100 as with relative 
frequency and density (50). A discussion of the 
potential biological value of this concept in 
comparison of nematodes of different trophic 
groups is available (50). 

An "index of similarity" may be determined 
for comparison of nematode infestations of two 
areas or test sites. The following is an example 
for the models summarized by Norton (50): 

2c I S ,  = - 
a + b  

where I S ,  is the index of similarity (after 
Sorenson) ; c = no. of species that the two sam- 
ples or areas have in common; and a and b = no. 
of species in samples of area a and b ,  respectively. 

As indicated earlier, advances in computer 
science greatly facilitate data management 
and mapping techniques needed in nematode 
population studies. Simulation models are be- 
coming available for evaluation of various 
sampling procedures. A number of computer 
programs also are available for fitting nema- 
tode population data to standard distributions, 
as well as mapping the nematode distributions 
over space and time. Three-dimensional dis- 
tribution maps can be developed from nema- 
tode population data by computer (29). These 
programs are helpful in the study of nematode 
communities, improvement of sample methods, 
and in relation of nematode spatial patterns to 
various edaphic factors such as soil texture 
(28). 

Absolute frequency is an independent calcula- 
tion for rate of occurrence for each species. In NEEDS FOR ADDITIONAL RESEARCH 
contrast, relative frequency gives the total fre- 
quency of all species on the basis of 100% (50). Although much progress has been made in 

The relationship of population density and characterizing nematode communities and im- 
frequency can be expressed as a prominence proving sampling procedures, much additional 
value (50): research is still needed in this area. First, the 
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inherent errors associated with various sam- 
pling schemes are still open to question. Esti- 
mated errors obtained by some investigators 
are quite low (28,44), in the range of 10 to 20% 
standard error, whereas those of others are 
quite high (49,63). Another problem area that 
has received limited attention concerns the 
integration of sampling and experimental errors 
in relation to expected damage caused by 
nematodes (24). The contagious spatial pat- 
terns pose problems in modeling nematode 
population dynamics as well as plant response 
to these pests (52). Variation in nematode 
distribution patterns from field to field and 
over time as well as the impact of management 
practices need further clarification. Basic sam- 
pling methodology still needs further develop- 

ment. There is especially a need for automated 
sampling. 

Sampling nematode communities does pro- 
vide data that are valuable in many integrated 
pest management purposes. For example, in 
spite of the variation encountered, sufficiently 
reliable information can be derived that enables 
growers to manage serious nematode problems 
through assay programs. These assays are 
quite useful in diagnosing the causes of crop 
production problems, including those caused 
primarily by nematodes, as well as the involve- 
ment of nematodes in disease complexes. In 
contrast, the development of highly reliable 
quantitative data still warrants extensive re- 
search. 
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Comtemporary nematologists with an in- 
terest in population dynamics are fortunate in 
that numerous assay methods have been devel- 
oped. Although methods for routine monitor- 
ing of many soilborne microflora and micro- 
fauna are still unavailable, nematologists have 
made major advancements with these tech- 
niques (16,21,31,41,53,64). Nevertheless, the 
selection of the best assay procedure for given 
nematode species continues to pose problems. 
For example, the importance of ectoparasitic 
nematodes was overlooked until the 1950's 
(18,19) because scientists failed to associate 
these external feeders with host damage. 

This chapter enumerates many of the factors 
that should be considered in nematode assays, 
especially with regard to Meloidogyne spp. The 
polyspecific nature of nematode communities, 
however, requires that we be concerned with 
several genera of plant-parasitic nematodes. 
Thus, methods for extracting most major nema- 
tode taxa are included herein. The advantages 
and deficiencies of these procedures also are 
discussed. Topics emphasized include the bio- 
logical and ecological considerations in selec- 
tion of assay methods, care and preparation of 
samples, relative efficacy of extraction proce- 
dures, use of vital stains, practical application 
of bioassays, special considerations in using 
certain assay methods, outlines of the selected 
procedures or methods, and types of data that 
should be reported. Special methods such as 
use of hydrolytic enzymes to extract females of 
Meloidogyne spp. (28) are not included. Extrac- 
tion methods not described herein are outlined 
in other reviews (4,25,31,35,41,54,58). Since 
sample size has been discussed in the previous 
chapter, it will not be covered here. 

BIOLOGICAL AND ECOLOGICAL 
CONSIDERATIONS IN SELECTION OF 
ASSAY METHODS 

Nematode-assay methods should be chosen 
that yield the highest or most reliable percent- 
age of the target nematode species from given 
soil and/or plant samples. ' h o  or three ex- 
traction procedures often are required for 
samples that contain divergent species, such 
as Meloidogyne, Heterodera and/or Pratylen- 
chus. As will be emphasized in this chapter, 
extraction of eggs for many species is equally 
important as that of juveniles andlor adults 
(5,6,14,26). The life stages that are expected in 
a given soil sample affect the selection process. 
These populations may consist of relatively 
motile forms to quiescent forms, such as cysts, 
individual eggs, eggs in masses, or various 
combinations of these. High proportions of 
endoparasitic nematodes are in roots, root 
fragments, or other plant parts during certain 
periods of the year, whereas ectoparasites 
occur primarily in the soil. The actual selection 
of assay methods depends on the kinds and 
numbers of nematodes present, the host plant, 
equipment available, the nature and condition 
of the samples, including soil types, time of 
collection, and other management practices 
such as nematicide treatments. 

The various biophysical characters that influ- 
ence the suitability of different assay methods 
have been enumerated (42,47,68). Relative 
nematode size and differential staining are the 
basis for some qualitative methods. Mechanical 
resistance of nematodes is critical to efficient 
blender preparations; the activity of various 
nematode species is important in the Baermann 
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methods; and both the size and shape of 
nematodes are relevant to the use of sieving. 
Knowledge of specific weights, related sedimen- 
tation rates, and sizes of nematode types is 
helpful in the application of flotation, elutria- 
tion, centrifugation, and decanting techniques 
(69,70). Edaphic factors cannot be overlooked 
in this selection process. Soil texture is impor- 
tant particularly for samples containing high 
percentages of organic matter or clay (69). 
Other factors that must be considered include 
population dynamics, sample storage con- 
ditions, the expected population levels as influ- 
enced by management practices, and time 
elapsed after the previous crop. Bioassays may 
be required in instances where populations are 
barely detectable (6,38,46,57). 

CARE OF SAMPLES 

Soil samples for nematode assays must be 
considered perishable and handled accordingly. 
Exposure to temperatures above 40°C for a 
short time kills some species. All soil and root 
samples should be placed in plastic bags to 
prevent drying, kept out of the sun, and trans- 
ported in insulated containers. 

Ideally, nematodes should be extracted with- 
in a week after soil samples are collected. If 
delay is necessary, sample storage at  10-15°C 
prolongs the recoverability of nematodes (see 
Chapter 1). Lower storage temperatures may 
be desirable in northern regions. High tem- 
peratures (2540°C) allow hatching of eggs and 
rapid aging of motile forms, but low tem- 
peratures (<1O0C) may cause chilling injury 
(50,63,71). Changes in numbers of most species 
are minimal at  intermediate temperatures (10- 
15°C) (9,63,67). 

Adequate mixing of composite soil samples 
before removal of an aliquant (usually 100 to 
1000 cm3) for nematode extraction is also 
important when the entire sample cannot be 
processed. Such samples should be screened 
first and then mixed thoroughly by a suitable 
procedure, such as by being run through soil 
sample splitters (Fig. 1) two to four times. Also, 
soil samples may be mixed effectively by coning 
and quartering. Certain elutriators that handle 
large samples automatically mix the soil (12; 
Fig. 2). Mixing the composite sample avoids 
undue variation associated with nematode ag- 
gregation. Although mixing soil is necessary, 
special care, including gentle mixing or use of 
flotation procedures, must be given to samples 

containing Xiphinema, Longidorus, and Para- 
trichodorus spp. These taxa are often injured 
and lose their motility by mechanical mixing of 
soil. Roots or other plant tissues should be cut 
and mixed when an aliquant is selected for 
extraction. Macerating tissues in blenders may 
be satisfactory in some instances, but is not 
generally recommended due to the release of 
toxic substances in plants such as peach. 

FIg. 1. Multiple rimers for mixing and splitting soil 
samples. 

All nematode samples must be handled so 
that the specimens can be easily identified and 
counted. The addition of chemical fixatives 
may be necessary when soil is collected from 
quarantined fields, but the difficulties in count- 
ing nematodes are increased (7). Microscopes 
equipped with mechanical stages greatly facil- 
itate the counting (Fig. 3). Various counting 
dishes are available for this purpose. An im- 
proved counting dish that eliminates the border 
effect was developed by DeGrisse (23). Simple 
plastic boxes (7.5 X 3.3 cm) with grids etched 
on the bottom are satisfactory for most pur- 
poses. Bias in counting can be avoided by use 



Fig. 2. Semiautomatic elutriator for extracting nematodes and soil fragments from soil (After Byrd, et al., 1976). 

Fig. 3. Stereoscopic microscope with mechanical stage 
for counting nematodes. 

of sample numbers rather than identified treat- 
ments (39). A few studies have been directed 
toward partial automation of nematode counts 
(10,43). 

Special systems must be developed for dis- 
posal of soil residue and nematodes from fields 
under quarantine or from other countries. 

Disposal systems that handle large numbers of 
soil samples have been developed in Florida 
(62). In North Carolina, a series of large 
screens of differently sized openings are used 
to minimize the chances of major soil-inhabiting 
pests being spread (K.R. Barker, unpublished). 

RELATIVE EFFICIENCY OF 
EXTRACTION METHODS 

Much effort has been invested toward the 
development and improvement of various pro- 
cedures for the assay of soil and plant samples 
for nematodes. Only limited research has been 
directed toward the characterization of the 
efficiency of most extraction techniques (Table 
1). The sedimentation rates for various species 
of nematodes have been determined recently 
(68). The finding that these rates vary for 
different species poses problems in the quan- 
titative extraction of several species. 

Rates of recovery, as estimated by various 
researchers, have ranged from 10-100%. Ex- 
traction efficiency depends on several factors, 
including the method, soil type, nematode 
species and size, and the laboratory. For ex- 
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ample, density-flotation curves for different 
nematode species are governed by solute den- 
sity, solute osmotic activity, and the physiol- 
ogical properties of the target species (70). 
Nematode viability and function may be ad- 
versely affected by improper selection of solute 
for density extraction. In contrast, the recovery 
of particular nematode species may be en- 
hanced by the selection of certain solutes. Use 
of the lowest effective density for flotation 
extraction minimizes damage caused by high 
osmotic activity. Polymers with low osmotic 
activity such as  Ficoll and Percoll (Pharmacia 
Fine Chemicals) may have potential in the 
extraction of nematodes (70). Examples of 
actual ranges of efficiency of extraction by 
selected methods are summarized in Table 1. 

Extraction efficiency can be enhanced by 
repeated sieving with an appropriately sized 
sieve. Seinhorst (52) suggested that nematodes 
can be separated, essentially quantitatively, 
from a suspension by relatively few runs through 
a sieve with openings not greater than 1/10 of 
the nematode length; sieves that are 115 of the 
nematode's length are too coarse for quantita- 
tive extraction (52). Increasing the volume of 
suspension lowers extraction efficiency, espe- 
cially when small sieves are used. The theoret- 
ical recovery from a suspension may be esti- 
mated by the following formula: - 

percentage recovery = 100 (1 -ax), 

where a = proportion of total number of 
nematodes present of a given length which 
pass through the sieve, and x = number of 
times sieved (52,53). Banks of sieves for giving 
maximum efficiency have been used extensively 
in some European laboratories (53), but rarely 
in the U.S.A. Differences in these factors 
undoubtedly are partially responsible for the 
discrepancies in efficiency reported for given 
extraction methods. 

Several parameters, in addition to relative 
efficiency, must be considered in the selection 
and evaluation of nematode assay procedures. 
Time requirements and personnel availability, 
as well as other variables, such as the influence 
of soil type and numbers and kinds of species 
present, must be given careful attention. For 
example, centrifugal-flotation, in which the 
standard sugar solution is used, has been listed 
to have five major advantages over other meth- 
ods. It is simple, rapid, and the nematodes are 
available for study immediately after the ex- 
traction. Centrifugal flotation also yields a 
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greater proportion of nematodes, especially 
the slowly moving forms such as Criconemella 
and Hemicriconemoides, and it recovers eggs, 
especially those of ectoparasites (3). Still, this 
method may yield less than 50% of many 
species present (69,72). The efficiency of cen- 
trifugal-flotation may be enhanced by supple- 
mental pre-extraction treatments, including 
the use of sodium-containing detergents (73) 
and a pre-extraction incubation after the addi- 
tion of water (36). 

The sugar-flotation-sieving technique de- 
veloped by Byrd et al. (13) is a simple and rapid 
extraction method useful in working with nema- 
todes such as the juveniles ofMeloidogyne spp. 
This procedure clears colloids from suspension 
with a flocculating agent "Separan" (the Dow 
Chemical Company) and leaves the nematodes 
in a 0.7 to 1.OM sucrose solution. It compares 
favorably with centrifugal flotation for Meloido- 
gyne juveniles and most nematode taxa, except 
the Criconemoids. If cost is a factor, black- 
strap molasses may be substituted for the 
sucrose (48,49). Greater nematode recovery 
rates can be achieved with the molasses, even 
through the same specific gravities of both 
flotation solutions are utilized, probably be- 
cause the molasses has a slightly higher vis- 
cosity as compared to sucrose solutions. Sugar- 
flotation sieving also extracts anhydrobiotic 
forms of nematodes from dry, desert soil (27). 

A s t e ~  toward the mechanization and better 
standardization of nematode extraction was 
made by Byrd et  al. (12) in the development of 
two semi-automatic elutriators (Fig. 3). These 
apparatus include some of the features of the 
Oostenbrink funnel elutriator (41) and the air- 
stirred homogenizers of Coolen and D'Herde 
(22) and of Gooris and D'Herde (29). Key 
features of these machines include a mechanism 
for collection of root fragments, a sample- 
splitter that divides the water-nematode sus- 
pension from large samples of 500-1000 cm3 
into manageable portions, and the provision 
for collection of dual samples including possible 
assays of different nematode forms and/or 
reproductive structures of certain fungi (20,44). 
Collected root fragments may be utilized in the 
sodium-hypochlorite methods for extraction of 
eggs of Meloidogyne spp. (1 4), or incubated in a 
Seinhorst mist (5 1) for extraction of migratory 
endoparasites, such asPratylenchus spp. Cysts 
of Heterodera or Globodera may be caught on 
60 -mesh (2 50-pm) sieves and subsequently 
counted, and they may also be exposed to the 



Table 1. Relative efficiency of various methods of extracting nematodes. 

Nematode 
Extraction 

method 

Percent 
efficienc H Time 
(range) required References 

Meloidogyne spp. 
Juveniles from soil 

Baermann trayslfunnels ( B F ) ~  
Centrifugal flotation ( c F ) ~  
Elutriation + C F  
Sieving + B F  

Juveniles and egg fractions 
Baermann trays/funnels 
Centrifugal flotation 
Elutriation + NaOCl 
Egg extraction 
Sieving + BF-Seinhorst mist 

Criconemella spp. 
Centrifugal flotation 
Elutriation + C F  
Sieving + B F  

Pratylenchus spp. 
Soil fraction 

Baermann trayslfunnels 
Centrifugal flotation 
Sieving + B F  

Soil and root fractions 
Centrifugal flotation (soil only) 
Elutriation + Seinhorst mist 
Sieving + mist 

Xiphinema spp. 
Baermann trayslfunnels 
Elutriation + C F  
Sieving + BF 

2-5 days 
5-10 min 
5-15 rnin 
2-5 days 

2-5 days 
5-10 rnin 

10-20 rnin 

5-10 min 
5-15 rnin 
2-5 days 

2-5 days 
5-10 rnin 
2-5 days 

5-10 rnin 
2-14 days 
2-5 days 

2-5 days 
5-10 days 
2-5 days 

aData do not reflect actual variation which may be 100% or more (69). Rates vary with investigator and soil types. 

b~ombined with sieving. 

sodium-hypochlorite (14) or the glass tissue 
homogenizer for the release of eggs to be 
counted. 

Nematodes such as the second-stage juve- 
niles of Meloidogyne spp. are collected on a 
400-mesh (38-pm) sieve and further cleaned 
by a modified version of Jenkins' centrifugal- 
flotation method (34) which includes two steps 
to minimize the loss of these small forms. In the 
first step, the nematodes and fine soil particles 
are washed into a beaker with approximately 
150 ml water and allowed to settle for a t  least 1 
hour. The water is then decanted and the 
remainder, including the nematodes in the 
debris, is poured into 50-ml centrifuge tubes. 

The settling-decanting method of concentration 
retains nematodes usually lost by sieving. In 
the second step, the nematodes are centrifuged 
in a sucrose solution (454 g sucrose in 1-liter 
solution). The suspended nematodes are col- 
lected on a 500-mesh (26-pm) or a 635-mesh 
(20 -pm) sieve. 

Only a few techniques are available for 
extraction of nematodes from plant tissues. As 
was indicated previously, the Seinhorst mist 
technique (51) is best for this purpose. Other 
techniques such as the flask-shaker (11) are 
satisfactory, but do not approach the efficiency 
of the Seinhorst-mist. This basic principle of 
spraying a mist of water onto infected plant 
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tissues on Baermann funnel-like supports may 
be modified for large-scale applications. Ad- 
vantages of the mist-chamber technique include 
its ease of automation and yield of large num- 
bers of relatively vigorous, clean specimens. 
Disadvantages include the extended time of 3 
or more days for extraction, and the data 
obtained are more qualitative than quantita- 
tive. Some nematodes continue to develop in 
tissues in the mist chamber with the result that 
many nematodes are recovered after 2 or more 
weeks of exposure. 

Other techniques that have limited use for 
extraction of nematodes from plant tissues 
include Young's Mason jar incubation (74), and 
the use of an airstream to enhance the activity 
and recovery of nematodes from plant tissues 
(1 7). The shaker-incubation system greatly 
enhances nematode recovery from plant tissues 
(11) because it provides aeration as well as 
suppression of microbial activity. Neverthe- 
less, we have found it to be much less efficient 
than the mist system. About 90% of the recov- 
erable Pratylenchus brachyurus may be ex- 
tracted in 4 days from cotton roots incubated 
on a shaker in a mixture of 10 pglml ethoxy- 
ethyl mercuric chloride (Aretan) and 50pglml 
dihydrostreptomycin sulfate (1 1). Two weeks 
are required to give the same nematode yield in 
water alone. 

The addition of other chemicals such as 
hydrogen peroxide may also enhance recovery 
of nematodes from plant tissues. Incubation of 
5-10 g of citrus root infected with Radopholus 
similis or Tylenchulus semipenetrans in plastic 
bags with 10 ml of 1-3% H 2 0  for 2 days may 
yield numbers of nematodes sufficient for 
determination of the relative magnitude of 
infection (59,60,61). A dilute solution of H P 0 2  
also gives greater yields of R. similis and 
Helicotylenchus spp. from banana roots in Baer- 
mann pans (30). 

VITAL STAINS 

It is difficult to determine readily the physio- 
logical state of many nematodes after ex- 
traction, especially of sedentary ectoparasites, 
such as Criconemella spp. Thus, vital stains 
have considerable potential, but are not com- 
pletely reliable as a supplemental tool in nema- 
tode assays. Materials including meldola blue 
and nile blue A and other stains have been used 
with varying degrees of success to differentiate 
dead from living specimens of several genera, 

including Helicotylenchus, Pratylenchus, Tylen- 
chorhynchus, and Xiphinema. Chrysoidin also 
may give acceptable results where high magni- 
fication is used (40). New blue R and potassium 
permanganate also have promise as vital stains 
(33,56). Unfortunately none of these materials 
give satisfactory results in all laboratories. 
Thus, improved methods for distinguishing 
living from dead nematodes, especially seden- 
tary ectoparasites, still are needed for studies 
of nematicide efficacy. Other approaches, such 
as the use of fluorescent microscopes, should 
be developed and evaluated for this purpose. 

BIOASSAYS 

The incidence of Meloidogyne spp. may be 
indicated by the relative extent to which the 
roots are galled and necrotic (75). Galling 
indices on a scale of 0-100 (8,75) obtained after 
mid-season are useful in evaluation of nema- 
ticide efficacy or estimation of actual yield 
losses. Yield losses increase linearly as root- 
gall or necrosis indices increase (8). The slope 
of such regression lines may be relatively 
sharp in areas where severe damage is caused 
by these nematodes, such as in coarse-tex- 
tured soils. The actual relationship of gall 
indices to nematode numbers and yield would 
vary with different climatic and geographic 
locations. 

Root-gall indices should be especially useful 
in determination of the magnitude of nematode 
infection of perennial crops such as peach. 
This approach is also very practical in states 
and countries where Nematode Advisory Pro- 
grams are not available. Growers can be taught 
to use this type of assessment based on root 
symptoms in the field. Detailed considerations 
of bioassays are given later in this chapter. 

ASSAY PROCEDURES 

Selection of assay procedures depends on 
the kind and number of nematodes present, 
the host, the nature and condition of the 
samples (including soil texture), the time of 
collection, and the purpose of the nematode 
assay. Actively moving juveniles or adults (in 
roots or soil) can be extracted by (I) Baermann 
trays or modifications thereof; (11) a combina- 
tion of flotation, sieving or both and Baermann 
methods; or (ILI) flotation (or elutriation) and 
cotton-wool methods. Methods adapted to 
both motile and nonmotile forms include (I) 
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sieving, (11) centrifugal flotation, (111) sugar- 3. Place the screen with soil in the pie 
flotation sieving, and (IV) Seinhorst's two- pan and add water just to cover the soil. 
Erlenmeyer flask, sedimentation apparatus. 4. Incubate the samples at  21-24OC 
The flotation methods are of limited use for (cover or stack to reduce evaporation). Add 
endoparasites when most are inside the roots water as needed. 
or other plant parts, but they are superior 5. Collect the nematodes from the pans 
for ectoparasites. As indicated earlier, the mist after 3 days. If dirty, clean by pouring through 
system is ideal for extracting nematodes from a 500-mesh sieve. For maximum recoveries, 
roots, but incubation on a gyratory shaker is nematodes should be collected over a 3- to 14- 
also satisfactory (1 1). Methods for extracting day period. 
free eggs and egg masses are now being devel- 
oped (1,14,26). Extraction of cysts of Heterodera 11. COMBINATION OF BAERMANN TRAYS WITH 

and Globodera spp. also requires special tech- ELUTRIATIoN OR SIEVING The combination 
niques, such as the Fenwick or flotation can, or of Baermann trays with elutriation (12,251 or 
"heavy sugar" (50% by wt.) centrifugation sieving (641, a modification of the Christie- 
(24). If population densities are below a detect- Perry (19) procedure, is still invaluable for 
able level, an appropriate bioassay may be extracting nematodes from soil and root frag- 
used (e.g., 'Rutgers' tomato for most Meloido- ments- 
gyne spp.; 'Lee' soybean for Heterodera glycines). A. Equipment: lo-, 14-, and 400-mesh 

Specific outlines for selected methods of (2000-, 1400-, and 38-pm) sieves (u.s. series); 
extracting nematodes follow. Several methods elutriator; screen supports ; 15- to 20-cm- 
that require special equipment or excessive diameter pie pans (stainless steel or resin 
labor inputs or both are not described. treated) ; wet-strength facial tissue, milk filter, 
indicated earlier, many nematodes are lost Or muslin filter. 
during sieving in any procedure. Such losses B. Procedure: 
often can be minimized if the nematodes are 1. Add a nonmixed 500-cm3 soil sample 
allowed to settle out of suspension and excess to the elutriator. 
water is decanted instead of sieved. A second 2. Collect the root and soil fractions 
passage of the suspension through the sieves from 10- and 400-mesh sieves, respectively 
may be necessary when population densities (see semiautomatic elutriator), or use the modi- 
are lowe Required equipment and chemicals fied Cobb's decanting-sieving method. 
(5,6) are listed for each of the followingmethods. 3. Place these fractions on wet-strength 

facial tissues of filter su~por t ed  on screen. 

Assays For Meloidogyne Species and 
Other Nematodes In Soil 
I .  BAERNLANN TRAYS (65,66)  This procedure 
or the Baermann funnel is useful for extracting 
nematodes from small soil samples and root 
fragments containing certain eggs and juve- 
niles of Meloidogyne or Heterodera (in spring 
only for cyst nematodes) and migratory nema- 
todes in debris extracted by elutriators. 

A. Equipment: 17.5-cm-diameter (20- 
mesh; 850 pm), plastic screen (sieve-type) 
support with 4-mm-high support legs or simi- 
lar metal unit; wet-strength tissues; 20-cm- 
diameter, 500-mesh (26-pm) sieve; epoxy-resin- 
coated, aluminum pie pans. 

B. Procedure: 
1. Mix the soil. 
2. Place 100 cm3 of soil uniformly over 

the paper tissue, which is superimposed on a 
plastic or stainless steel screen. Note: Do not 
use copper screens. 

4. Carefully add sifficient water just to 
cover the residue. Add more water as needed 
with time. 

5 .  Collect the nematodes after incuba- 
tion at 21-24OC for 3 days. For maximum 
recoveries, make collections over a 10- to 14- 
day period. 

111. CENTRIFUGAL FLOTATION(modifled) This is 
an excellent method (34) for routine assays 
for extracting juveniles of Meloidogyne from 
soil. It is one of the best procedures when 
Criconemella is the target genus. 

A. Equipment: Centrifuge with horizontal 
(swinging bucket) head with 50-ml or larger 
tubes; operation to 420g; mechanical stirrers; 
35-, 60-, 400-, and 500-mesh (500-, 250-, 38- 
and 26-pm) sieves; loo-, 150-, and 1000-ml 
beakers; and soil-sample splitters (W. S. Q l e r  
Co., Mentor, OH 44060) or coarse sieves for 
mixing. 

B. Chemicals: Sucrose solution, 454 g, in 
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sufficient water to make 1 liter of solution 
(specific gravity, 1.18, or 38.5 % by weight). 
Note: Commercial detergents (73) and mois- 
ture treatments (36) may enhance recovery by 
this method. 

C. Procedure: 
1. Mix the soil. 
2. Place 100-cm3 of soil in a 1000-ml 

beaker and add sufficient water to bring the 
total volume to 600 ml. 

3. Stir for 20 sec and allow the soil to 
settle for 60 sec. A maximum settling time of 
20-30 sec is best for Criconemella spp. 

4. Decant onto a 35-mesh sieve over a 
400-mesh sieve. Hold sieves at  an angle of 
35-40" during all decanting processes to mini- 
mize the chance of small nematodes passing 
directly through the sieve. 

5. Using a wash bottle, rinse the 35- 
mesh sieve while still over the 400-mesh sieve 
(excessive rinsing washes small nematodes 
through both sieves). For Heterodera or 
Globodera spp., add a 60-mesh sieve between 
the 35- and 400-mesh sieves to collect cysts. 

6. Wash the debris and nematodes 
from the 400-mesh sieve into a 150-ml beaker. 

7. Pour the washings (step 6) into 50- 
ml centrifuge tubes. 

8. Place the tubes in the centrifuge. 
Be sure to balance the tubes. 

9. Centrifuge at 420 g for 5 min. 
10. Decant water from the tubes; nema- 

todes are in the soil pellet in the bottom of the 
tubes. 

11. Refill centrifuge tubes with sucrose 
solution and mix with motorized stirring rod or 
vibrator mixer. 

12. Centrifuge for 30 sec at  420 g .  The 
nematodes will remain suspended in sucrose 
solution. Do not use the brake on certain 
centrifuges, as it may cause sufficient vibra- 
tion to dislodge the pellet. 

13. Decant the sucrose solution nema- 
tode suspension onto a 500-mesh sieve. Pour 
slowly when recovering small nematodes. 

14. Rinse the residue and nematodes 
from the 500-mesh sieve into a 150-ml beaker. 
About 20 ml of water is suitable for making 
counts. 

IV. FLOTATION-SIEVING METHOD (13) This 
method is well suited for extracting nema- 
todes of a large size, such as Xiphinema spp., 
as well as juveniles of Meloidogyne spp. from 
sandy soils. It generally is not as efficient as 

centrifugal flotation, but is acceptable if centri- 
fuges are not available. 

A. Equipment: Mechanical stirrers; 35-, 
400-, and 500-mesh (500-, 38- and 26-pm) 
sieves; loo-, 150-, and 1000-ml beakers; wash 
bottles or mist hoses; and soil sample splitter 
or sieves (for mixing). 

B. Chemicals: Sucrose solution (22% 
by weight); Separan NP10' (Dow Chemical 
Company, Midland, MI 48640), final concen- 
tration of 12.5 pg/ml. Note: Molasses (48,49) 
can be used in lieu of sucrose (specific gravity, 
1.1). 

C. Procedure: 
1. Mix soil. 
2. Place a 100-cm3 subsample in a 

1000-ml beaker and add sufficient 0.7M sucrose 
and Separan (12.5 pg/ml) solution to bring 
total volume to 500 ml. 

3. Stir with a motorized stirrer for 20 
sec. 

4. Allow the soil to settle for about 2 
min. 

5. Decant the liquid onto a 35-mesh 
sieve over a 400-mesh sieve. 

6. Rinse the 35-mesh sieve while it is 
still over the 400-mesh sieve. 

7. With a wash bottle, rinse the nema- 
todes and debris from the 400-mesh sieve into 
a 150-ml beaker using about 50 ml of water. 

8. Swirl the 150-ml beaker and allow 
the contents to settle for 5-10 sec. 

9. Decant the nematode suspension onto 
a 500-mesh sieve and rinse the residue into a 
150-ml beaker using about 20 ml of water. 

v .  SEMIAUTOMATIC ELUTRIATOR (12 ) This ap - 
proach to nematode extraction includes an 
elutriator similar to Oostenbrink's (41), plus a 
sample splitter and sieve shaker. It may be 
used in combination with Baermann trays or 
centrifuge. The major advantage of this elutri- 
ator is the added option for root extraction 
which makes egg assays for Meloidogyne spp. 
possible. Other available elutriators (25,4 1,52, 
53) do not provide this option. 

A. Equipment: Simple elutriator, Oosten- 
brink type; aqueous sample splitter; water and 
air supplies; motorized sieve shaker; lo-, 20-, 
35-, 60-, 400-, and 500-mesh (2000-, 850-, 500- 
250-, 38- and 26-pm) sieves. These may be 
semiautomated with time clocks, etc. (12). 

B. Procedure: 
1. Add 500 cm3 of nonmixed soil to the 

elutriator, with air and water flowing a t  desired 



rates. 
2. Run the elutriator for 3-4 min, catch- 

ing roots on the 35-mesh sieve over a sample 
splitter and "free" nematodes on the 400-mesh 
sieve on the motorized shaker. A 10- or 20- 
mesh sieve should be used in lieu of the 35- 
mesh sieve for large nematodes such as Xbhi- 
nema as these may be trapped on a 35-mesh 
sieve. 

3. Rinse the sieves. 
- For eggs of Meloidogyne spp., roots 

are processed from the 35-mesh sieve by NaOCl 
method (14). See Extraction of eggs. 

- For Pratylenchus and other migratory 
endoparasites, roots are trapped on the 35- 
mesh sieve and incubated in a mist chamber. 

- Cysts of Heterodera or Globodem may 
be collected on the 60-mesh sieve under 10- or 
20-mesh sieves. The eggs from cysts may be 
extracted by the NaOCl methods (14) or with a 
glass tissue grinder. 

- Any fraction (1115, 115 or all) of 
nematodes in the soil is collected on sieves on 
the shaker. Criconemella and related genera 
may be cleaned by centrifugation (first method 
described), and other species by Baermann 
tray (or funnel), sugar-flotation sieving, or cen- 
trifugal flotation, with 500-mesh sieves. 

VI. COBB'S DECANTING AND SIEVING The sim- 
ple, modified version of Cobb's (4,21,64) sifting 
and gravity method is useful in extracting 
nematodes for inoculation purposes and routine 
assays when combined with Baermann Trays. 
Addition of Separan eliminates the need for 
numerous sievings. Thorne (64) has described 
the original method; see Townshend (65,66) 
for illustrations. 

A. Equipment: 10-liter pails; lo-, 25-, 35-, 
60-, loo-, 200-, 325-, and 500-mesh (2000-, 
710-, 500-, 250-, 150-, 75-, 45-, and 26-pm) 
sieves; 50-, 150-, 250-, and 500-ml beakers. 

B. Chemicals: Separan with sucrose can 
be used to reduce the steps involved. A stirrer 
and 600-ml suspension with 100 cm3 of soil 
should be used as under "sugar-flotation- 
sieving." 

C. Procedure: 
1. Place 500 cm3 of soil in a large pan or 

pail and cover well with water containing Sepa- 
ran (12.5 pglml). Thoroughly break all lumps 
and allow them to settle about 2 min. 

2. Decant onto a 35-mesh sieve over a 
325-mesh sieve. 

3. Resuspend the original soil in water 

and repeat step 2 if maximum recovery is 
desired. 

4. Combine the washings from steps 2 
and 3, stir, and allow them to settle for 10 sec. 

5. Decant through a 500-mesh sieve 
and rinse the residue containing nematodes 
into a clean beaker for counting [may place on 
Baermann tray (or funne1)for cleaner samples]. 

Extraction of Eggs ofMeloidogyne spp. and 
Those of Other Taxa 

Methods of extracting free eggs from soil are 
available (26), but hatching must be induced 
before identification is possible. Assays of eggs 
produced in "masses" or in cysts are more 
practical (14). 

I. ELUTRIATION-DISSOLUTION OF GELATINOUS 
MATRICES OF EGG MASSES AND STAINING FOR 
POPULATION STUDIES (14) Variation of egg 
numbers in the field sometimes causes prob- 
lems with this assay method. It is useful, 
however, for midseason to late-season assays 
of Meloidogyne spp. and other nematodes that 
form egg masses andlor cysts. 

A. Equipment: Sample splitter or semi- 
automatic elutriator; 150- and 600-ml beakers; 
stirrers; 15-cm household sieve; 35-, 200-, and 
500-mesh (500-, 75- and 26-pm) sieves; ex- 
haust hood; 5-ml dipper; compressed air (for 
cleaning sample splitter and use with elutriator). 

B. Chemicals: Sodium hypochlorite 
(NaOCl), antifoam spray, acid fuchsin, and 
lactic acid. 

C. Procedure: 
1. Mix the soil. 
2. With water flow adjusted to 350- 

mllsec, or 60-80 mllsec if air-water mixture is 
used, place a 500-cm3 sample of soil in the 
elutriator. Turn the water on for 2-3 min, trap- 
ping root fragments on a 35-mesh sieve. 

3. With a spray nozzle, wash the residue 
off the sieve into a 600-ml beaker and add 
water to 200 ml. 

4. Add 20 ml of 5.25% NaOCl and 
spray with an antifoam agent. 

5. Stir the mixture in an exhaust hood 
for 10 min. 

6. Using a household sieve to retain 
debris, take a 5-ml sample with a dipper and 
rinse it into a 150-ml beaker. 

7. Pour this subsample onto a 500- 
mesh sieve and wash the eggs from the sieve 
into a clean 150-ml beaker. At this point, there 
should be about 20 to 25 ml of suspension. 
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8. Add two drops of 0.35% acid fuchsin 
in 25% lactic acid and boil for 1 min under the 
exhaust hood. A microwave oven is useful for 
this purpose. 

9. Allow the mixture to cool before 
counting. 

11. NaOCI-EXL'RACTION OF MELOIDOCYNE SPP. EGGS 
FOR INOCULUM (32) The procedure using so- 
dium hypochlorite for dissolving egg masses of 
Meloidogyze or cysts of Globodera or Heterodera 
spp. has been modified for extracting eggs to 
be used as inoculum (32). The procedure as 
follows is very helpful for this purpose, but 
special efforts are required to minimize the 
exposure to the NaOCl. Even with normal 
precautions, only about 20% of the eggs ex- 
tracted with NaOCl produce infective juveniles 
(32)- 

A. Equipment and chemicals: same as 
previously described, excluding the stain. 

B. Procedure: 
1. For Meloidogyne spp., collect and cut 

6- to 12-week-old infected tomato roots into 1-2 
cm segments. 

2. Shake root segments vigorously 
(manually) in 200 ml of a 0.5% to 1.0% (a.i.) 
NaOCl solution for 1 to 4 min. 

3. Quickly pass NaOCl solution through 
a 200-mesh (75-pm) sieve, nested over a 500- 
mesh sieve to collect freed eggs. 

4. Then quickly place the 500-mesh 
sieve with eggs under a stream of cold water to 
remove residual NaOCl (rinse for several 
minutes). 

5. Rinse remaining roots with water to 
remove additional eggs and then collect them 
by sieving. 

6. Standardize numbers of eggs per 
unit volume, and inoculate plants directly with 
eggs. 

7. For maximum precision in experi- 
ments, the eggs should be placed on 500-mesh 
nylon hatching sieves in 1- to 2-cm-deep 
chlorine-free water. Tap water allowed to sit in 
the laboratory for 2-4 days before use is practi- 
cally chlorine free due to evaporation. The 
hatching juveniles are then collected and used 
as inoculum. 

This same procedure may be used for freeing 
eggs of Heterodera or Globodera from cysts, 
but the time of exposure to NaOCl will need to 
be increased up to 8-10 minutes. 

111. EXTRACTION OF EGGS BY CENTRIFUGATION 
This topic has been covered by various investi- 
gators (1,26,37,55). 

Separation of Nematodes From 
Plant Tissues 
I. MODIFIED SEINHORST MIST APPARATUS (MIST 
CHAMBER This is the most widely used method 
for obtaining nematodes from plant tissues 
(51). 

A. Equipment: Time clock, water mixer- 
warmer, water regulator and filter, solenoid 
switch, cover (fiberglass, Plexiglas, stainless 
steel or other suitable material) with doors to 
funnel racks or supports, superfine nozzles, 
plastic petri dishes, 10-cm diameter glass fun- 
nels with rubber tubing, 1-liter plastic cups 
with holes in the bottom, clamps, 500-mesh 
(26-pm) sieve (specifications available from K. 
R. Barker). 

B. Procedure: 
1. Place a representative sample of roots 

or other plant tissues in plastic cups super- 
imposed over an open Baermann funnel. This 
funnel is supported over a second Baermann 
funnel by a plastic petri dish with a 2.5-cm hole 
in the center. Use wet-strength facial tissues in 
the cups to reduce debris. 

2. Set the time clock to regulate desired 
mist (on 1 min, off 2 min). Adjust the water 
mixer to the flow rate that gives a temperature 
of 24°C. 

3. Collect the nematodes from the fun- 
nels every 3 to 5 days through a 14-day period 
(nematodes such as Pratylenchus spp. will 
continue to emerge for weeks). 

4. Concentrate and clean the nematode 
suspensions with a 500-mesh sieve, if necessary. 

II. SHAKER (11) Several researchers have found 
this shaker procedure to yield numbers of 
Pratylenchus and other species from roots 
similar to those obtained from mist chambers. 

A. Equipment: Gyratory shaker, 400- and 
500-mesh (38- and 26-pm) sieves, 125-ml 
flasks, 150-ml beakers. 

B. Chemicals: Ethoxyethyl mercuric 
chloride (Aretan) and streptomycin sulfate or 
other suitable antibiotics. 

C. Procedure: 
1. Wash roots and cut into 1- to 2-cm 

segments. 
2. Place a representative sample of 

root tissue (0.5 to 5.0 g) in a 125-ml flask. 
3. Cover the tissue with a solution of 10 

pglml of ethoxyethyl mercuric chloride and 50 
pglml of streptomycin sulfate. 

4. Incubate the mixture at  100 rpm for 
48 hr. 

5. Collect nematodes on a 400- or 500- 



mesh sieve; rinse them into a 150-ml beaker 
and count. 

111. BLENDER-BAERMANN TRAY (31) Although 
many problems are encountered with this pro- 
cedure, it is useful for limited situations. 

A. Equipment: Blender, beakers, 325- 
mesh (45-pm) sieve, and Baermann funnels or 
pans. 

B. Chemicals: Ethoxyethyl mercuric 
chloride (Aretan) in a 10 pglml solution; other 
materials such as antibiotics or certain fungi- 
cides (captan) may be used instead of Aretan. 

C. Procedure: 
1. Rinse the plant tissues until they 

are free of soil. 
2. Weigh the tissues to be processed 

and place them in the blender. Use 50 g of 
tissue or less (fresh weight basis) with 200 ml 
of water in 1.9-liter (2-qt) blender. 

3. Homogenize the mixture for 15 sec. 
4. Decant the suspension from the 

blender, including the rinse water, over a 325- 
mesh sieve. 

5. Using a wash bottle containing anti- 
biotic solution (see Shaker method), wash the 
debris from the sieve into a beaker. 

6. Pour the liquid that passed through 
the sieve over the sieve again. 

7. Combine the material collected on 
the sieve in the second passage with that from 
the first passage. 

8. Gently decant the suspension of 
material collected on the sieve over the filter of 
the Baermann apparatus. 

9. Fill the Baermann apparatus with 
sufficient antibiotic solution so that the debris 
on the filter is just barely submerged. 

10. Replenish the incubation solution 
with water as needed. 

11. Collect the nematodes after incuba- 
tion at  21-24OC for 2 to 3 days. 

In addition to the combined procedure just 
described, blending followed by wet sieving is 
useful for extraction of certain nematodes such 
as Radopholus sirnilis on banana. 

Bioassays of Nematode 
Populations (36446) 

With low natural populations of nematodes 
such as Meloidogyne, Heterodera and Ditylen- 
chus spp., bioassays are the most reliable 
procedures (6,8,38,57). The following is a typi- 
cal bioassay for Meloidogyne. 

I. EQUIPMENT Fumigated sandy loam soil, 10- 

cm clay pots, 15-cm plastic pots, pot labels, 3- 
week-old 'Rutgers' or other susceptible tomato 
cultivar seedlings, nutrient solution, and green- 
house space. Other recommended tomato cul- 
tivars are 'Person Al,' 'Heinz 1350,' 'Marglobe,' 
'Bonny Best,' and 'Manapal.' 

11. PROCEDURE 
A. Fill the bottom 5-cm layer of a 10-cm 

clay pot with sterile soil. 
B. Add 250 cm3 of test soil to a given clay 

pot (above). The field soil used for a bioassay 
should represent an entire plot or a portion of a 
given field. Large fields should be marked off 
into units of about 1 ha with two composite 20- 
core (2.5-cm diam each) samples used for bio- 
assays from each (38). This sampling-bioassay 
scheme will give a standard-error to mean ratio 
of about 25%. A greater number of bioassays 
will be needed if increased precision is desired 
(38). 

C. Transplant a tomato seedling to a pot, 
and fill the remainder of the pot with sterile 
soil. Place the 10-cm pot in a 15-cm plastic pot 
to minimize contamination. 

D. Grow plants for 5 to 6 weeks at 24- 
28°C providing nutrients and water as needed. 
Do not ouerwater. 

E .  Harvest the plants by washing the 
roots carefully. Rate nematode development 
by use of the gall index (Table 2). The numbers 
of eggs also may be determined (see NaOCl 
method). 

The third root-knot index (1-6) in Table 2 
(nomograph) is recommended when the effects 
of nematicides on Meloidogyne spp. treated in 
the field or greenhouse are being evaluated. 
The other schemes in the nomograph (Table 2) 
are acceptable. 

Some confusion may be encountered when 
galling caused by different Meloidogyne spp. is 
rated, since the number and size of galls incited 
by a given number of juveniles varies with 
nematode species and host plant. This problem 
can be minimized by concentrating primarily 
on the proportion of roots galled rather than 
the size of galls. When the cause of galls is 
uncertain, roots should be stained with 0.05% 
acid fuchsin in lactophenol and cleared in 
lactophenol (15). The contents of galls (numbers 
of juveniles, eggs, and adults) can then be 
determined. 

Gall indices for Meloidogyne spp. should be 
limited to root galling. If the rating of necrosis 
is desired, a separate rating system such as 
that of Powell et al.  (45) is suitable for rating 
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necrosis associated with root-knot. This classi- 
fication system is: 0, no necrosis; 1, less than 
10% of the root system necrotic; 2, 11-25% 
necrotic; 3,25-50% necrotic; 4,51-75% necrotic; 
and 5, 76-100% necrotic. Based on all root 
systems per treatment, the disease or necrosis 
index is as follows: 

Disease i d x  =  umber plants in of] +  umber plants in of] + . . .  u umber plants in of] 

class 1 X 1 class 2 X 2 class 5 X 5 
X 100 

Number of plants in treatment X 5 

A similar lesion or necrosis index is also useful 
for rating banana roots for infection by Rado- 
pholus sirnilis. 

Numbers of cysts may be counted on bioassay 
plants for Heterodera spp. [cereal cyst-H. 
avenue on wheat (57) or soybean cyst-H. gly- 
cines on soybean]. 

Table 2. Nomograph of root-knot galling in- 
dices for Meloidogyne spp. 

-- - 

Galling index systemsa Percentage of 
--- total root 

0-4 0-5 1-6h 0-10 system galled 

aRoots are scored for degree of galling using one of several 
root-galling indexes, all of which are comparable and relative- 
ly interchangeable. Minimum of ten root systems should be  
evaluated per treatment. 

b ~ h i s  scheme is recommended for use in evaluating nemati- 
cides [after Barker (511. 

Extraction of Cysts 
Meaningful assays for Globodera and Hetero- 

dera species must include numbers of cysts, 
eggs and juveniles. The use of a reliable 

method for determination of numbers of eggs 
in cysts, and in egg masses if present, is essen- 
tial for evaluation of the efficacy of nematicides 
and other management practices on Heterodera 
or Globodera spp. A glass tissue homogenizer 
is satisfactory for this purpose. The NaOCl 
(sodium hypochlorite) method described earlier 
also gives good results in dissolving cysts and 
freeing the eggs for counts. The NaOCl concen- 
tration may need to be 2-3 times that indicated 
for egg masses of Meloidogyne spp. 

I. FLOTATION-MODIFIED FENWICK CAN (58) 
This procedure is useful for extracting cysts 
from dry soil, but centrifugation with 50% 
sucrose (by wt.) and other methods are be- 
coming more widely used. 

A. Equipment and Chemicals: Modified 
Fenwick can, 60- to 80-mesh (250- to 180-pm) 
sieve with bowl, camel's hair brush (No. 00,0 or 
I ) ,  glass tissue homogenizer (Ten-Broeck), 
plain glass slide, 100-ml bottle, pipette, aquari- 
um pump or air supply, 400-ml Erlenmeyer 
flask, 250-ml volumetric flask, funnel, petri 
dish, 18.5-cm diameter filter papers, acetone 
or acetone-carbon tetrachloride 3:l (2,6,58). 
Ethanol-glycerin [9:1] may be used in lieu of 
acetone-carbon tetrachloride (6). 

B. Procedure: 
1. Mix the soil thoroughly. 
2. Fill the modified Fenwick can with 

water. Place the sample of 100 cm3 of well- 
mixed soil in the top sieve (20.5-cm diameter, 
18- or 24-mesh sieve). 

3. Wash the sample into the apparatus 
via the funnel. The coarse material is retained 
on the top sieve, heavy soil particles such as 
sand sink to the bottom of the apparatus, and 
the floating cysts are carried off over the 
overflow collar. 

4. Cysts, root debris, and other parti- 
cles are collected on a 20-cm diameter sieve 
(60- to 80-mesh). Particles of 175 pm or 
smaller pass with water through the sieve. 

5. After washing, dry the debris at 
room temperature. Transfer the somewhat dried 
debris retained on the sieve to a 250-ml- 
capacity flask. 

6. Pour technical acetone, or a mixture 
of 3 parts acetone and 1 part carbon tetra- 
chloride, into a volumetric flask up to level 1 
(neck of flask). Shake the flask and fill it com- 
pletely. Caution: Use an exhaust hood. 

7. After 1 min, decant the floating 
cysts and debris through afilter paper (18.5-cm 



diameter) in a glass funnel into a volumetric or 
Erlenmeyer flask while rotating the original 
flask. The acetone passes through the filter. 

8. Place the filter in a petri dish and 
view it through a stereoscopic microscope 
(magnification, 50 X) with overhead light. Pick 
up the cysts with a camel's hair brush (no. 00,0, 
or 1) and transfer them to a small watch glass 
containing moist filter paper. Identify the cysts 
under the dissection microscope using an over- 
head light. Use a camel's hair brush to transfer 
the cysts of the desired species into a small 
drop of water in the glass tube of the homo- 
genizer. Place the piston in the tube and care- 
fully rotate it by hand. Pour the eggs and juveniles 
that were released from the cysts into a bottle. 
Fill the bottle with water, up to 100 ml. Mix the 
suspension carefully using compressed air. Pi- 
pette out two 100-ml aliquants and place in 
dishes for counting. As indicated earlier, eggs 
also may be freed by NaOCl and numbers deter- 
mined. 

11. CENTRIFUGATION WITH HEAVY SUGAR (24), 
MODIFIED This procedure is useful for iso- 
lating cysts and juveniles of Heterodera and 
Globodera spp., but problems may be en- 
countered with some fine clay soils. 

A. Equipment: Same as for centrifugal 
flotation for routine use, except 25-, 100- and 
400-mesh (710-, 150, and 38-pm) sieves are 
needed. 

B. Chemicals: 1.8 M (50% by weight) su- 
crose solution (615 g of sucrose) dissolved in 
sufficient warm water to make 1 liter of solu- 
tion (1.23, specific gravity). 

C. Procedure: 
1. Wash 100 cm3 of soil through a 25- 

mesh sieve and collect it in a beaker (use about 
1.0 liter of water). 

2. Mix the suspension thoroughly and 
allow it to settle for 5 sec. 

3. Pour the supernatant through a 100- 
mesh screen. Add a 400-mesh sieve for juve- 
niles. 

4. Wash any residue from the screen 
into a centrifuge tube or tubes with 1.8M su- 
crose solution. 

5. Centrifuge at 420 g for 2.5 min. 
6. Collect the supernatant on a 100- 

mesh screen. Add a 400-mesh sieve for ju- 
veniles. 

7. Rinse thoroughly. 
8. Wash the sample into a beaker, 

using about 20 ml of water. 

9. Crush the cysts with a Ten-Broeck 
homogenizer or dissolve them with NaOCI, as 
described under Flotation Can (section I), and 
count the eggs and juveniles. 

III. SEMIAUTOMATIC ELUTRIATOR This method 
(12) is useful for recovering cysts of Globodera 
or Heterodera (see previous description Assays 
for Meloidogyne V. Semiautomatic Elutriator). 

IV. SEINHORST'S EXTFLACTION PROCEDURE FOR 
HETERODERA OR GLOBODERA CYSTS FROM MOIST 
SOIL (see reference 54). 

REPORTING RESULTS 

The type of data reported is dependent on 
the purpose of an assay. For experiments, 
replicate and treatment means should be deter- 
mined for the following: 

1. Mean numbers of nematodes per 100-cm3 
or greater volume of soil. 

2. Numbers of nematodes per gram of root 
or other plant parts (fresh or dry weight) when 
endoparasites are extracted. The total nema- 
todes per plant for greenhouse experiments 
should be included. 

3. For Globodera or Heterodera spp., num- 
bers of juveniles and cysts as well as numbers 
of eggs per cyst. 

4. For Meloidogyne spp., numbers of eggs 
and juveniles per unit volume of soil andlor 
weight of roots (fresh or dry weight); also 
record root-knot indices based on the index 
given under bioassay procedure. Where possi- 
ble, the number of eggs and juveniles of Meloi- 
dogyne and Heterodera or Globodera should be 
determined for advisory purposes. 

5. Plant response. Precision in determination 
of nematode population responses to resistant 
cultivars or nematicides depends on how the 
samples are collected, handled, stored, ex- 
tracted, and counted. With proper execution in 
each of these activities, variation usually ranges 
from 10-30%. These errors vary, however, with 
nematode species and population densities. 
When egg numbers for Meloidogyne spp. are 
estimated, the coefficient of variation is con- 
siderably greater than with other assays. Thus, 
proper statistical analyses of all data must be 
used when the variance for a given experiment, 
including coefficient of variation and standard 
error, is estimated. Since some zero readings 
and considerable variation are normally en- 
countered, the loglo (P+1) or another trans- 
formation may be necessary for nematode 
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population data. Standardization of the report- ciencies (69). A notation giving the extraction 
ing of nematode population data is needed to technique and rates of recovery for the target 
facilitate communications concerning nemati- species for the soils involved should be provided 
cide efficacy. This issue is especially important with nematode population data. 
since most assay procedures vary in their effi- 
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Glossary of descriptive terms 

Bioassay-use of appropriate hosts to determine 
relative population levels. Bioassays are used pri- 
marily for endoparasites such as root-knot and cyst 
nematodes, but can be used for any nematode under 
suitable propagation conditions. They are usually 
done in greenhouse. 

Detection level-minimum population density of a 
nematode species that can be identified routinely 
from a soil or plant tissue sample. This level varies 
with each sampling and extraction technique. 

Horizontal head-for centrifuge, head is so structured 
that individual tubes (swinging bucket) are in hori- 
zontal position when centrifuge is operating. 

Molar solution-1 g mol wt in sufficient water to 
make 1 liter of solution. 

Population density-number of nematodes per unit 
volume of soil or weight of plant tissue. 

Relative g force (relative centrifugal force)-for 
centrifuge, force (minimum, average, maximum) 
times that of gravity: Re1.g force = 0.00001118 X r 
X RPMz (r, radius in centimeters). 

Sieve-mesh number-number of wires (filaments run- 
ning in each direction) per inch. 
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Investigation of host-parasite relationships 
involving endoparasitic Meloidogyne species 
requires use of methods that facilitate obser- 
vations of nematodes inside roots. Limited in- 
formation may be obtained simply by the stain- 
ing of nematodes so they may be observed in 
the interior tissues of intact roots. For more de- 
tailed studies of host-parasite relationships, 
infected roots may be prepared by histological 
methods and sectioned before examination. 
Numerous microtechniques have been devel- 
oped for studying nematode-host relationships 
(30). Methods that are reliable and pertinent 
to experiments involving Meloidogyne species 
will be discussed herein. 

STAINING NEMATODES IN 
PLANT TISSUE 

Research on Meloidogyne species often in- 
volves study of the penetration and develop- 
ment of specimens within intact roots. Many 
procedures for staining and clearing nematode- 
infected plant tissues have been developed, 
and most of these are satisfactory for various 
kinds of tissues (10,11,12, 19,30). The acid- 
fuchsin-lactophenol method (21), developed in 
1941, has been the most widely used procedure. 
However, two other procedures which are note- 
worthy as being very reliable, relatively simple 
to use, and superior to the acid-fuchsin-lacto- 

phenol method are discussed in the following 
paragraphs. 

Sodium-Hypochlorite-Acid- 
Fuchsin Method (5) 

This new method for clearing and staining 
nematode-infected root tissues has several ad- 
vantages over other procedures. First, it elimi- 
nates exposure of personnel to toxic substances 
(e.g. phenol) which are utilized in other methods 
(21). Also, since root tissue is cleared with 
sodium hypochlorite (NaOC1) prior to staining 
with acid fuchsin, it does not become heavily 
stained. As a result, the time required for 
destaining is shortened, and frequently de- 
staining is unnecessary. This method is excel- 
lent for staining endoparasitic nematodes in 
soybean and cotton roots. The tissue-clearing 
step (treatment with NaOCl) may need to be 
modified slightly for roots of other plant species. 

PROCEDURE 

1. Wash infected roots and place them in a 
150-ml beaker. They may be cut into seg- 
ments or stained intact; however, large 
root systems should be cut into sections for 
staining. 

2. Clear the roots by adding 50 ml of tap 
water plus an appropriate amount of chlo- 
rine bleach (5.25% NaOCl). The amount of 
bleach needed depends on the age of the 
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root tissue. The following suggestions are 
guidelines for the quantity of bleach to be 
added: 
a. Young roots - add 10 ml 5.25% NaOCl, 
b. Moderate-age roots - add 20 ml 5.25% 

NaOCl, 
c. Older or more ligneous roots - add 30 ml 

5.25% NaOCl. 
3. Soak roots for 4 min in the NaOCL solution 

and agitate occasionally. 
4. Rinse roots for approximately 45 sec in 

running tap water then soak them in tap 
water for 15 min to remove any residual 
NaOCl which may affect staining with acid 
fuchsin. 

5. Drain the water and transfer roots to a 
beaker with 30-50 ml of tap water. 

6. Add one ml of stock acid-fuchsin-stain 
solution to the water. Stock solution is pre- 
pared by dissolving 3.5 g acid fuchsin in 
250 ml acetic acid and 750 ml distilled 
water. 

7. Boil the solution for about 30 sec on a hot 
plate or in a microwave oven. 

8. Cool the solution to room temperature, 
drain it from the roots, and rinse the roots 
in running tap water. 

9. Place roots in 20-30 ml of glycerin acidi- 
fied with a few drops of 5N HCI and heat to 
boiling for destaining. 

10. Following the destaining process, roots 
may be either stored in acidified glycerin 
with little change in contrast between nema- 
todes and root tissue or examined as de- 
scribed in the following. 

McBryde Method (22,29) 
This method requires no heating and de- 

staining, is fairly rapid, and is easilyregulated. 
A disadvantage of this procedure is that de- 
staining is done with chloral hydrate which is a 
controlled substance in the United States. 

PROCEDURE 

1. Fix and stain infected roots for 6 to 24 hr in 
a solution of equal parts of 95% ethanol 
and glacial acetic acid, containing 0.01 75 
mg/ml acid fuchsin (17.5 mg/liter). 

2. Destain root tissue by soaking it in a 
saturated solution of chloral hydrate (4.5 
g/ml of HzO) for 12 to 24 hr. 

3. Rinse roots with stained nematodes in tap 
water and store them in acidified glycerin. 
If nematode color fades with time, the 

roots may be stained again by this method 
after being rinsed in tap water. 

Lactophenol Method (10,21) 
This method has been the one most widely 

used in the staining of nematodes in plant 
tissue. Infected roots of young plants, or small 
roots of older plants, respond best to this 
technique. This staining technique is appar- 
ently not suitable for roots with a high fat 
content, such as most perennials, since their 
roots will retain too much of the stain. The dis- 
advantage of this procedure is that the destain- 
ing process is not easily regulated and often 
takes several days. The process is accelerated 
when stained roots are placed in clear lacto- 
phenol and autoclaved for 10 min at 15 Ib 
pressure (103 kiloPascals) (3). 

PROCEDURE 

1. Prepare lactophenol by mixing liquid 
phenol (500 ml), lactic acid (500 ml), gly- 
cerin (100 ml) and distilled water (500 ml). 

2. Prepare stain solution by adding 5 ml of a 
1% stock solution of acid fuchsin or cotton 
blue per 100 ml of lactophenol. The con- 
centration of stain may need to be varied 
depending on the age of tissues. 

3. Add stain to a beaker and bring to a boil on 
a hot plate. Immerse infected roots in boil- 
ing stain for about 1 min, rinse them in tap 
water, and destain in clear lactophenol 
solution until maximum contrast between 
the nematodes and root tissue is obtained. 
The solution may be heated in a water bath 
(100°C) or an oven (70°C) for about 90 to 
120-min in lieu of direct boiling of the 
stain. Destaining usually requires from a 
few hours up to several days. 

COUNTING NEMATODES IN 
ROOT TISSUE 

Stained endoparasitic nematodes may be 
counted directly in intact root tissue or follow- 
ing root maceration. 

Direct Counting 
Roots are easily examined when distributed 

in a small amount of glycerin on a petri dish 
cover (glass or plastic) and pressed against the 
cover with the petri dish bottom. Marking a 
grid on the petri dish aids in counting the 
nematodes under a stereoscopic microscope at 
40X magnification. 



Extracting Nematodes 
Considerable time is required for direct 

counting of nematodes inside large root sys- 
tems. Nematodes, however, can be freed from 
the roots by maceration, and a subsample can 
be removed for counting (20). Roots may be 
macerated in a Waring blender or a Silverson 
laboratory mixer (Silverson Machines, Ltd ., 
Buckinghamshire, England). Nematodes can 
be separated from the root tissue by sieving. 
However, care must be taken to ensure that 
nematodes are not ruptured or destained during 
maceration. 

STAINING MELOIDOGYNE 
EGG MASSES 

Nematode reproduction should be assessed 
when the resistance of cultivars or breeding 
lines to Meloidogyne species is evaluated or 
when host ranges of different populations are 
compared. Reproduction can be estimated by 
the number of egg masses produced per plant. 
Staining egg masses red with phloxine B facili- 
tates counting (9,14). Galled roots are placed 
in an aqueous solution of phloxine B (0.15 
glliter tap water) for 15-20 min. However, the 
exact concentration of phloxine B is not critical. 
Root systems are rinsed in t a ~  water to remove 
residual stain on the roots. ~hloxine B primar- 
ily stains the gelatinous egg sac and not viable 
eggs. Staining egg masses, however, does not 
provide information on the actual number of 
eggs produced per plant. Eggs must be ex- 
tracted from a root system with NaOC1 as out- 
lined by Hussey and Barker (15), and process- 
ing is enhanced by the use of laboratory stirrers 
(6). A subsample of eggs to be stained should 
be transferred to 30 ml of water in a small 
beaker, mixed with 2 drops of stain (3.5 g acid 
fuschin, 250 ml lactic acid, and 750 ml water), 
and heated to a boil (6). Eggs then are counted 
under a stereoscopic microscope. 

DISTINGUISHING LIVING FROM 
DEAD NEMATODES 

Certain nematode studies require distinction 
between live and dead nematodes. Mortality 
may be based on nematode motility assayed by 
the Moje technique (23,25) or by direct ob- 
servation of nematode activity (25). Several 
stains have been reported as being useful for 
differentiating living from dead nematodes. 
Live nematodes normally do not stain. New 

blue R (0.05% aqueous solution) (27), potas- 
sium permanganate (0.062-0.50% KMn0 in 
aqueous solution) (16), and chrysoidin (24) 
have been used to stain dead nematodes. How- 
ever, results with these stains are not always 
definitive; some nematodes may only partially 
stain or stain very lightly (24). 

METHODS OF MICROTECHNIQUE 
IN NEMATOLOGY 

Histological studies involving Meloidogyne 
species require the capacity to prepare thin 
sections of infected root tissue with a minimum 
of distortion. The examination of such sections 
with the microscope can then be used to study 
and comDare the reactions of various tissues to 
nematodes and treatments. Tissues first em- 
bedded in a matrix of either paraffin or plastic 
will be easily sectioned and handled. The sec- 
tioning of paraffin-embedded tissue requires 
less sophisticated equipment, and a greater 
quantity of tissue may be more rapidly ex- 
amined. However, thinner sections can be cut 
from plastic-embedded tissue and greater cy- 
tologic detail may be observed. The following 
steps are required in the preparation of mater- 
ial for histopathological study according to the 
paraffin method. 

Tissue Selection and Preparation 
Samples of healthy and infected root tissue 

should be included in all histopathological 
studies. It is also often advisable to collect 
infected tissue at different stages of nematode 
development. Roots must be dug, not pulled, 
out of the soil and washed gently, but thorough- 
ly, under running tap water to remove all soil 
particles. Even a small particle of soil adhering 
to the tissue will dull the microtome knife 
during sectioning. Tissue should then be cut 
into smaller pieces and placed into a container 
of fixative as soon as possible. Small roots 
should be cut with a sharp razor blade into 
lengths of about 1 cm while immersed in a drop 
of water. Large roots and stems (greater than 1 
cm diameter) should also be cut longitudinally 
as well for a better exchange of chemicals 
during processing. When tissues are prepared 
for fixation, care must always be taken that the 
tissue is not crushed or allowed to dessicate 
during handling. 

Fixation 
Fixation kills and hardens the tissue and pre- 
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serves the cellular structure. One of the best 
and most common fixatives is formalin-aceto- 
alcohol (FAA) (17): 90 ml of 50% ethanol, 5 ml 
of glacial acetic acid, and 5 ml of 37% formal- 
dehyde. Another fixative that works well is 
formalin-propiono-propanol (FPP): 90 ml of 
50% isopropyl alcohol, 5 ml of proprionic acid, 
and 5 ml of 37% formaldehyde. The proportions 
of reagents given for FAA and FPP are satis- 
factory for most tissues, but the concentra- 
tions of acids and formaldehyde may be varied 
for certain types of material if poor results are 
obtained with the standard concentrations. 

In fixation, the tissue should be submerged 
in a volume of fixative at  least 10 times greater 
than that of the volume of the tissue to ensure 
that the fixative does not become overly diluted 
by water from the tissue. If pieces do not sink 
rapidly after they are put into the fixative, the 
container of fixative may be placed under a 
mild vacuum to draw air out of the tissue more 
quickly. Tissue must remainin the fixative for a 
minimum of 24  hr to several days, depending 
on its thickness. Material may also be stored 
indefinitely in the fixative. 

Dehydration 
Dehydration removes water from the tissue. 

Water must be removed gradually if plasmoly- 
sis is to be avoided. Therefore, dehydration is 
accomplished by moving the tissue stepwise 
through increasingly higher concentrations of 
alcohols. When FAA is used as the fixative, the 
tertiary-butyl-alcohol (TBA) dehydration 

schedule should be followed (17) (Table 1). If 
the material has been fixed in FPP, the iso- 
propyl-alcohol (IPA) dehydration schedule 
should be followed (Table 2). 

When solutions in the dehydration schedule 
are changed, the liquid is drained from the 
container holding the tissue, and then the 
tissue is covered immediately with the next 
solution. Care must be taken that the material 
is never allowed to dessicate. The time the 
material is allowed to remain in the various de- 
hydrating solutions depends on its thickness. 
For example, fine roots may need the minimum 
length of time whereas thick woody material 
will require the maximum length of time. Ma- 
terial allowed to remain too long in the higher 
concentrations of alcohols, however, may be- 
come brittle. 

Infiltration 
In this step, alcohols in the tissue are re- 

placed by paraffin so that the tissue is satu- 
rated with a pure solution of paraffin. When 
the TBA dehydration schedule (17) has been 
followed, the 100% TBA solution in step 8 is 
f i s t  replaced with a 1:l  mixture of 100% TBA 
and paraffin oil. The tissue is allowed to remain 
in this solution for 1 hr or more, depending on 
its thickness. Shortly before the next step, 
another container is 3/4 filled with melted 
paraffin, and the paraffin is allowed to solidify 
slightly. The tissue in the TBA-paraffin oil mix- 
ture is then placed on top of the solidified 
paraffin and is covered with a layer of the TBA- 

Table 1. Tertiary butyl alcohol dehydration schedule (17). 

Quantity (ml) needed for solution 

Distilled 95% 100% 
Step % Alcohol Time water ethanol ethanol 100% TBA 

2 hr or more 
overnight 

1-2 hr 
1-2 hr 
1-3 hr 
1-3 hr 
1-3 hr 

overnight 

"It is important to keep the tertiary butyl alcohol changes in a warm place as the chemical solidifies at  25.5'C. 



Table 2. Isopropyl alcohol dehydration schedule. 

Step % Alcohol Time 
- 

1 day-1 wk 

1 day-l wk 

1 day-1 wk 

1 day-l wk 

-- --- 

Quantity (ml) needed for solution 

Distilled water 100% IPA 

30 70 

10 90 

0 100 

0 100 

paraffin oil solution. This container is placed 
uncovered in an oven that is set slightly above 
the melting point of the paraffin. The tissue 
sinks to the bottom of the container as the 
paraffin melts. After 1 to 3 hr, the TBA- 
paraffin oil-paraffin mixture is poured off and 
replaced with pure melted paraffin. The un- 
covered container then is placed back in the 
oven for about 3 hr. This step should be 
repeated a t  least once more. Next, the melted 
paraffin is replaced by a specialized type of 
melted paraffin, such as Paraplast (Sherwood 
Medical Industries, St. Louis, MO 63103) or 
TissuePrep (Fisher Scientific Co., Fair Lawn, 
NJ 07410), which is made especially for histo- 
logical use. Tissue should remain in the oven in 
this paraffin overnight. After one more ex- 
change with fresh melted Paraplast or Tissue- 
Prep for about 1 hr, the tissue is ready for 
embedding. 

The infiltration procedure to be followed 
when the IPA dehydration schedule has been 
used is much simpler but requires a greater 
length of time. First, part of the 100% IPA in 
the last dehydration step is poured off so that 
the tissue in the bottom of the container re- 
mains covered. The container is then filled 
with chips of Paraplast or TissuePrep and is 
placed uncovered in an oven set a t  59-60°C. 
Once the chips have melted, the paraffin-IPA 
mixture is poured off and replaced with pure 
melted Paraplast or TissuePrep. This paraffin 
should be exchanged for freshly melted Para- 
plast or TissuePrep a t  least twice more a t  3- to 
4-day intervals. Small, fine roots should be 
ready to embed 1 wk after beginning the infil- 
tration procedure while thicker tissues may 
take 1 to 2 wks longer. 

Embedding 
In embedding, the tissue is positioned in 

cooling paraffin so that it can be sectioned after 
hardening. Molds for embedding may either be 
constructed in the lab out of folded paper, or 
metal base molds and embedding rings designed 
especially for histology may be purchased. 
Molds should first be coated with a thin layer of 
glycerin. The tissue sample is then poured or 
carefully lifted into the mold with heated 
forceps and additional melted paraffin is added 
to fill the mold. This step may be done on a hot 
plate set a t  60°C. However, an embedding 
table, consisting of a rectangular metal plate 
which has a heat source at one end and which 
becomes progressively cooler toward the other 
end, gives increased control of the embedding 
procedure. The filled mold is next moved to a 
cooler surface either on the laboratory bench 
or on the embedding table. As soon as the 
paraffin begins to solidify on the bottom of the 
mold, the tissue is rapidly oriented in the 
desired fashion with a heated dissecting needle. 
Once the paraffin begins to solidify over the 
top of the mold, the mold is plunged into ice 
water and left there until the paraffin is com- 
pletely solidified. After hardening, the paraffin 
is removed from the mold and may be cut into 
smaller blocks which can either be mounted on 
wooden blocks with melted paraffin or inserted 
directly into the microtome. Samples of tissue 
may be stored in these blocks indefinitely if 
kept in a cool place. 

Sectioning 
Sectioning of paraffin blocks is done on a 

rotary microtome equipped with a knife or dis- 
posable razor blade. A knife must be used 
when the tissue is tough or woody. However, 
for other types of tissue, razor blades will cut 
sections equal in quality to the knife-cut sec- 
tions. Because razor blades can be frequently 
replaced with fresh blades, they have the ad- 
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vantage of not requiring sharpening and there- 
fore are useful when working with root tissue, 
which often carries soil particles that can 
rapidly dull a cutting edge. 

Excess paraffin surrounding the tissue should 
be trimmed away before sectioning, leaving at  
least 1 mm around the tissue. Care should be 
taken so that opposite edges of the trimmed 
block face are parallel. The block is then 
cooled in ice water for at least 5 minutes, in- 
serted into the microtome clamp, and one edge 
of its face aligned parallel to the knife edge. 
Sections 8-12 pm in thickness are usually cut for 
histological studies. Tissue that is especially 
tough or woody will section more easily if the 
trimmed block is first soaked overnight in the 
refrigerator in a softening solution consisting 
of 90 ml of 1% sodium lauryl sulfate and 10 ml 
of glycerin (2). The excess paraffin on the face 
of the block must first be trimmed away, ex- 
posing the tissue so that the softening solution 
can penetrate. 

As the sections are cut, the edge of each sec- 
tion should adhere to the previous section to 
form a ribbon. A sharp knife edge and proper 
knife angle are most important in obtaining a 
ribbon. The back of the knife edge should also 
be checked frequently and cleaned if necessary 
as paraffin build-up there will adversely affect 
ribbon formation. As the ribbon increases in 
length, it should be held away from the micro- 
tome with a dissecting needle or brush. I t  is 
then removed from the knife edge with a 
second needle and transferred, shiny side 
down, to a clean, flat surface. The ribbon 
should never be touched with one's hands. The 
ribbons can either be mounted immediately or 
stored in a cool, dust-free place for several 
weeks if necessary. 

Ribbon Mounting 
Ribbon mounting adheres sections to glass 

microscope slides so that they can be stained. 
Ribbons must first be cut into shorter lengths 
so that they can be fit onto the slides. Slides 
may be labeled with a diamond pencil or, if the 
glass on one end is frosted, with a lead pencil. 
The surface of the slides is then coated with a 
small amount of Haupt's adhesive (17) which 
consists of 1 g powdered high-grade gelatin, 
100 ml distilled water, 2 g phenol crystals, and 
15 ml glycerin. For preparation of the adhesive, 
the gelatin is dissolved in the water at  30°C, 
the phenol and glycerin are added, and the 
solution is filtered. Before the adhesive dries 

on the slides, the slides are flooded with a 2-3% 
formalin solution, which should be made fresh 
each day. The flooded slides are then placed on 
a warming tray held at 35 to 40°C, and seg- 
ments of the ribbon are floated on the slides. 
As the slides warm up, the ribbon will flatten 
out and the liquid will evaporate. After several 
hours, when the slides are completely dry, they 
can be removed and stored indefinitely. 

Staining 
The process of staining removes the paraffin 

from the sections and increases the contrast in 
the tissues. Three staining procedures that 
have been used for nematode-infected root 
material are Johansen's Quadruple Stain (17) 
(Table 3), Sass Safranin and Fast Green Stain 
(4,26) (Table 4), and Triarch Quadruple Stain 
(13) (Table 5). 

Solutions made from dry, powdered stains 
should always be filtered before they are first 
used. If only a few slides are being stained, the 
alcohols and staining solutions may be kept in 
Coplin jars and the slides moved individually 
after each time period. However, larger con- 
tainers and racks that hold 25 or 50 slides are 
much more convenient when staining larger 
quantities. Stains and alcohols that are not 
being used over long periods should be stored 
in tightly capped bottles. 

In these three staining schedules (Tables 
3,4,5), containers holding water rinses should 
be emptied and refilled with fresh water after 
each group of slides moves through. Rinses 
containing alcohols should be changed when 
the liquid becomes heavily stained. Staining 
solutions and xylene require replacement less 
often. 

After completion of the staining procedure, 
coverslips are mounted with a few drops of 
either balsam or Permount (Fisher Scientific 
Co., Fair Lawn, NJ 07410). Slides are first re- 
moved from the xylene, which is always the 
final step in a staining procedure, and laid on a 
flat, absorbent surface. The mounting medium 
is then applied to the surface of the slide before 
the xylene evaporates, and a coverslip is lowered 
gradually over the slide. A minimum of mount- 
ing medium should be used, as any excess will 
run out over the surface of the coverslip. 
Finished slides should be left flat to dry for at  
least 24 hr at  room temperature. However, the 
medium will harden better if the slides are held 
on a 60°C warming tray overnight. 

The safranin in the previously discussed 
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Table 3. Johansen's quadruple stain (17). 

Step Solution Time 

xylene 
xylene-absolute ethanol (1:l) 
95% ethanol 
70% ethanol 
safranin 0 solutiona 
rinse in tap water 
1% aqueous methyl violet 2B 
rinse in tap water 
95% ethanol-methyl cellosolve-tertiary butyl alcohol (1:l:l) 
fast green FCF solutionb 
95% ethanol-tertiary butyl alcohol (1:l) plus 0.5% glacial acetic acid 
orange G solutionc 
clove oil-methyl cellosolve-95% ethanol (1:l:l) 
clove oil-absolute ethanol-xylene (1:l:l) 
xylene 
xylene 

5 rnin 
5 rnin 
5 rnin 
5 min 

6-24 hr 

10-15 rnin 

15 sec 
10-15 rnin 

15 sec 
3 rnin 

15 sec 
15 sec 
5 rnin 
5 minor longer 

V h e  safranin 0 solution is prepared by dissolving 4 g safranin 0 in 200 ml methyl cellosolve. When the safranin is dissolved, add 100 ml 
95% ethanol and 100 ml distilled water. Finally, add 4 g sodium acetate and 8 ml formalin. 

%e fast green FCF solution is prepared by adding 0.25 g fast green FCF to 50 ml of a solution composed of methyl cellosolve and clove 
oil (1:l). After the fast green has dissolved, 150 ml95% ethanol, 150 ml tertiary butyl alcohol, and 3.5 ml glacial acetic acid are added. 

T h e  orange G solution is prepared by dissolving 1 g orange G in 200 ml methyl cellosolve and then adding 100 ml 95% ethanol. 

Table 4. Sass safranin and fast green stain (4,26). 

Step Solution Time 

xylene 
absolute ethanol 
95% ethanol 
70% ethanol 
50% ethanol 
30% ethanol 
1% aqueous safranin 0 
rinse in tap water 
30% ethanol 
50% ethanol 
70% ethanol 
95% ethanol 
0.1% fast green FCF in 95% ethanol 
absolute ethanol 
absolute ethanol 
xylene-absolute ethanol (1:l) 
xylene 
xylene 

5 rnin 
5 rnin 
5 rnin 
5 rnin 
5 rnin 
5 rnin 

1-12 hr 

3 rnin 
3 rnin 
3 rnin 
3 rnin 

5-30 sec 
15 sec 
3 rnin 
5 min 
5 rnin 
5 rnin or longer 
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Table 5. Triarch quadruple stain (13). 

Step Solution Time 

xylene 
xylene 
xylene-absolute ethanol (1:l) 
95% ethanol 
70% ethanol 
1% safranin 0 in 50% ethanol 
rinse in distilled water 
1% aqueous crystal violet 
rinse in distilled water 
absolute ethanol 
absolute ethanol 
orange Gcfast greenb (135 ml-15 ml) 
orange G-fast green (145 ml-5 ml) 
orange G-fast green (148 ml-2 rnl) 
orange G 
absolute ethanol 
xylene 
xylene 

5 rnin 
5 rnin 
5 rnin 
5 rnin 
5 rnin 

5-15 rnin 

1-2 rnin 

30 sec 
30 sec 

3 rnin 
2 rnin 
2 rnin 
2 rnin 
1 rnin 
5 rnin 
5 rnin or longer 

"Orange G is prepared by dissolving 0.4 g orange G in 100 ml clove oil. 
bFast green is prepared by dissolving 1 g fast green FCF in 100 ml absolute ethanol. 

stains turns lignified or cutinized cell walls red 
whereas the fast green generally turns cellu- 
lose walls greenish. Starch grains stain purple 
by methyl violet and crystal violet. Nematodes 
in tissue vary from brownish to red. Triarch 
Quadruple Stain gives the best contrast con- 
sistently and takes the least amount of time. 
Also, a wide variety of tissue types may be 
stained without altering the staining time. 
However, since it requires a large amount of 
clove oil, it is the most expensive stain to pre- 
pare. Staining times in the Johansen's Quad- 
ruple Stain and Sass Safranin and Fast Green 
Stain may need to be adjusted for the best con- 
trast between cell types to be obtained. 

PLASTIC EMBEDDING OF PLANT 
TISSUE FOR LIGHT MICROSCOPY 

The previous sections presented information 
on preparation of histological sections by the 
traditional embedding method in which paraffin 
is used. Plastic-embedded material, however, 
provides superior preservation of cell structure 
(8). Plastic-embedded material will not entirely 
replace paraffin-embedded material, which still 

can be used for initial examination of infected 
tissue. However, critical tissue evaluation is 
enhanced with plastic-embedded material due 
to the added resolution obtainable with thin 
sections. The cytologic detail seen in 3-pm- 
thick sections of plastic-embedded material is 
superior to that which can be obtained in 
paraffin-embedded sections. 

Several procedures for plastic embedding 
are available (7,8). Feder and O'Brian (8) dis- 
cuss some new methods that they have thorough- 
ly tested. One general procedure involves the 
fixation of small pieces of tissue in 4% glu- 
taraldehyde in 0.1M phosphate buffer at  pH 
7.2; rinsing twice in buffer; dehydration in a 
graded, acetone series; and infiltration with 
and embedding in soft Spurr's resin (28). 
Sections 3-pm thick are cut from a carefully 
trimmed block on a Sorvall MT-2 ultramicro- 
tome on a glass knife and floated on distilled 
water on a gelatin-coated slide at 60°C. Sec- 
tions are stained with toluidine-blue and per- 
manently mounted with Polymount resin (7). 
Excellent results have been obtained with 
plastic-embedded tissue that is infected with 
nematodes (1,18,31). 
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The purpose of this chapter is to provide the 
reader with a basic understanding of gnoto- 
biology as it applies to research with plant- 
parasitic nematodes. The authors have at- 
tempted to summarize the current status, future 
applications and the potential pitfalls of gnoto- 
biological research. The scope of this discussion 
has been limited, as much as possible, to 
myceliophagous and phytophagous nematodes. 
More detailed information is available in re- 
views by Zuckermann (65,66) and Vanfleteren 
(61) and in selected methods texts (17,24). 
Because of the space limitations of this chap- 
ter, some literature citations are limited to 
more general treatments. 

Gnotobiology is the study of a single species 
in the absence of other organisms or in the 
presence of known species. Mycologists and 
microbiologists have employed these tech- 
niques to great advantage for nearly 100 years. 
Many nematologists, however, have been re- 
luctant to pursue this area of endeavor. This 
hesitancy is attributable to several factors: 
gnotobiology is tedious and time consuming, 
requires expertise and specialized equipment; 
nematodes are rarely found associated with only 
one or a few other organisms; and phytonema- 
tologists often must bring non-sterile soil and/or 
plant tissues into their laboratories, a practice 
incompatible with gnotobiological technique. 
Lastly, plant disease caused by plant-parasitic 
nematodes is modified, to a greater or lesser 
extent, by associated organisms. 

Root-knot nematodes, Meloidogyne spp., were 
successfully cultured monoxenically by Byers 
in 1914 (4). He utilized these techniques to 
describe the entire life cycle of Heterodera 
marioni (Meloidogyne spp.) (4). n l e r  (58) used 

monoxenic cultures in 1933 to demonstrate 
parthenogenesis in root-knot nematodes. Fur- 
ther progress in phytonematode gnotobiology, 
however, was delayed until the 1950's (65,66). 

The discovery of the etiology of cauliflower 
disease of strawberry by Crosse & Pitcher (9) 
and the application of Koch's postulates to 
phytonematology by Mountain (37,38) led to 
renewed interest in gnotobiology by nematolo- 
gists and plant pathologists. Further impetus 
in this area of biology was gained with the use 
of excised roots (37,56) and the discovery that 
alfalfa callus tissue (27) could be used to rear 
large quantities of certain plant parasites. The 
axenic culture of the stylet-bearing nematodes, 
Aphelenchoides rutgersi (42,43), Aphelenchus 
avenue (1 9) and Bursaphelenchus xylophilus (3), 
has provided insights into nematode physiology 
which are likely to have a major impact on 
phytonematology. The axenic culture of nema- 
tode species strictly parasitic on higher plants 
would represent a milestone in nematology. 

Although gnotobiology proved to be a useful 
research tool in the study of many stylet- 
bearing nematodes, similar progress with the 
more fastidious Meloidogyne and Heterodera/ 
Globodera spp. has been limited. Notable ex- 
ceptions to this statement include: the use of 
monoxenic culture to demonstrate the influence 
of host nutrition on the development and sex 
ratios of Meloidogyne incognita (34,35) ; the use 
of excised root systems to evaluate resistance 
to Meloidogyne spp. (15); and the separation of 
nematode species by symptoms (55). More re- 
cently, a number of researchers have used ex- " .  
cised root systems in monoxenic studies of 
various aspeEts of the biology and host-parasite 
relationships of certain cyst nematodes and 
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the reniform nematode (28,29,30,31). METHODOLOGY 
The difficulties inherent in gnotobiological 

research must be overcome if progress is to be 
made in several areas of nematological research. 
Nematode cultures free of associated micro- 
organisms are essential in biochemical and 
disease-complex studies. Small, sealed, mono- 
xenic nematode cultures are useful when the 
effects of various physical or chemical factors 
on the population dynamics of nematodes are 
to be quantified because confounding factors 
are minimized. For example, it is extremely 
difficult to quantify temperature effects accu- 
rately on nematodes in pot cultures because 
soil moisture will vary with temperature. Genetic 
studies are facilitated by monoxenic culture 
since cross contamination of cultures can be 
prevented. 

TERMINOLOGY 

Terminology to define the level of gnotobio- 
logical culture was developed by Dougherty 
(12,13) and has been universally accepted 
(Table 1). Confusion may be avoided if one 
remembers that the prefix (mono, di or tri) 
refers to the number of associated species, not 
the total number of species present. 

Media are defined as being holidic, meridic 
or oligidic (12,13). A holidic medium is one with 
chemically defined constituents, other than 
purified inert materials, before compounding. 
Meridic refers to those media composed of a 
holidic base to which is added at least one sub- 
stance or preparation of unknown structure, 
such as a protein, regardless of purity. Oligidic 
media are those containing crude materials 
which supply most of the dietary requirements, 
such as chick embryo or liver extract. 

Aseptic Techniques, Steps in Cultivation 
and Nematode Nutrition 

Some general considerations are in order 
before specific techniques are discussed. A 
course in microbiology or a techniques course 
in plant pathology should be considered as a 
prerequisite to gnotobiological research. Ex- 
perience and knowledge gained in such courses 
will aid the investigator in system design and 
problem solving. 

Utmost cleanliness and good microbiologi- 
cal technique are essential in monoxenic cul- 
ture of nematodes. Media on which plant 
tissues are grown are rich in a number of 
organic constituents. In addition to supporting 
plant growth, they are excellent media for 
microbial growth. Thus, any lapse in technique 
can result in contamination of cultures. 

A sealed room with restricted air movement 
will provide the best atmosphere for culture 
work. A microvoid (Fig. 1) fitted with a micro- 
scope or laminar flow hood (Fig. 2) is necessary 
in most instances. Working areas should be 
sterilized with suitable phenolic sterilants 
(NaOC1 or ethanol solutions also may be used). 
Non-sterile plant or animal tissues, fungal 
cultures, and soil should be excluded from this 
environment. Tools used in handling nema- 
todes and plant tissue must be sterilized after 
each operation with flame or a strong sterilant 
such as HgClz (1000 ppm). 

Techniques for the establishment of organisms 
in laboratory culture for the first time vary 
greatly for different target species. Success 
depends upon the provision of a manageably 
restricted environment that meets all physical 
and chemical needs. At the present time, 

Table 1. Terminology used to describe the level of gnotobiological culture (12). 

Term Number of associated species Total number of species 

Gnotobiotic 
Axenic 
Synxenic 
Monoxenic 
Dixenic 
Trixenic 
Polyxenic 

Known 
None 
One or more 
One 
Two 
Three 
Several to many 

Indeterminate 
One 
Two or  more 
Two 
Three 
Four 
Several to  many 

Xenic or 
Agnotobiotic Unknown Unknown 



Fig 1. A. -nrisrrtvoid fhr aseptic tachn.iqur?&. Air in  ft.,rced thmugh a filter by 6hc fan 0x1 t8,g imating :- ppc~iLi>~v air 
pressure which keeps contcmrincanis ootside. Microvoids may he arlterecl io acccvnr~arrArrte a microscope. Csu- 
titan should be employed wherr worlr i s  conducted rcrit.h toxic chenlicais since rapor's will also be forced out. 
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empirical methodology still dominates most 
initial efforts at rearing organisms in the test- 
tube or Petri dish. Frequently, there is a long 
period of trial and error before a species is 
successfully established. One must therefore 
seek a more natural environment that yields a 
plentiful supply of nematodes or run the risk of 
investing time and effort only to  exhaust that 
supply before succeeding (Table 2). 

Agnotobiotic or Xenic Culture 

Most nematodes inhabit an environment in 
which they are in intimate contact with microbi- 
al flora and fauna. Many plant parasites, es- 
pecially the migratory parasites, have such an 
environment though they are inside the host 
tissue. Nematodes such as Ditylenchus destructor 
may actually feed more on the associated 
fungal population than on the host tissue (po- 
tato) in many cases. Xenic cultivation should 
f i s t  be achieved before a more highly refined 
method can be approached. Many parasitic 
and potentially parasitic nematodes as yet 
have not been carried through this step. Xiphi- 
nema americanum is one of the most widespread 
plant parasites, but often it is difficult to grow 
under greenhouse conditions (18). Thus, some 
environmental condition, such as temperature, 
moisture or an additional food or host require- 
ment, is missing. When one finds a high popula- 
tion of this species, the common saprophagous 
nematodes and other plant parasites are usually 
absent (18). Thus, it is possible that it may also 
be a predator as well as a plant parasite or that 
i t  requires a different flora from that needed by 
the saprophagous nematodes. 

Agnotobiotic culture of nematodes will con- 
tinue to be utilized for many research purposes. 
The simple requirements of agnotobiotic cul- 
ture make it the only feasible approach for 
many nematologists at the present time. 

Gnotobiotic Culture 

SYNXENIC CULTURE One can appreciate the 
need for the identification of the organisms 
normally occurring with a nematode. This 
knowledge would refine the cultivation one 
step to synxenic culture. The effects of the 
associated species on the nematode in ques- 
tion may then be considered. Under field con- 
ditions, numerous fungi and nematodes, as 
well as bacteria, probably contribute to root 
rots and other plant diseases. Thus, regardless 
of which group of soil organisms are under 
study in relation to a root problem, one must be 
aware of whether an axenic or monoxenic 
culture is in use. The next step in cultivating a 
given nematode would be to determine which 
single organism will provide an adequate diet 
for the species in question. Thus, numerous 
parasites have been grown on various tissue 
cultures or in some instances on fungi. Several 
free-living nematodes have been grown mono- 
xenically on bacteria such as Escherichia 
coli. Species from some of the important genera 
of plant-parasitic nematodes have been reared 
monoxenically. 

The more specialized (fastidious) parasites 
such as Meloidogyne spp. require special con- 
sideration in monoxenic culture. Sayre (53) 
demonstrated that these nematodes grow or 
reproduce only on tissues that contain vascular 
elements; the females are always associated 
with the vascular tissues. By means of tissue- 
culture techniques, the mechanism by which 
nematodes induce the polynucleate giant cells 
of the host can be determined. 

Little is known about the nutritional require- 
ments of plant-parasitic nematodes. General- 
ly, nutritional levels that support host tissue 
growth also favor nematode reproduction. 
However, there are a number of exceptions to 
this statement. Levels of N, P, K may affect 

Table 2. Steps in gnotobiology. 
----- 

-- -- 

Culture level Procedure Major constraints 

Xenic 

Monoxenic 

Axenic 

Increase nematodes in greenhouse 
or field 

Axenize plants or plant tissues, 
and nematodes 

Interactions undetermined, 
mixed cultures 

Equipment, unnatural environment 

Determine nutritional requirements Additional equipment 
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nematodes and their damage differently. Dolli- 
ver et al. (11) found that low calcium levels in- 
hibited Aphelenchoides ritzemabosi in tissue 
culture, whereas reduced levels of Zn, Mn, Fe, 
Mg, or K had no effect. Chelated Fe (EDTA) 
greatly suppressed nematode reproduction. 

Host nutrition has a major influence on most 
aspects of the biology of Meloidogyne spp. The 
sex ratios, rate of development and penetra- 
tion of excised cucumber roots by M. incognita 
were strongly influenced by the concentrations 
of sucrose, iron chelate and macronutrients 
used in the media (34,35). Increased concen- 
trations generally enhanced penetration, de- 
velopment and high femalelmale sex ratio, but 
these trends were reversed at the higher con- 
centrations (34,35). Low sucrose concentra- 
tions resulted in 100% males. Later research 
(45), in which excised tomato was used on two 
chemically defined media [a formulation (MS) 
by Murashige and Skoog (40) and a formulation 
(STW) by Skoog et al. (24), Appendix A], 
showed that limited development of this nema- 
tode on the MS media was related to the poor 
development of giant cells. The poor nematode 
and giant-cell development was attributed to 
the high concentration of ammonium nitrate in 
the MS media (45). 

There are a few other publications which 
suggest that altered host physiology and con- 
dition might favor nematode reproduction. 
Dolliver (10) observed an increase in the popu- 
lation of Pratylenchus penetrans in garden pea 
associated with foliage detachment that detri- 
mentally affected plant growth. He suggested 
that changes in the pattern of metabolic prod- 
ucts of the root may be correlated with changes 
in nematode numbers. A similar situation was 
observed with this nematode by Mountain & 
McKeen (39) when they added Verticillium 
dahliae to soil in which tomato or eggplant was 
planted. Nematodes reproduced two times as 
fast in V. dahliae-infected plants. This increase 
was attributed to possible changes in host 
physiology that rendered nutritional factors 
essential to nematode reproduction more avail- 
able. Certain fungicides such as Terraclor 
increased P. penetrans on strawberry (48). 

AXENIC CULTURE Much information on the 
growth requirements of parasitic nematodes is 
needed before most of them can be grown 
axenically. The majority of these pests then 
must be cultured monoxenically before axenic 
culture can be considered. The physiological 

and physical requirements must be elucidated 
before axenic culture can be achieved. The 
more specialized plant parasites in the super- 
family Heteroderoidea may require feedback 
from their hosts. Axenic culture of these para- 
sites may, therefore, depend on devising some 
type of dynamic system that mimics the host. 
In contrast, axenic culture of several free-living 
nematodes has been achieved. A number of 
others have been grown monoxenically or 
xenically. 

Myers (42,43) first reported the axenic culture 
of a stylet-bearing nematode (Aphelenchoides 
rutgersi). Aphelenchus avenue was cultured 
axenically by Hansen et al. (19) and Bursaphelen- 
chus xylophilus (the pine wilt nematode) has 
been so cultured (3). All of these nematodes 
apparently feed primarily on fungi. 

Dougherty and his research group in Cali- 
fornia were pioneers in axenically culturing 
nematodes and did much in working out some 
of their nutritional requirements. One or more 
of the following undefined substrates were 
added to the early developed media in order to 
obtain axenic cultures (14) : 

1) Liver extract - ML, 
2) Ammonium sulfate-precipitated liver 

protein fraction - LPF, 
3) Chick embryo extract - CEE. 

Chick embryo extract, as the only supplement 
in a nutrient medium, would not support growth 
of Caenorhabditis briggsae; liver extract was 
also required for reproducible results. 

The following are considered essential amino 
acids: arginine, histidine, isoleucine, leucine, 
lysine, methionine, phenylalanine, threonine, 
tryptophane, and valine (2). Other research 
showed that the amino acids alanine, aspargine, 
cysteine, glutamine, glycine, proline, serine 
and tyrosine can be synthesized by nematodes 
(59). By using a basal medium consisting of 
minerals, amino acids and a number of vita- 
mins plus the chick embryo extract, Nicholas et 
al. (44) were able to demonstrate requirements 
for certain vitamins. By varying the concentra- 
tion of a number of vitamins and omitting each 
one in turn, they found that the following were 
deleterious if omitted (44,62): thiamine, ribo- 
flavin, folic acid, calcium panthothenate, nia- 
cinamide and pyridoxine. Biotin and cyanoco- 
balamin were not shown to be required, but 
may well be provided by the CEE as they are 
required only in low amounts. 

Even though C .  briggsae can now be culti- 
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vated continuously on a chemically defined 
(holidic) medium, the research until recently 
resulted in its being cultured in partly de- 
fined (meridic) media (47), each consisting of a 
solution of known compounds (the basal medium) 
supplemented with a small amount of crude 
extract. These are important advances, since 
only a few nematodes have been grown or 
maintained in crude (oligidic) media made 
from cell-free extracts of animals or bacteria. 

The most recent research showed that C. 
elegans and C. briggsae can be cultured on a 
holidic medium (60,62). The constituents sup- 
plied by the "growth factor" amendments were 
1) a sterol (19,61,62) and 2) a heme moiety 
(21,61). Nevertheless, the addition of a protein 
from soy peptone enhanced nematode repro- 
duction (62). 

The pinewood nematode, B. xylophilus, re- 
sponds similarly on such media (3). One medium 
supporting the reproduction of this nematode 
consisted of 4% soy peptone and 1% Difco 
yeast extract supplemented with 50 pglml of 
cholesterol and 50 pglml bovine hemoglobin. 
The second medium consisted of a modified 
Caenorhabditis medium buffered to pH 7.4 and 
supplemented with the cholesterol and bovine 
hemoglobin. Better growth and development 
occurred on the undefined soy peptone me- 
dium, but the Caenorhabiditis medium has the 
advantage of being chemically defined (2). 

In summary, certain amino acids (59), a diet- 
ary sterol (20,61,62), a heme moiety (21,61), 
and a protein "growth factor" (62) are dietary 
essentials for C. briggsae. Croll & Matthews 
indicates that the growth factor may be taken 
up in the intestine by phagocytosis (8). The 
protein "growth factor," although not absolute- 
ly required, enhances the uptake of heme by 
the nematodes and may improve the amino 
acid balance (62). 
System Design 

Whether working with pot cultures in a green- 
house or axenic culture in the laboratory, the 
investigator is concerned with providing a suit- 
able environment for the experimental organ- 
ism. Since these environments are small eco- 
systems of greater or lesser complexity, a 
systems approach is helpful in the design 
andlor selection of the experimental appara- 
tus (Fig. 3). 

Once the nematodes' requirements for nutri- 
tion have been fulfilled, primary considerations 
in system design include experimental objec- 

RESEARCH NEEDS L-J 
EXPERIMENTAL 

CULTURE REQUIRED 

/ 
INADEQUATE ADEQUATE 

EXPERIMENT ANALYZE RESULTS 

AGNOTOBIOTIC 

(GREENHOUSE.FIELD) 

GNOTOBlOTlC 

(LABORATORY) 

RESULTS INCONSISTENT I I RESULTS CONSISTENT 

WITH HYPOTHESES WITH HYPOTHESES 

EVALUATE 

SPACE 6 EQUIPMENT 

REQUIREMENTS 

/ \ 

VALIDATION * 

Fig. 3. Conceptual processes by which the type of 
culture (agnotobiotic vs. gnotobiotic) for use in 
nematological research may be chosen. 
Agnotobiotic techniques are the only feasible 
approaches for many researchers because of 
constraints on equipment etc. Where possible, 
results from gnotobiotic experiments should be 
verified by agnotobiotic techniques and vice 
versa. 

tives, equipment and space available. These 
factors place certain constraints upon the eco- 
system that can be constructed and utilized 
successfully (Fig. 3). These constraints, once 
appreciated, should deter the nematologist 
from planning overly ambitious experiments 
requiring gnotobiotic techniques. 

In-vitro systems are the most commonly 
used technique. Advantages include availabil- 
ity, ease of observation and the limited space 
requirements. Several disadvantages, however, 
are inherent to these systems. They include 
the necessity of storage in an area protected 
against environmental extremes because of 
small size and limited gas exchange in tightly 
sealed containers. Small container size also 
places certain limitations on experiment dura- 
tion. Test tubes, flasks and petri plates have 
been used successfully. Important considera- 
tions in selecting the type of container include 
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Fig. 4. A simple isolator used by Kable and Mai (25) to maintain constant moisture (Courtesy of 
E. J. Brill. ~ublishers). 
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Fig. 5. A more complex isolator used by Zuckerman 
and Brzeski (67). (Courtesy of E. J. Brill 
publishers). 

ease of access, storage space, number required 
and volume. The system must either be main- 
tained in a germ-free atmosphere or sealed to 
prevent contamination. Since a germ-free at- 
mosphere is difficult to maintain, tightly sealed 
containers that prevent dessication and con- 
tamination may restrict gas exchange. Thus, 
unless provisions are made to supply air to the 
system aseptically, the experimenter must either 
ignore the effects of respiration, limit experi- 
ment duration or open each container period- 
ically and risk contamination. 

.--PLkWTIYG TUBE 

kIR INLET- 

&, ~ ~ P L ~ S T I C  SCREEN 

SOIL 

SAMPLING TUBE 

l i l R  PRESSURE 
RELEASE TUBE 

AIR INLET TUBE 

Fig. 6. A smaller isolator used by Zuckerman and 
Brzeski (67). A) Lateral view. B) Top view. 
(Courtesy of E. J. Brill publishers). 

Various types of isolators have been designed 
to maintain plants under germ-free conditions 
(Figs. 4,5,6) (25,67). Zuckerman (66) out- 
lines the advantages and disadvantages of the 
various types of isolators. The larger, more 
complex, isolators allow for aseptic monitor- 
ing of gas exchange and root exudates (66). 
The ultimate in isolators for plant pathogens 
can be found at the Plant Disease Research 
Laboratory, USDA-ARS, Frederick, Maryland, 
where an entire complex is devoted to research 
on exotic plant pathogens (36). Although this 
facility is designed to contain foreign pests, the 
technology employed could be applied to gnoto- 
biological research on a large scale. 

Complex isolators, however, may serve ex- 
perimental needs inefficiently and be wasteful 
in terms of time and equipment. Simple, but 
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effective, isolators for intact plants, with the 
aerial portions exposed to the external environ- 
ment, have also been designed (67). Major ad- 
vantages of the simpler isolators include low 
cost and the ability to replicate experiments 
for statistical analyses. Excised plant parts 
(generally roots) are more popular than the 
whole-plant systems for monoxenic nematode 
culture because they are amenable to the 
smaller types of isolators. 

Production of Sterile Media for 
Axenic Plant Growth 

Obligate plant-parasitic nematodes still re- 
quire a host plant for growth and reproduction. 
Vigorous plants or plant parts must first be es- 
tablished in axenic culture before monoxenic 
culture may be attained. The problem is two- 
fold: f i s t ,  provision of a suitable medium for 
plant growth, and second, axenization of plants. 
Axenization is the process by which a species is 
separated from all microbial associates. The 
term axenization is preferred to the term sterili- 
zation because the latter can imply inability to 
germinate or reproduce. 

SOIL Plants and their associated nematodes 
are normally found in soil. Soil systems offer 
certain advantages to the investigator working 
with intact plants. A sandy-loam potting mix- 
ture has moisture and nutrient-holding prop- 
erties which make it a good substrate for plant 
growth. Such a potting mix will generally be 
adequate for nematodes. The most common 
methods for soil sterilization employ physical 
(heat, steam) or chemical [fumigation with 
methyl bromide or propylene oxide (I)] means. 
Sterilized soil must be stored and aerated for 6 
to 8 weeks if phytotoxicity (due to heavy 
metals and/or ammonia when heat is used, or 
due to residual fumigants and/or ammonia if 
chemical means are employed) is to be avoided. 
Aseptic storage of sterilized soil requires addi- 
tional space and a delay in the onset of experi- 
ments. Furthermore, stored soil should be 
assayed for microbial activity before and after 
use in an experiment. 

AQUACULTURE - AGAR CULTURE Plants grown 
in aquaculture are suitable hosts for plant- 
parasitic nematodes. However, provisions must 
be made for aeration of the solution to supply 
oxygen. Such a system is advantageous in 
experiments requiring timed inoculation and 
permits easy access, observation, and roots 
free from debris or soil. 

Agar culture (a form of aquaculture) is the 
most common method used to rear axenic 
plants or plant tissues. The ease of observa- 
tion and detection of contamination in agar 
cultures are responsible for its popularity and 
wide usage. The ease in detection of contamina- 
tion in agar cultures is unfortunately related to 
the ease with which they become contaminated. 
Other problems associated with agar culture 
are related to supplying adequate nutrition for 
the plant. Intact plants will require only a sim- 
ple nutrient solution (modified Hoagland's 
solution) which can be autoclaved with the 
agar. Excised roots will require vitamins and 
carbohydrates in addition to mineral nutrients. 
A medium developed by Skoog et al. (24) 
(STW medium, Appendix A) has been used to 
grow excised roots of tomato, corn and soybean 
for nematological research (28,29,30,31,45). 
The investigator may regulate root growth to 
some extent by altering the concentration of 
nutrients and vitamins in the media. The addi- 
tion of plant-growth regulators to a medium 
used for excised roots will result in the forma- 
tion of callus-undifferentiated plant tissue. 
Callus tissue is useful for rearing nematodes 
which require no vascular elements. 

The selection of media used in agar culture is 
somewhat dependent on the plant species 
used. Alfalfa callus will grow well on nutrient 
agar with minor additions [Riedel's medium 
(50) Appendix C] ,whereas soybean may require 
a more complex medium for growth (26) 
[Shenk and Hildebrandt's medium (54) Ap- 
pendix B]. 

Axenization of Plants 
Procedures for the axenization of plants 

have been derived empirically and vary with 
laboratory and plant species. Plant seeds are 
most easily separated from associated micro- 
flora and are the logical starting point. A first 
step should involve selection of high quality 
seed and removal of discolored or diseased 
specimens. The second stage usually involves 
treatment with broad-spectrum biocidal chemi- 
cals (mercuric chloride, hydrogen peroxide, 
sodium hypochlorite, etc.). The efficacy of 
these chemicals can be increased by sonication 
and/or detergent treatments. The plant species 
and seed contaminants will determine the 
chemical concentration and duration of expo- 
sure required for axenization. Rigorous chemi- 
cal treatments are required for hard-seeded 
plants [e.g., concentrated H2S0, for alfalfa (27)] 
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and will kill seeds of other plants. Finally, the 
seeds must be rinsed thoroughly with sterile 
distilled water for removal of these chemicals, 
and seeds should be placed on nutrient agar or 
PDA for several days so contamination can be 
detected. 

Compounding holidic or meridic media re- 
quires some special equipment. Many complex 
organic molecules are heat labile. They must 
be filter sterilized before addition to the auto- 
claved medium. 

Axenization of Plant Seeds 
Several methods for the axenization of plant 

seeds are available. The following methods 
should be used as a guide, but modification may 
be necessary. 
A. Concentrated sulphuric acid (H2S04) for al- 

falfa (27): place seeds (alfalfa) in concen- 
trated H2S04  for 30 min and rinse several 
times in distilled water. Place on 2% water 
agar for germination, and transfer seedlings, 
when about 2.6 cm long, to nutrient-agar 
slants. 

B. Concentrated hydrogen peroxide ( H 2 0  2) for 
alfalfa seeds (R. S .  Hussey, personal com- 
munication): 
1. Soak seeds in concentrated H 2 0 2  for 25 

min ; 
2. Rinse with sterile H 2 0 ;  
3. Place seeds in tubes containing medium 

for growing callus tissues. 
C. Sodium hypochlorite (NaOCl) for alfalfa or 

tomato seeds: 
1. Sterilize a 30- or 50-ml beaker, 

1 petri dish with #9 filter paper (3 to 
4 sheets), 

2 flasks 1/3 filled with distilled H 2 0 ,  
2 empty flasks - (1 for NaOCl, 1 for 

ethanol). 
2. Pour 100 to 200 seeds into the sterile 

beaker. Fill beaker with a 1:l mixture of 
95% ethanol and 5.25% NaOCl. Stir gently 
-allow to soak 8 min. 

3. Drain alcohol-NaOC1 mixture and rinse 4 
to 6 times with the sterile H 2 0 .  

4. Drain on the sterile paper in the petri dish. 
5. Place 8-12 seeds per dish on the germina- 

tion plates. 
6. Allow seeds to grow for 3 days before use. 

D.Mercuric chloride for soybean seeds (S. R.  
Koeming & M. P. KO, unpublished): 
1. Visually select whole, apparently disease- 

free seed. 
2. Soak seeds for 5-7 min in 70-95% ETOH. 

3. Soak seeds in 2500-5000 ppm HgC12 for 
5-7 min (2.5-5.0 g HgC1, in one liter H,O + 7 ml concentrated HC1). 

4. Rinse 5-7 times in sterile distilled H 2 0 .  
5. Place 6-12 seeds on petri plates containing 

PDA or nutrient agar. 
6. Use only contamination-free plates after 

5-10 days. 
7. Excise roots and grow on SH media for 

callus tissue culture or grow excised roots 
on S H  media minus growth regulators, or 
modified STW medium for root system cul- 
tures. (Note: remaining cotyledons limit 
tissue discoloration.) 

E. Wash seeds (cucumber) in running tap water 
in small bag of cheesecloth. Transfer to 20% 
solution of chloramine-T for 1 hr, then rinse 
three times with sterile distilled water. Trans- 
fer to 1.5% water agar and germinate at  20" C 
in dark. Excise radicals when they are 80-90 
mm long (3 days) and transfer to culture 
medium (34). 

Production of Axenic Nematodes 
The method for axenization of a particular 

nematode species is affected by the life history, 
trophic level, habitat and available facilities. 
Phytonematodes are usually easier to axenize 
than free-living nematodes because the stylet 
acts as microbial filter. Nematode eggs may be 
treated with substances which would kill vermi- 
form stages. Similarly, methods used to surface 
sterilize various members of the Secernentea 
apparently were fatal to trichodorids (67,68). 

An extraction method which does not injure 
the nematodes must be chosen, and this varies 
with the target species. Methods which rely on 
nematode motility allow one to start with 
viable nematodes. Egg extraction of Meloido- 
gyne or Heterodera spp. by NaOCl (22,63) will 
yield large numbers of eggs and second-stage 
juveniles. Juveniles which migrate through 
tissue in the first several hours after NaOCl 
extraction, however, should be discarded since 
they may have been injured during extraction. 
The NaOCl treatment will have removed many 
contaminants, but other treatments will be re- 
quired. Allowing the juveniles to migrate into a 
disinfectant [Aretan (methoxyethyl mercuric 
chloride) or Malachite green] may suffice for final 
surface sterilization. 

Chemical and/or physical means are usually 
employed to axenize nematodes. Nematode 
movement, size, density and osmotic toler- 
ances can be used to reduce the numbers of 
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associated organisms. A chemical treatment, 
though, is usually required to free nematodes 
from microbes completely. Important factors 
to be considered in choice of a chemical treat- 
ment are biocidal spectrum, exposure duration 
and temperature. Cool temperatures may slow 
uptake of the toxicant by the nematode. Nema- 
todes will not tolerate prolonged exposure to 
strong all-purpose biocides, such as mercuric 
chloride, and exposure time must be limited. 
Antibiotics have been used with general bio- 
cides to reduce the biocidal concentration or 
exposure time, thus increasing success. Anti- 
biotics for axenization of nematodes are pre- 
ferred by many investigators because they are 
relatively non-toxic to nematodes (and workers). 
Disadvantages of antibiotic treatments include: 
1) the narrow spectrum of most antibiotics 
which necessitates the use of several com- 
pounds, 2) expense, 3) storage requirements, 
and 4) the need for filter sterilization of the 
solutions. 

Plant-parasitic nematodes which are virus 
vectors may require special axenization tech- 
niques. For culture of virus-free nematodes, 
specimens may need to be transferred after 
molting or reared on a host which is not sus- 
ceptible to the virus. Nematodes infected with 
rickettsia-like organisms may require special 
chemotherapy (32). 

The following methods for extraction and 
axenization of nematodes have been used suc- 
cessfully by various investigators. This list is 
not complete, and other methods are available 
(17,24,65,66). 

Methods of Aseptically Collecting 
Inocula of Meloidogyne spp. 
A. Extraction of eggs with sodium hypochlorite 

(NaOCl). (Caution-use exhaust hood when 
working with NaOCl) (23). 
1. Collect infected tomato roots with light 

brown egg masses (about 7-10 weeks 
after inoculation) and wash gently. 

2. Cut roots into 2- to 5-cm lengths. 
3. Place roots in 0.5% sodium hypochlorite 

(a.i.) and shake or stir with motorized 
stirrer for 4 min (use +20 groots in 200 ml 
NaOCl solution in a 0.5-liter container). 

4. To stop action of NaOCl, pour the NaOCl- 
egg suspension and roots over a 425-pm 
(40-mesh) sieve into 8000-ml bucket, and 
rinse roots on a 425-pm sieve to collect 
freed eggs (building up volume to 6-8 
liters). 

5. Pour egg suspension in bucket onto 26- 
pm (500-mesh) sieve, and immediately 
rinse the eggs on the 26-pm sieve with 
stream of cold tap water to remove residu- 
al NaOC1. 

6. Rinse eggs off sieve and add water to give 
desired concentration. 

7. Determine volume of suspension to be 
addedlexperimental unit and dispense 
113 of this for each of 3 "runs" into 
beakers, using flask-type pipetters ("re- 
peater pipetter," Fisher Scientific Co., 
Pittsburg, PA). 

Notes: About 20% of these eggs will give rise to 
infective juveniles. This same method may be 
used for extraction of eggs from Heterodera 
glycines except that the NaOCl concentration 
must be increased to 1% (Byrd & Barker, un- 
published). 
Additional Note: Survival of eggs on screens 
and other equipment increases the chance of 
culture contamination. Other methods should 
be employed for stock cultures. 
B. Hatching and collection of Meloidogyne spp. 

juveniles (23,63) : 
1. Extract eggs by NaOCl method. 
2. Place eggs on 26-pm sieve in a closed 

chamber with sufficient water to cover 
eggs. 

3. Collect juveniles daily. 
4. Inoculate plants immediately or store at  

10-15°C and aerate until ready to use 
juveniles as inoculum. 

5. Dispense with flask-type pipetter as out- 
lined for eggs. 

Notes: About 20% of the juveniles hatching 
will infect tomato a t  24°C. Use of tap  water 
which has been boiled in an open container and 
allowed to remain uncovered overnight will 
increase hatch and infectivity (A.C. Trianta- 
phyllou, personal communication). 

Surface Sterilization of Nematodes 
(Sterilize tools with HgC12, 1000 ppm) 
A. Hibitane (for Meloidogyne spp.) : 

1. Eggs - expose for 4 to 8 min in 0.5% 
hibitane. 

2. Juveniles - expose for 2 to 3 min in 0.5% 
hibitane or 5 to 10 min in 0.1% hibitane 
(A.C. Triantaphyllou, personal communi- 
cation). 

B. NaOCl (for eggs of Meloidogyne spp.): Ex- 
pose for 2 to 3 min in 0.525% (a.i.) sodium 
hypochlorite (10% Clorox). 



C. Malachite green + Streptomycin sulfate: 
Pass nematodes singly with a needle through 
5 or 6 baths of a 20 ppm solution of mala- 
chite green + 1000 ppm streptomycin sul- 
fate (27). 

D. Aretanlcentrifugation: Wash nematodes 3 
times in 133 ppm Aretan by centrifugation. 
After final washing and centrifugation, add 
Aretan to bring volume to 30 ml and leave 
suspension overnight at  15°C (34). 

E. Combination of A & B. 
F. Combination of C & D. 
G. Hydrogen peroxide (H202) for eggs Heter- 

odera spp. (M.P. KO, personal communi- 
cation): 
1. Obtain eggs by crushing cysts in a Ten 

Broeck homogenizer. 
2. Layer approximately 5-10 ml of nematode 

suspension over a 40-ml sucrose solution 
(20% wlw), and centrifuge at  400g for 3 
minutes. 

3. Collect eggs at the sucroselwater interface 
(use suction), wash onto a 26-pm sieve 
and rinse with water. 

4. Sterilize eggs in 4% H 2 0 2  for 15 min and 
rinse 5 times with sterile distilled water. 

H. Streptomycin sulfate, penicillin-G and Ny- 
statin [Bursaphelenchus xylophilus (3)]. Wash 
through 5 to 7 changes of a solution of sterile 
0.9% NaCl containing 10 mglml streptomycin 
sulfate, 5 mglml Nystatin (freshly prepared) 
and 16,000 unitslml of penicillin-G. Incu- 
bate for 5 min in each wash. 

Transfer and Culture Maintenance 
Transfer of axenic nematodes to plant tissue 

is best performed under a microvoid, laminar 
flow hood or in a sterile room. Nematodes are 
commonly transferred in a water droplet with a 
pipette or individually with a mercuric-chloride- 
sterilized pulp canal file. Egg masses of root- 
knot or cyst nematodes can easily be trans- 
ferred aseptically from one monoxenic culture 
to the next. Similarly, pieces of infected plant 
tissue can be transferred to fresh callus to 
establish new cultures of Pratylenchus or Di- 
tylenchus spp. 

Harvesting of axenic inocula for experiments 
is more difficult. A Tiner trap (57) is an effi- 
cient but costly means to accomplish this goal. 
Autoclaved petri plates, containing screens 
covered with tissue and sterile distilled water 
or a disinfectant, are probably the simplest 
means. Once established, monoxenic cultures 

are relatively easy to maintain. The optimal 
interval for transfer should be determined 
empirically. The more virulent pathogens will 
require more frequent transfer, but this can be 
delayed if cultures are maintained at  tempera- 
tures which will slow nematode development. 
Since the rate of population increase is related 
to the amount of host tissue and P,, the transfer 
of a few nematodes to a large amount of host 
tissue will result in large populations (Fig. 7). 
As more information is gained about factors 
which influence survival stages in nematodes, 
the inducing of nematodes to enter dormant 
stages may make it possible for axenic cultures 
to be maintained for long periods (26). 

Preventing contamination of gnotobiotic cul- 
tures is an exercise in pest control. Because a 
single contaminant cannot be tolerated, ex- 
clusion of unwanted organisms is a necessity. A 
properly designed system will help circum- 
vent this problem, but additional steps may be 
required. Such steps might include storage of 
sealed cultures in oil, periodic fumigation of 
chambers and the use of insecticidal paper on 
shelves. 

The addition of antibiotics or antifungal 
compounds to agar culture may help alleviate 
some problems with contamination. These 
compounds may, however, have subtle effects 
on plant tissues and/or nematodes which may 
alter experimental results. Furthermore, many 
require filter sterilization before addition to 
autoclaved media. 

IMPORTANCE AND APPLICATIONS 

Gnotobiotic techniques can be used in many 
aspects of nematology. The extensive use of 
Caenorhabditis elegans as an experimental ani- 
mal is due in part to its adaptability to mon- 
oxenic or axenic culture. The use of nematodes 
as model biological systems has yielded much 
information about the aging process, genetics, 
embryology and cell lineages (8,49,68,69). 

Development of axenic culturing techniques 
for nematodes offers many benefits. The phys- 
iology of these animals could be studied 
thoroughly if they could be grown in an holidic 
medium as well as providing ideal tools for 
studying a wide range of biological problems. 
Nematode mitochondria have been isolated 
and characterized from axenic culture (41,52). 
Investigators have had some success in cultur- 
ing nematode ovarial explants (22,64), and this 
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Fig. 7. Monoxenic cultures of Bursaphelenchus xylophilue reared on fungal mycelium. Plate on the right was in- 
oculated by simultaneous transfer of nematodes and mycelium (note the dark areas where the fungus was 
killed). The petri plate on the left was inoculated with the nematode after the fungus was allowed to cover 
the plate and will ultimately yield five to ten times as many nematodes as the other plate. 

may ultimately lead to nematode cell-tissue 
culture. I t  is not absolutely necessary to ad- 
vance to axenic culture on a holidic medium to 
investigate the physiology of a nematode. 
However, it is mandatory that they be cultured 
under monoxenic conditions if physiological 
investigations are to progress. In this manner, 
contaminating metabolites of the host may be 
largely removed. If the subject is grown poly- 
xenically, or in the presence of bacteria, the 
metabolites of these contaminating organisms 
become a problem. 

A major advantage of gnotobiotic culture 
(agar cultures) is ease of observation. Such 
cultures may, therefore, be important as educa- 
tional as well as research tools. Observation is 
essential to most behavioral studies, and obser- 
vations of nematode feeding may permit us to 
interfere in this process. 

Monoxenic culture of plant-parasites facili- 
tates studies of nematode mating. Hybridization 
studies require rigorous controls which are 
difficult to maintain in pot cultures. The degree 

to which different nematodes hybridize is im- 
portant from both a taxonomic and an agri- 
cultural point of view. 

Monoxenic cultivation of nematodes such as 
Meloidogyne spp. may offer an additional tool 
in the study of their speciation as well as 
physiological differences. Schuster and Sullivan 
(55) found that they could distinguish certain 
species of nematodes by the response of excised 
roots in agar culture: e.g. Meloidogyne incog- 
nita-prevented root-hair formation on the 
developing galls; M. hapla induced root-hair 
formation on the galls; and Nacobbus batati- 
formis prevented root-hair formation on the 
galls, with most epidermal cells about the gall 
becoming spherical. A similar procedure could 
be adapted to the host differential test used to 
distinguish Meloidogyne spp. 

The genetics of host-parasite interactions 
can be investigated in detail through the use of 
monoxenic cultures. Soybean cultivars have 
been evaluated for their resistance to Hetero- 
deraglycines in excised root cultures (30). The 
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resistance of tomato to Meloidogyne spp. is 
maintained in excised roots (15). One person 
can perform 300-400 inoculations/week and 
roots can be scored for galling in 3 to 9 days in 
this system (15). The maintenance of large 
numbers of different species of plant-parasitic 
nematodes in one location can only be accom- 
plished through monoxenic culture. Such cul- 
ture collections (51) can be used in the screen- 
ing for plant resistance to many different 
nematode species. Although pest resistance 
must ultimately be tested in the field, the 
genetics and physiology of resistance will most 
probably be determined in the laboratory. 
Mathematical models to predict the length of 
time required for the appearance of resistance- 
breaking biotypes can be constructed, tested 
and validated within a few years' time from 
laboratory data. Similar field research could 
require a decade or longer. 

The precision of microplot experiments can 
be increased through the use of monoxenic 
cultures of nematodes. Martin et al. (33) de- 
veloped a quantitative technique by which 
microplots could be inoculated with monoxenic 
lesion nematode cultures. NaOCl extraction of 
eggs of Meloidogyne and Heterodera spp. (23) 
will remove many microbial associates from 
greenhouse-reared inoculum. Some contami- 
nants remain, but the NaOC1 treatment reduces 
both beneficial and pathogenic organisms to 
low levels and minimizes their confounding 
effects. Open pot and microplot experiments 
will not remain monoxenic for long, but the 

initial minimization of background biological 
influences is necessary for repeatable and 
credible results. 

The effects of physical factors on nematode 
population dynamics are more easily measured 
in the laboratory setting. Quantification of 
temperature effects on nematodes in excised 
roots (46) or hanging drops (16) is more accurate 
because the confounding influence of moisture 
is reduced. Such experiments may reveal how 
much variance is inherent within nematode 
biology and ecology. 

Microcosm experiments have been utilized 
to establish the importance of nematodes in 
soil communities and how they influence nu- 
trient turnover in soil ecosystems (1,5,6,7). 
Basic ecological research in microcosms may 
demonstrate beneficial effects of free-living 
and plant-parasitic nematodes. 

Various areas of nematode control can bene- 
fit from gnotobiotic technique. Monoxenic cul- 
tures have been used in the evaluation of 
nematicidal chemicals (43). Biocontrol agents 
may require cultivation in monoxenic or dixenic 
cultures. Seinura spp. (a nematode predator) 
must be raised on nematodes and thus a 
dixenic system could be applied. Most obligate 
parasites of nematodes have not been reared in 
pure culture (32). Bacillus penetrans or other 
parasites of nematodes might be more easily 
reared in monoxenic or dixenic cultures. The 
economic feasibility of nematode biocontrol 
agents may ultimately depend upon our ability 
to rear them in axenic or monoxenic culture. 
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APPENDIX A. 

An agar medium for plant growth [STW medium; from Lauritis et al. (24,28)]. 

Components 

Macronutrient salts (Stock A): 
Solution 1 

Ca(NO,), 4H20, 1.44 g 
KNO,, 0.80 g 
KC1, 0.65 g 
KH2P04, 0.38 g 
NH,NO,, 0.40 g 
Distilled H 2 0  q.s., 800 ml 

Solution II 
MgSO, . 7H20, 0.72 g 
Distilled H 2 0  q.s., 200 ml 

Combine solutions I and I1 to make 1 liter of 
Stock A, store @ 5°C. 

Iron (Stock B): 
FeS0, - 7H20,  0.56 g 
Na2EDTA, 0.74 g 
Distilled H 2 0  q.s., 100 ml 

Aerate Stock B for 24 hrs, store in dark 
bottle @ 5°C. 

Micronutrient salts (Stock C): 
ZnS0, .  7H20, 0.027 g 
MnS0, H20 ,  0.049 g 
H3B03, 0.016 g 
KI, 0.0075 g 
Distilled H 2 0  q.s., 100 ml 

Store @ 5°C. 

Vitamins and amino acids (Stock D): 
Nicotinic acid, 0.050 g 
Pyridoxine HCl, 0.075 g 
Thiamine HC1, 0.010 g 
Sodium glycinate, 0.262 g 
Distilled H 2 0  q.s., 100 ml 

Filter sterilized Stock D, store 1.0 ml ali- 
quots @ -20°C. 

To make 1 liter of nutrient agar medium, 
combine 100 ml of Stock A, 5 ml of Stock B, 10 
ml of Stock C, 20 g of sucrose, 15 g of Difco 
Noble agar and distilled H 2 0  q.s. 1000 ml. 
Autoclave medium @ 44.4 kgIcm2 for 15 min. 
Add 1 ml of Stock D and adjust pH with acid or 
base to 5.6-5.8 after medium has cooled to 
about 60°C. 
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APPENDIX B. 

Shenk and Hildebrant's Plant Tissue Culture Medium [for callus tissue (54)l. 

Preparation of stock solutions Organic stock solution 

Major elements stock solution 
KNO,, 50.0 g 
MgSO, - 7H20, 8.0 g 
NH4H2P04, 6.0 g 
CaC12 - 2H20,  4.0 g 
DDH20, 1000.0 ml 

Use 50 mllliter of the final medium. 

Minor elements stock solution 
MnS0,. H20 ,  200.0 mg 
H3B03, 100.0 mg 
ZnS0, - 7H20, 20.0 mg 
KI, 20.0 mg 
CuS0, .  5H20,  4.0 mg 
Na2Mo04. 2H20, 2.0 mg 
CoC1,. 6H20, 2.0 mg 
DDH,O, 1000.0 ml 

Use 50 mllliter of the final medium. 

Iron compounds stock solution 
FeSO, . 7H20, 1.5 g 
Na2 EDTA, 2.0 g 
DDH20, 100.0 ml 

Heat the ingredients in DDH20. Use 1 
mllliter of final medium. 

Thiamine HC1, 500.0 mg 
DDH20, 33.0 ml 
Nicotinic acid, 500.0 mg 
DDH20, 33.0 ml (add KOH to dissolve 

if necessary) 
Pyridoxine HC1, 50.0 mg 
DDH20, 33.0 ml 

Mix after each ingredient is dissolved com- 
pletely. Use 1 ml of the mixturelliter of the 
final medium. 

Preparation of SH tissue culture medium 
To Flask No. 1 (2-liter capacity), add 12 g 

purified agar and 1 liter distilled water, stir 
with a magnetic bar and heat on a hot plate. 

To Flask No. 2 (l-liter capacity), add 
Major elements stock solution, 100 ml 
Minor elements stock solution, 100 ml 
Iron compounds stock solution, 2 ml 
Growth regulators stock solution, 2 ml 
Organic stock solution, 2 ml 
Inositol, 2 g 
Sucrose, 60 g 
Distilled water, 800 ml 

Growth regulators stock solution Stir with a magnetic bar. Check pH with a pH 
meter. The reading will be 4.0 + 0.1. Bring the 

2,4-D, 50.0 mg pH to 5.8 to 5.9 with 1N NaOH. After the agar 
p-acid chlorophenoxyacetic, 200.0 mg is dissolved completely, add the contents of 
Kinetin, 10.0 mg Flask No. 2 to Flask No. 1. Autoclave a t  121°C 
DDH20, 100.0 ml and 44.4 kg/cm2 for 15 min. 

Use 1 mllliter of the final medium. 

APPENDIX C. 
A simplified media for plant tissue callus. 

Reidel et al. (50) simplified medium 
Sucrose, 20 g 
Yeast extract (Difco), 5 g 
2,4-D (from a stock solution with 1 mg 

2,4-D per ml H20) ,  2 mg 
Difco-Bacto agar, 10 g 
H 2 0  (distilled), 1000 ml 
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The extensive morphological variation among 
and within root-knot nematode species makes 
their identification difficult. Because many 
Meloidogyne species infect a wide range of 
plants, inferences about species identity cannot 
be based solely on the host, even though some 
species do have very narrow host ranges. For 
example, although hundreds of plant species 
are susceptible to M. incognita (Kofoid & 
White) Chitwood, blueberry (Vaccinium sp.) 
and azalea (Rhododendron sp.) are the only 
known hosts of Meloidogyne carolinensis Eisen - 
back (9). 

Accurate nematode identification cannot be 
overemphasized, especially in the initiation of 
research programs and in the development of 
control strategies. Major control tactics such 
as crop rotation and resistant cultivars are 
generally species or race specific. Therefore, 
in the development of a root-knot-resistant 
cultivar, the exact identity (that is, species and 
host race) of the nematode population being 
tested must be known. Likewise, useful crop 
rotation recommendations cannot be made 
unless the identities of the predominant nema- 
tode species and races are known. If the 
identity of a population is unknown or only 
assumed, the crop selected for use in a rotation 
scheme may cause dramatic increases in nema- 
tode populations. 

DEVELOPMENT OF THE 
DIFFERENTIAL HOST TEST- 
HISTORICAL BACKGROUND 

Following the first written account of the 
root-knot nematodes by Berkeley (1) in 1855, 

host lists began to be compiled. The number of 
known hosts eventually exceeded 2000 plant 
species (2,11,15,33). These compilations were 
developed when root-knot nematodes were 
considered to be a single species, Heterodera 
marioni (Cornu) Goodey. 

Certain inconsistencies appeared in host 
range repor t s  before t h e  complexity of 
Meloidogyne species had been elucidated. For 
example, in 1889, Neal (17) concluded that 
peanut (Arachis hypogaea L.) was "badly af- 
fected" in Florida, whereas later, Bessey (2) 
reported growing peanut in heavily infested 
fields without any infection. Godfrey (1 1)  indi- 
cated that peanut was immune or  slightly sus- 
ceptible to this nematode and suggested that 
Spanish peanut could be used in crop rotation 
schemes. Sherbakoff (23), in 1939, reported 
considerable root-knot injury t o  cotton 
(Gossypium hirsutum L.) grown on land pre- 
viously planted to cotton, but observed no 
injury to cotton grown on land previously 
planted to tomato, (Lycopersicon esculentum 
Mill.), even though tomato had been severely 
injured by this disease. He suggested as a 
working hypothesis that "the host specialization 
of the nemas [sic] is due primarily to the 
segregation and survival of favored genetic 
races ." 

Influenced by Sherbakoff, Christie and Albin 
(5) tested the differential responses of popu- 
lations of Heterodera marioni to Persian clover 
(Trifolium resupinatum) to demonstrate the 
diversity within this pest. They were able to 
distinguish a t  least 5 "races" from 14 popula- 
tions based upon host response and galling 
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characteristics. Christie (4) and Christie and 
Havis (6) further documented the diversity of 
H. marioni by using other plant species. 

Chitwood, in 1949, (3) removed the root- 
knot nematodes from the genus Heterodera 
and reassigned them to Meloidogyne, a genus 
described earlier by Goldi (12) for a root-knot 
infecting coffee in Brazil. Chitwood conducted 
a detailed morphological study of many char- 
acters of males, juveniles and females, including 
perineal patterns, and described five species 
and one subspecies: namely, Meloidogyne in- 
cognita; M .  incognita acrita Chitwood, 1949; 
M. javanica (Treub, 1885) Chitwood, 1949; M. 
arenaria (Neal, 1889) Chitwood, 1949; M. 
hapla Chitwood, 1949; and M. exigua Goldi, 
1887. Even though Chitwood emphasized mor- 
phological characters in his description, he 
also noted some important host differences. 
For example, M. hapla was the only root-knot 
nematode known to reproduce on strawberry 
(Fragaria sp .) , and M. incognita failed to infect 
peanut but reproduced readily on cotton. 

Early evidence of variation within the species 
ofM. incognita was reported by Martin in 1954 
(16). He noted that parasitism of cotton among 
isolates of M. incognita ranged from none to 
severe. About the same time, Sasser (19) 
tested 50 plant species and varieties commonly 
used in rotation programs in the southeastern 
United States for susceptibility to the most 
common species of Meloidogyne. Many were 
resistant to some species of Meloidogyne and 
susceptible to others. One half of the plant 
species tested were either uniformly susceptible 
or uniformly resistant to all five root-knot 
species. 

Sasser (19) proposed a simple and practical 
method for identification of the four major 
species of Meloidogyne based on their responses 
to a series of differential hosts and the type of 
galling induced. Accordingly, an unknown 
population of a single common species of root- 
knot nematode could often be identified by its 
reaction to four plant species: peanut, water- 
melon (Citrullus vulgaris Schrader), pepper 
(Capsicum frutescens L.) and Lycopersicon 
peruvianum. M .  hapla and M. arenaria were 
separated from M .  javanica and M. incognita 
by their ability to reproduce on peanut. Fur- 
thermore, M. arenaria was separated from M. 
hapla by its response to watermelon, wheat 
(Triticum vulgare Villars), barley (Hordeum 
vulgare L .) or corn (Zea mays L .) . M. incognita 
was differentiated from M. javanica by its 

reproduction on pepper, and M. incognita acritu 
Chitwood was separated by its reproduction on 
Lycopersicon peruvianum . M. incognita acrita, 
however, was eventually synonymized with M .  
incognita by Triantaphyllou and Sasser (30,31, 
32). 

This early differential host test became less 
reliable as more root-knot nematode popula- 
tions were obtained from widely separated 
geographical regions. Several populations of 
M. incognita were found to infect the resistant 
tobacco cultivar 'NC95' (20). This variety was 
considered to be practically immune to the 
United States populations of M. incognita. 
Populations of M. arenaria were also found to 
vary in the ability to parasitize peanut (20); 
some populations produced severe galling on 
peanut roots and pods, whereas others did not. 

A new differential host test for identification 
of unmixed populations of the four common 
species was proposed in 1977: M. incognita, 
M. arenaria, M.  javanica and M. hapla (22). 
The six differential hosts used were cotton 
'Deltapine 16,' tobacco 'NC95,' pepper 'Cali- 
fornia Wonder,' watermelon 'Charleston Gray,' 
peanut 'Florunner,' and tomato 'Rutgers' (25). 
Based on the susceptibility or resistance of 
these hosts, M. incognita populations were 
classified into four host races. Populations of 
M. arenaria were placed into two host races 
according to their ability to parasitize peanut. 
To date, neither a genetic nor a biochemical 
basis has been found for identification of host 
races within species. Many inconsistencies in 
host responses reported by plant breeders and 
nematologists may be accounted for by the 
discovery of host races. 

THE DIFFERENTIAL HOST TEST- 
PURPOSE AND LIMITATIONS 

The differential host test, in conjunction 
with perineal pattern morphology, has several 
objectives: 1) to give a preliminary indication 
of the four common species based on the 
"usual" host response (Table I ) ,  2) to detect 
mixed populations, 3) to detect new and un- 
described species, and 4) to detect host races 
and other pathogenic variation within the com- 
mon species as evidenced by a different or un- 
expected host response. Without backup by 
morphological characters, this test is not re- 
liable for the identification of Meloidogyne 
populations. If several species or an uncommon 
species were present, they could not be dis- 
cerned by a "usual" host response. The results 
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of hundreds of tests have proven it to be fairly 
reliable for species and race identification of 
single populations of the four common species 
when identifications are verified with mor- 
pholological characters, such as perineal 
patterns. 

Any deviation from the responses expressed 
in Table 1 indicates pathogenic variation of the 
population. For example, some populations of 
M. javanica and M. arenaria race 2 have been 
detected that do not have the usual response. 
The discovery of such variants may eventually 
lead to the establishment of additional physio- 
logical races. Hundreds of differential host 
tests involving populations from many parts of 
the world have given some insight into the 
stability of the reaction of Meloidogyne species. 
Variation in pathogenicity to the differential 
hosts among populations of the major species 
of Meloidogyne is relatively uncommon. The 
International Meloidogyne Project (IMP) has 
summarized the responses of nearly 1000 pop- 
ulations of the four most common species of 
Meloidogyne and their races to the differential 
hosts (Table 2). 

Physiological (or "host") races ofM. incognita 
reflect the population's ability to reproduce on 
cotton 'Deltapine 61' ('Deltapine 16' is no 
longer available) and tobacco 'NC 95' (Nicoti- 
ana tabacum L.) (Table 1). These races are 
generally distinct and intermediate responses 
are not common. M. incognita with its four 

races is the most commonly encountered species 
from agricultural areas with 7 1,12,15, and 2% 
of the populations of this species encountered 
being race 1, 2, 3, and 4, respectively. The 
races of M. incognita have not been distin- 
guished from each other morphologically and 
do not correlate with the two existing cytologi- 
cal races described by Triantaphyllou (29'30). 

The two physiological races of M. arenaria 
are defined by their ability to parasitize peanut. 
Race 1, which infects peanut, is least common 
and accounts for only 20% of the M. arenaria 
populations collected by the IMP. As with the 
physiological races ofM. incognita, those of M. 
arenaria cannot be identified on the basis of 
morphology (7) and show no correlation with 
M. arenaria's cytological races (27). 

Physiological races of M. javanica or M. 
hapla have not been named, although about 
7% of the M. javanica populations collected by 
the IMP parasitize pepper. Host response dif- 
ferences between the two cytological races of 
M. hapla have not been discovered (28). 

The four common species and their host 
races generally can be identified on the basis of 
their response to the differential host test. 
When more than one species occurs in a popu- 
lation, interpretation of host responses be- 
comes more complex. For example, population 
E933 from the Canary Islands gave a host 
response similar to M. incognita race 4. How- 
ever, after examination of perineal patterns 

Table 1. Usual response of the four common Meloidogyne species and their races to the North 
Carolina Differential Host Test. 

Meloidogyne 
s ~ e c i e s  and Differential Host Plantsa 

piysiological 
races Cotton Tobacco Pepper Watermelon Peanut Tomato 

M. incognita 
Race 1 
Race 2 
Race 3 
Race 4 

M. arenaria 
Race 1 
Race 2 

M. jauanica 
M. hapla 

aCotton, Deltapine 61; tobacco, NC 95; pepper, Early California Wonder; watermelon, Charleston Gray; peanut, Florunner; tomato, 
Rutgers; (-) indicates a resistant host; (+), a susceptible host. 
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Table 2. Reaction of populations of Meloidogyne species and races on the North Carolina 
Differential Host Testa. 

Species Number of Percentage of populations pathogenic to the 
and Number of countries from respective differentialsb 

physiological populations which samples 
race studied were received Cotton Tobacco Pepper Watermelon Peanut Tomato 

M. incognita 
Race 1 
Race 2 
Race 3 
Race 4 

M. javanica 
M. hapla 
M. arenaria 

Race 1 
Race 2 

aRevised from Sasser and Carter (21). 

b ~ o t t o n  cv. 'Deltapine 61;' Tobacco cv. 'NC 95;' Pepper cv. 'California Wonder;' Watermelon cv. 'Charleston Gray;' Peanut cv. 
'Flomnner;' Tomato cv. 'Rutgers.' 

from each infected host, two species were dis- 
covered. M. javanica was parasitizing tobacco, 
watermelon and tomato, whereas cotton, pep - 
per, and tomato were parasitized by M. incog- 
nita. Because of the widespread occurrence of 
mixed populations, individuals from each in- 
fected differential host must be examined for 
perineal pattern, male head shape, or other 
morphological characters, if all of the species 
present are to be identified. 

GUIDELINES FOR CONDUCTING THE 
DIFFERENTIAL HOST TEST- 
METHODOLOGY 

Collection and Propagation of 
Meloidogyne Populations 

Field populations are best established from 
egg masses collected from infected plant roots 
rather than from root fragments or field soil. If 
necessary, roots or field soil can be used to 
establish the culture, although there is an in- 
creased chance that other plant-parasitic 
nematodes and pathogens will be introduced. 

Egg masses (20 to 40) should be selected 
randomly from several plants from the same 
field and placed in a 1% saline solution or in tap 
water. This inoculum is placed beneath the 
roots of a suitable susceptible host, such as a 
tomato seedling (cv. 'Rutgers'), as it is trans- 

planted into a 15-cm-diameter pot filled with 
sterile soil. For optimal nematode egg pro- 
duction, the tomato seedlings should be grown 
for 45 to 60 days. However, nematode cultures 
can be maintained for several months if plants 
are cared for properly. For long-term mainten- 
ance, the culture must be transferred period- 
ically to new tomato seedlings. 

Common Sources of Contamination By 
Other Meloidogyne Populations 

The possibility of contamination by other 
root-knot populations should be considered. 
For example, non-sterile soil, water splashing 
or draining from one pot to another, and 
unclean hands or equipment are potential 
sources of contamination. 
CONTAMINATED SOIL Soil should be steam 
sterilized for 2 hrs. before use. Afterwards, 
periodic checks for contamination will 
indicate whether the steam sterilization has 
been effective. A 'Rutgers' tomato planted into 
a pot of soil and examined 45-60 days later will 
have a noticeably galled root system if the soil 
has become contaminated. Elutriation or Baer- 
mann funnel techniques can also be used to 
check for presence of other plant-parasitic 
nematodes. 
WATER SPLASHED FROM ADJACENT POTS 
Contamination by splashing can be avoid- 
ed if splash guards are placed between 



pots. These devices can be made out of plastic- 
coated screen, plastic, fiberglass, or other 
suitable materials. Plants should be spaced 
widely apart and watered as gently as possible 
if splash guards are not used. 
CONTAMINATED GREENHOUSE BENCHES Cul- 
t u r e  p o t s  c a n  b e  e l e v a t e d  above  t h e  
bench surface on inverted .drainage saucers. 
This arrangement will prevent drainage 
water from coming in contact with adjacent 
pots. If culture pots are placed on a screen- 
mesh surface, excess water will drain from pots 
without coming in contact with other pots. 
Accumulated soil and algae should be cleaned 
periodically from bench surfaces with sodium 
hypochlorite (NaOC1). 
CONTAMINATED UTENSILS Hands,  utensils 
and laboratory surfaces should be carefully 
washed so adhering egg masses will be re- 
moved. A dilute solution (0.52% a.i.) of 
household bleach [sodium hypochlorite 
(NaOCl)] applied to laboratory surfaces will 
destroy nematode eggs and juveniles. 

Procedure for Collection, Extraction and 
Calibration of Root-Knot Nematode Eggs 
For Inoculum (14) 
1. Cut away the above-ground portion of the 

plant, and gently wash soil from the roots 
with running tap water. 
Note: To verify the identity of the nema- 
tode inoculum, remove 10 to 20 small galls 
containing single mature females from the 
roots. The galls can be stored in 1% saline 
solution and kept refrigerated for several 
hours until perineal patterns can be cut. 

2. Prepare 200 ml of 0.52% NaOCl solution 
using commercial-strength bleach (5.25% 
NaOCl). 

3. Cut root system into 2-4 cm pieces and 
place in the 1-liter flask. 

4. Add the 200 ml of 0.52% NaOCl, stopper 
the flask, and shake vigorously for 3 minutes. 

5. After shaking the flask, quickly pour the 
solution through a 200-mesh (75-pm) sieve 
nested on a 500-mesh (26-pm) sieve. Rins- 
ing with tap water washes eggs through the 
upper sieve. After removal of the 200-mesh 
sieve, gentle and thorough rinsing of the 
eggs collected on the 500-mesh sieve re- 
moves all residual bleach. 
Note: If nematode eggs are exposed to 
NaOCl for more than 5 minutes, a large 
percentage of them may lose infectivity 
(see Chapter 2). The sieving process 

should be completed within 2 minutes. If it 
is not, stop sieving and begin rinsing eggs 
that have been collected up  to that point. 

6. Wash the eggs collected on the 500-mesh 
sieve into a graduated cylinder and bring 
the volume to 100 ml with tap water. 

7. Pour a known volume (100 ml) of the egg 
suspension into a 250-ml flask. There are 
generally too many eggs to be easily counted 
in a 1-ml aliquant of egg suspension, so a 
dilution series is necessary. 

8. Take a 0.5-ml sample of eggs and transfer 
by pipette to another flask containing 4.5 
ml tap water. 
Note: When an aliquant of the egg suspen- 
sion is transferred, it is very important that 
the suspension be well agitated so that eggs 
are evenly dispersed throughout the known 
volume. The flask is vigorously swirled, air 
is blown forcefully into the suspension with 
a pipette, and the eggs are quickly trans- 
ferred before they settle. 

9. Pipette a 0.5-ml aliquant of the diluted 
suspension to the counting dish and imme- 
diately disperse eggs with tap water so they 
fall randomly on the counting surface. 
Count the eggs covering 114 of the counting 
surface and multiply that number by 80 to 
obtain the number of eggslml in the original 
solution. 
Note: Counting dishes can be made from 
small, rectangular, transparent, plastic con- 
tainers that can be used under the dissect- 
ing microscope. The surface area can be 
subdivided into fractions with lines scratched 
on the surface with a needle. 

10. Repeat the dilution series and average the 
results of the two replicates. 

11. Multiply the average number of eggslml by 
the total volume (100 ml) to determine the 
total number of available eggs. At least 
90,000 eggs are usually needed for the test 
since the three replications of the six differ- 
ential hosts must each be inoculated with 
5000 eggs. (5000 eggslplant X 18 plants = 
90,000 eggs.) 

12. Divide the total number of eggs needed 
(90,000) by the average number of eggslml 
calculated in step 4. The result of this 
calculation will be the number of milli- 
liters of the inoculum suspension contain- 
ing the desired number of eggs. Measure 
this amount from the original suspension 
and bring the volume up to 90 ml (5 ml of 
inoculum/plant). 
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Initiation of the Differential Host Test Note: Females often develop in close prox- 

1. Transplant three healthy seedlings (2- to 4- 
true-leaf stage) of each of the following 
cultivars into 10-cm pots with a sterile soil 
mixture: tomato 'Rutgers,' tobacco 'NC 
95,' pepper 'Early California Wonder,' pea- 
nut 'Florunner,' watermelon 'Charleston 
Gray,' and cotton 'Deltapine 61.' 

2. Pipette 5 ml of well-stirred inoculum near 
the base of each plant. 

3. Water plants very lightly to wash eggs into 
the soil. Overwatering may wash the inocu- 
lum out of the pot. 

4. Allow the plants and nematodes to develop 
about 60 days. 
Note: The test should be conducted a t  a 
temperature range of 24" to 30°C. The re- 
sistant reaction of cotton and tobacco is 
temperature dependent. Therefore, a t  high 
temperatures (>30°C), populations of M. 
incognita may be induced to infect one or 
both of these hosts, and thus the race may 
be erroneously identified. 

Termination and Evaluation of the 
Differential Host Test 

1. Remove plant stem and leaves and gently 
wash soil free from the root system. 

2. If egg masses are quite small or few in num- 
ber, stain them with a solution of Phloxine B 
(15 mglliter of water or 0.0015%, C.I. No. 
45410) for 15 to 20 minutes to enhance 
visibility. The stain is absorbed by the 
gelatinous matrix surrounding the eggs 
and gives it a pink to red color. The roots 
themselves remain unstained or only very 
lightly stained. Eggs do not absorb the 
stain and remain viable (8,13). 

3. Count the number of galls and the number 
of egg masses separately for each root 
system and assign a rating index number 
according to the scale: 0 = no galls or eggs 
masses, 1 = 1-2 galls or egg masses, 2 = 3- 
10, 3 = 11-30, 4 = 31-100, and 5 = over 
100 galls or egg masses. Host -plant types 
that have an average gall and egg mass 
index of 2 or less are designated resistant 
(-), provided that the average rating of the 
'Rutgers' tomato (susceptible control) is 
greater than 4. Host plants on which nema- 
tode reproduction is moderate to high (that 
is, those with an average gall and egg mass 
index greater than 2) are considered to be 
susceptible (+) (see Tables 1 and 2). 

irnity to each other, thus- forming 'large 
compound galls. When galls are counted, 
the number of females present in large 
compound galls should be estimated so the 
actual number of infections will be portrayed 
more accurately. 

4. Remove 15 to 20 separate galls containing 
single mature females from each infected 
host type for preparation of perineal pat- 
terns. Make one microscope slide of females 
from each host. 
Note: Unless a single egg mass was used to 
establish the culture from a field popula- 
tion, a given culture may contain more than 
one species. 

PREPARATION OF PERINEAL 
PATTERNS FOR OBSERVATION 

Several methods have been described for 
preparation of perineal patterns (10, 18, 24). 
Some techniques involve fixation and staining 
of root material prior to removal of females, 
but Taylor & Netscher's procedure (26) utilizes 
fresh root material, thereby eliminating expo- 
sure of eggs to toxic fixatives. Staining is un- 
necessary since it does not enhance the clarity 
of the diagnostic details of perineal patterns. 
Perineal patterns can be prepared from fresh 
root material that has been stored up to several 
weeks in a refrigerator. A method outlined is 
modified from Taylor and Netscher (26). 

The following materials are useful in the 
preparation of perineal patterns: a small, surgi - 
cal eye knife or single-edged razor blade, 
forceps, half spear or teasing needle, pulp 
canal file, 45% lactic acid, glycerin, disposable 
plastic petri dish, syracuse dish, clean micro- 
scope slides and coverslips, and sealing com- 
pound. 

1. Select galls with mature females. Place in 
syracuse dish with tap water. Single galls 
are preferable to compound galls. 

2. Tease the root tissue apart  with forceps 
and half spear to remove adult females 
(Fig. 1). 

3. Rupture the cuticle of the female near the 
neck and gently push the body tissues out 
(Fig. 2). 

4. Place the cuticle in a drop of 45% lactic acid 
on a plastic petri dish. The lactic acid 
facilitates the removal of body tissues that 
adhere to the cuticle after trimming. Col- 
lect 10 to 20 cuticles in the drop and let 
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them stand for 30 minutes to several hours. 
All cuts with the eye knife are done on the 
surface of a plastic petri dish to minimize 
the dulling of the knife. The knife can be 
re-sharpened with a fine-grit sharpening 
stone. 

5. Cut the cuticle in half (equatorially) with 
cataract knife. Remove the cuticle with the 
perineal pattern from the drop of 45% 
lactic acid. Place it next to the drop and 
trim the perineal pattern to a square (Fig. 
3). Place the trimmed perineal pattern 
back in the 45% lactic acid. Cut 5 to 10 
perineal patterns per sample. 

6. Thoroughly clean debris from the perineal 

pattern with the pulp canal file. 
7. Transfer the perineal patterns to a drop of 

glycerin on a clean glass microscope slide. 
Align the perineal patterns so that they are 
in a straight line and the anus is oriented 
down. The interior surface of the cuticle 
must be placed against the glass. Press the 
perineal pattern gently against the glass 
with the pulp canal file. 

8. Gently place the coverslip on the glycerin 
drop. Excess glycerin can be absorbed by a 
piece of filter paper. If there is insufficient 
glycerin under the coverslip, a small drop 
can be placed on the edge of the coverslip. 

9. Seal the coverslip and label the slide (Fig. 4). 

Fig. I.  Female being removed from root fragment. 

Fig. 2. Excised female being ruptured and body tissues gently removed. 
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Fig. 3. Cuticle being trimmed from around the perineal pattern. 

Fig. 4. Completed slide. 
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TECHNIQUES FOR PREPARING NEMATODES FOR 
SCANNING ELECTRON MICROSCOPY 
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The recent applications of scanning electron 
microscopy (SEM) to the study of plant-para- 
sitic nematodes demonstrate the increasing 
importance of these techniques to nematol- 
ogists (45,91,92). The SEM is significantly 
different from the light microscope, and thus 
successful observation of nematodes requires 
specialized preparative procedures. In the ini- 
tial SEM investigations of plant-parasitic 
nematodes, several different processing tech- 
niques were evaluted (37,38,39). The early 
SEM micrographs of nematodes revealed new 
information when compared with light micro- 
graphs and illustrated the value of SEM in the 
study of the external morphology of nematodes 
even though many early preparations contained 
artifacts. Preparation techniques now available 
generally produce specimens free of artifacts 
and quite stable under the high vacuum and 
intense electron beam of the microscope. 

In SEM, the image is formed by electrons 
emitted from the surface of the specimen; 
therefore, external structures that are trans- 
lucent and difficult to see in the light microscope 
are readily visible with SEM. Furthermore, 
imaging is enhanced in SEM by the extremely 
large depth of focus when compared with the 
light microscope. The depth of focus and the 
opacity of the specimen combine to form an 
image that appears three-dimensional and is 
generally easy to interpret (Fig. 1). 

SEM has greatly aided the clarification of 
the surface morphology of many nematodes 
(14,45,74,84,92), and has become an important 
tool in their morphology and taxonomy. Several 
taxonomic clarifications have been made on 
the basis of SEM observations (3,15,24,45,46, 

68,92,95), and species descriptions increasingly 
include SEM studies (4,26,33,34,35,79,80,86, 
92,95,96). 

Other subdisciplines of nematology have 
utilized SEM, and its importance to the science 
of nematology undoubtedly will increase as 
existing techniques are improved and new ones 
developed (65,66). Significant contributions 
have already been made in nematode ecology 
(19,20,81), host-parasite relationships (54,55, 
60,61,69,70,92), and biological control (22,92). 

Reviews of SEM techniques have been pub- 
lished recently (91,92,94), and numerous texts 
on theory and operation of the SEM and 
preparation of biological material for SEM are 
available (5,8,31,36,40,41,42,64,65,75,76,88, 
90). The purpose of this chapter is to provide 
some insight into and details of specific tech- 
niques that have been shown to be useful in the 
preparation of nematodes for SEM. 

HANDLING NEMATODES 

Nematodes and structures dissected from 
them are microscopic and thus require special 
handling in preparation for SEM. Careful han- 
dling procedures are absolutely necessary for 
successful specimen processing. Such proce- 
dures require initial selection of specimens and 
subsequent transfer of these specimens through 
several preparative solutions and processes. 

Specific individuals must be selected from 
bulk quantities of material extracted by appro- 
priate means from soil or host tissues (2,32, 
49,50). Harsh extraction techniques should 
not be used. The method used in the initial 
selection of individuals depends upon the size, 
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nluch f z ~ t e s  t h m  h;md pickiPig, yasti~~1ar1y 
84th large, saccate female f<irms. 

NEM.r%'I'$:BI[PE PROCESSING; 

COXTAINE RS 
After initiul sel.ectir;rl, the nernatodes are 

jilaced in a prcjcessiPig cr:!ntainer. S?lch <:GI:. 

fair~ers should ulluw fur n rapid exchange of 
fluids, nllnirnize loss i : d  specintens, reduce 
shock to tissues, rest.rict. cor?ram3.ifiatian, and in 
scme instarrcva p.sovide a sn:oofh snbstr:ale for 
viewing speciulrns in SFM. 

flumltainers rised to pweess ne:net,:tcies for 
SEM fnncr;ic.,nally work by filtration. Difhlsio-n 
nxay alst; be i.ninvi~lved, particularly ixj co~~i.aimrrs 
t,hat, are capped by nlenibranr:-ci \vii.i: very sn~all 
pore sizes (41)' 'The specixslens are retained in 
these containers as the solntions are escl-ranged. 
The exchange is facilitated either by a pipette, 
absorbent paper (38'1, syringe (67), or vacuum 
($7:). 

rhlxhough n f e s  corr1:nercialiy mim!~factured 



containers can be used or adapted for process- 
ing nematodes, most are user-made from a 
variety of materials. Materials used, however, 
should be tested for adverse reactions with the 
preparative solutions. 

Beem Capsule Container 
Perhaps the most widely used and highly 

recommended chamber is easily made from 
two polyethelene BEEM capsules (Fig. 2A) 
(16,43) which are frequently used in thin- 
sectioning electron microscopy and are avail- 
able from many suppliers. A versatile specimen 
holder (Fig. 2) can be fashioned from the 
severed caps of two BEEM capsules. With a 
hole-puncher 4 mm in diameter, two holes are 
made in one cap, which is used for the bottom 
of the chamber; and 2-6 holes are punched in 
the other cap, which is used for the top. The 
two holes in the bottom insure proper fluid 
exchange, whereas the holes in the top code for 
different samples. One of the capsules is dis- 
carded, and the tapered end of the second 
capsule is cut off and discarded. The hollow 
cylinder is saved. Two small, 20-mm square or 
circular pieces of nylon screen or other appro- 

priate filter (Fig. 2B) are cut, and one piece is 
placed over an end of the cylinder, and the 
bottom cap is snapped in place. This chamber 
should be placed in a Stendor dish or similar 
glass container that has a close-fitting lid 
(Figs. 2C-D). 

Specimens can be hand picked or pipetted in 
the BEEM capsule container after the glass 
container has been filled with an appropriate 
solution. As exchange of fluids become neces- 
sary, most of one solution is withdrawn from 
the glass dish and replaced with the next 
solution. Between exchanges, particularly dur- 
ing dehydration and infiltration with a highly 
volatile intermediate fluid prior to critical 
point drying, the glass container should be 
tightly covered. The polyethelene capsules are 
not affected by the majority of solutions includ- 
ing many organic solvents. Osmium tetroxide 
blackens not only the nematodes, but also the 
chamber and nylon cloth. Prior to critical point 
drying, the chamber is closed with a filter and 
cap to prevent the loss of specimens (Fig. 2D). 
After drying, the bottom of the chamber is 
removed, and the specimens are easily acces- 
sible for mounting on a specimen stub. 

Fig. 2. BEEM capsule container. A) A BEEM capsule. B) Component parts of the container: two capsule caps with 
holes punched in them, capsule with conical portion cut off and discarded, and two pieces of nylon filter. C) 
Container without top in a Stendor dish ready for the exchange of solutions. D) Container with cap, ready 
for critical-point drying. 
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Porous Polyurethane Container 

The porous polyurethane container, commer- 
cially manufactured and originally designed for 
storage and treatment of contact lenses, is 
suitable for processing nematodes from fixation 
through critical point drying (CPD) (91) (Fig. 3). 
The container measures 12 mm XI2 mm, with 
an inside diameter of 6 mm and a pore size 
between 10-15 pm. The tight-fitting lid is 
made of the same material. The polyurethane 
is extremely porous and fluids rapidly drain 
through the container. The porosity may be a 
disadvantage, however, if the specimens be- 
come trapped in the pores, or if the specimens 
inadvertently dry out between steps in the 
procedures. 

tissues, can be dissected from nematodes for 
observation with the SEM. Because the dis- 
sected tissues are so small, there are special 
problems in their preparation. The tissues 
must be observed in the same chamber in 
which they are removed because they cannot 
be readily transferred from one chamber to 
another. Therefore, all solution changes and 
other preparative procedures should take place 
in the dissection chamber. This chamber has to 
be transparent and small enough to be ob- 
served with a dissecting microscope. Speci- 
mens must adhere tightly to the surface of the 
container to avoid being washed away by the rush- 
ing currents that sometimes occur between ex- 
change solutions due to a violent interaction. 
Contaminating debris must be avoided as it 
may obscure small dissected tissues. Finally, 

Fig. 3. Porous polyurethane container and lid. 

Micro-Tissue Capsule Assembly 
The micro-tissue capsule assembly (Fig. 4), 

primarily intended for the infiltration of tissue 
with plastic for thin-sectioning electron micro- 
scopy, is a manufactured version of the mini- 
sieve chamber (18). It is made from a glass 
tube that is 12 mm long with a 4-mm outside 
diameter and has ends covered with an appro- 
priate filter held in place with teflon caps. 

round glass coverslip (12.7 mm in diameter) 
and a glass microscope slide, has been used 
successfully (28,29) (Fig. 5). The coverslip is 
attached to the center of the slide with a small 
dot of nail polish. The nail polish holds the 
coverslip onto the slide during the processing 
of the specimens, but it allows the coverslip to 
be removed easily for placement on the micro- 
scope mounting stub. The glass slide facil- 
itates handling of the coverslip. A thick ring of 
nail polish, 7 mm in diameter, is centered on 
the coverslip. A large drop of fluid is placed in 
the ring on the coverslip. Whole nematodes are 
hand picked and placed into this solution, and 

Fig. 4. Micro-tissue capsule assembly. 
BASICS OF NEMATODE FIXATION 

Preparation of nematodes for SEM often 
Coverslip Dissecting Chamber requires specialized fixation, dehydration, 

Hard, cuticularized parts, as well as soft drying, and mounting procedures that conform 



Fig. 5. Coverslip dissecting chamber. 

to certain physical requirements and limita- 
tions of the microscope. Nematodes must be 
sufficiently rigid to prevent collapse and defor- 
mation of surface topology when they are 
exposed to the instruments' high energy beam 
and high vacuum. They also must be electrically 
conductive to prevent the image-destroying 
buildup of electrons within tissues. 

Living specimens are preferable for prepara- 
tion, but sometimes only previously fixed or 
glycerin-infiltrated nematodes are available. 
Each type of material must be prepared in a 
different manner, although previously fixed 
specimens and even nematodes in glycerin can 
be infiltrated with ethanol and critical point 
dried. Living nematodes, in contrast, should 
not be infiltrated with glycerin for viewing with 
the SEM. In special situations, however, it  may 
be necessary to view glycerin-infiltrated mate- 
rial without further processing. 

Overview of the Fixation Process 
Fixation is the first and most important step 

in preparing nematodes for SEM. Specimens 
previously prepared for light microscopy prob - 
ably are not suitable for SEM. Formaldehyde- 
based fixatives and, particularly, heat killing 
techniques do not adequately preserve tissues 
for electron microscopy. 

Two different approaches to the fixation of 
nematodes have been used. One approach 
emphasizes stopping cellular activity quickly 
to prevent tissue destruction through autolytic 
activities. In rapid fixation methods, nematodes 
are immersed in a full-strength solution of 
fixative a t  room temperature. 

The alternative approach emphasizes the 
effect of fixative concentration on the tonicity 
of the buffer. With a sequential fixation meth- 
od, tissues are slowly fixed in increasing con- 
centrations of the fixative. 

Qualities of Fixatives and Buffers 
The ideal fixative should stop all cellular 

activity immediately without any subsequent 
change in cell volume (78). The final appearance 
of properly fixed specimens should be similar 
to that of living specimens observed by light 
microscopy. There should be no apparent struc- 
tural damage revealed as cracks or wrinkles, 
and specific structures should have similar 
appearances following the use of several dif- 
ferent fixatives. Unfortunately, there is no 
ideal fixative, and generally two or more fix- 
atives are used in combination to obtain the 
best results (78). 

For SEM of nematodes, chemical fixation is 
usually a two-step process. An aldehyde, or 
mixture of aldehydes, is incorporated into the 
tissues for the primary fixation of protein 
molecules (6,51,52), and secondarily, the un- 
saturated fats are stabilized by post-fixing 
with osmium tetroxide (77,78). 

The most common aldehyde used to process 
nematodes is glutaraldehyde, although acrolein 
and mixtures of glutaraldehyde and formal- 
dehyde, or acrolein and glutaraldehyde, may 
give similar or better results. Because glutaral- 
dehyde is a dialdehyde, it is most effective for 
fixing proteins. Each molecule has two reactive 
groups that are both capable of cross-linking 
proteins. The stability of fixation in general is 
also dependent upon the concentration, dura- 
tion, temperature, and pH of the specific 
aldehyde used. 

Aldehydes adequately fix proteins, but other 
molecules are unaffected and subject to sub- 
sequent extraction. Excess extraction of un- 
fixed molecules is detrimental to tissue preser- 
vation and may cause distortion and/or shrink- 
age. Secondary fixation with osmium tetroxide 
stabilizes unsaturated fats and prevents their 
extraction. 

Fixatives in an aqueous solution drastically 
upset the physiological pH of the tissues. The 
resulting osmotic effects cause large changes 
in cell volume, and either shrinkage or swelling 
occurs (82). Fixative molecules, therefore, must 
be transported to the cells by a buffering 
system (83). The most commonly used buffers 
for nematode preparations are the sodium- 
cacodylate and the phosphate buffers. Both 
give similar results, and are compatible with 
the aldehydes and osmium tetroxide. Sodium- 
cacodylate contains arsenic and, therefore, 
should be handled with caution (53). The toxicity 
of this buffer keeps it relatively free of contam- 
inating organisms. The phosphate buffers are 
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non- toxic, although some microorganisms may 
grow in the solution. They also cause some 
s~ec imens  to become brittle. 

The most important aspect of the buffering 
system is its tonicity. When the nematode is 
immersed in the solution, there should be no 
volumetric change within the cells. The tonicity 
of the buffer is directly related to the concen- 
tration of the fixative and the composition of 
the buffers, and can be changed by the addition 
of nonelectrolytes or electrolytes (51,78). 

Fixatives that are strong often cause spec- 
imen shrinkage and/or distortion because they 
are hypertonic. Weak solutions or fixatives 
initially preserve morphology without changing 
the cell volume. Unfortunately, weak concen- 
trations do not harden the tissue enough to 
withstand deleterious effects of other prepar- 
ative solutions. One answer to the question of 
fixative concentration is sequential fixation. 
Sequential fixation begins with a weak fixative, 
and the concentration is slowly increased until 
it is quite strong (1-3%). The concentration 
can be increased by gradually adding a double- 
strength fixative to the nematodes in a known 
volume of solution or by transferring the nema- 
todes through a series of fixatives of increasing 
concentration. 

P repara t ion  of Fixatives and  Buffers 

SODIUM CACODYLATE BUFFER A working 
solution of 0.1 M sodium cacodylate buffer is 
made by mixing 21.4 g of sodium cacodylate, or 
15.5 g of anhydrous sodium cacodylate with 
enough distilled water to make 500 ml. The pH 
of the buffer can be adjusted with concentrated 
hydrochloric acid. 

This working solution is used to buffer all of 
the fixatives and as a wash after primary and 
secondary fixation. Sodium cacodylate con- 
tains arsenic and should be handled care- 
fully. The working solution should be kept 
refrigerated and can be stored with little con- 
tamination by microorganisms. The pH will 
drop during storage, but can be readjusted 
with concentrated hydrochloric acid. 

SODIUM PHOSPHATE BUFFER A stock ~ 0 1 ~ -  
tion of 0.2 M sodium phosphate buffer can be 
made with a combination of monobasic and 
dibasic sodium phosphate. Monobasic sodium 
phosphate (26.85 g) is added to distilled water 
to make 500 ml. In a separate solution, 13.80 g 
of dibasic sodium phosphate are added to 
distilled water to make 500 ml. The working 

solution of 0.1 M phosphate buffer can be 
adjusted to the desired pH by combining 
different volumes of monobasic and dibasic 
sodium phosphate buffer and adding distilled 
water to make 100 ml. All stored solutions 
should be refrigerated and discarded when 
contaminating organisms are evident. 

0.2 M sodium phosphate buffer 
PH Monobasic Dibasic 
6.8 25.5 ml 24.5 ml 
7.0 19.5 ml 30.5 ml 
7.2 14.0 ml 36.0 ml 

GLUTARALDEHYDE Concentrated glu taral- 
dehyde, 70%, is commercially available in 2 - 
ml ampules. Under a fume hood, the concen- 
trated glutaraldehyde is added to the necessary 
quantity of buffer to achieve the desired con- 
centration. Glutaraldehyde should be handled 
with caution, always with rubber gloves and 
under a fume hood. 

70% 
Concentration Buffer Glutaraldehyde 

2 % 68 ml 2 ml 
3 % 44.7 ml 2 ml 
4% 33.0 ml 2 ml 

FORMALDEHYDE An aqueous ~olution,  lo%,  
of formaldehyde is made from paraformal- 
dehyde powder to ensure a menthol-free work- 
ing solution. Under a fume hood, 10 g of para- 
formaldehyde powder are dissolved into 100 
ml of water by heating to approximately 60°C. 
Sodium hydroxide (1.0 N) is added one drop a t  
a time until the solution clears. This solution is 
cooled before use, and stored and refrigerated 
in tightly stoppered glass bottles. When a 
precipitate forms, the solution is discarded. 

FORMALDEHYDE 1 GLUTARALDEHYDE A mix- 
ture of 2% formaldehyde/4% glutaraldehyde is 
made by adding 3.5 ml of 10% aqueous para- 
formaldehyde and 2.0 ml of 70% glutaraldehyde 
to 33.0 ml of 0.1 M buffer solution. 

OSMIUM TETROXIDE, 2% Pure osmium 
is available in crystalline form. Because the 
crystals dissolve rather slowly, the solution 
should be prepared the day before it is needed. 
Osmium readily reacts with any organic mate- 
rial. All glassware should be thoroughly cleaned 
with soap and water, acid cleaned, and air 
dried. Under a fume hood and with rubber 
gloves and goggles, 1 g of osmium tetroxide 
and 50 ml of buffer are combined in a bottle. 



Dissolution of the osmium can be hastened by 
sonication of the solution. Osmium can be 
stored in a refrigerator in a stoppered dark 
glass bottle, but leakage of vapors may occur. 

PREPARATION OF LIVING SPECIMENS 
A large selection of preparative techniques 

is available for nematodes from diverse hab- 
itats, but no single technique is useful for all 
specimens. Each genus or species may require 
a different procedure for the optimum preser- 
vation of morphological detail; however, certain 
generalized processes are common to most 
preparations. Basic preparative procedures 
include fixation, dehydration, drying, mount- 
ing, and enhancement of electrical conductivity 
of the specimens. Each step in the process is 
important to the success of subsequent steps. 
Distortions that may occur in the initial stages 
of preparation are usually magnified by the 
remaining steps. 

As mentioned previously, two generalized 
methods of fixing nematodes for SEM have 
been widely utilized. In one scheme, the nema- 
todes are relaxed at cold tem~eratures and 
then gradually fixed by a slow kcrease in the 
concentration of a cold fixative. The other 
scheme emphasizes the speed with which spec- 
imens are plunged and fixed in a strong concen- 
tration of fixative at  room temperature. There 
are many variables in each scheme that can be 
adjusted to optimize the preparation of specific 
materials. 

Following primary fixation, the nematodes 
should be rinsed with cold buffer for removal of 
any excess fixative. The post-fixative may 
react with the primary fixative and contaminate 
the surface of the nematodes with dense pre- 
cipitate. The rinsing should be brief to avoid 
the extraction of unfixed lipids. Three or four 
changes within a 15-min period is adequate 
provided the specimens in solution are agitated 
between exchanges of fluids. 

Primary fixation is greatly enhanced by post- 
fixation with osmium tetroxide, which stains 
the nematodes black and gives them an elec- 
trical charge. Osmium effectively stabilizes the 
unsaturated fats and increases the electron 
density of the specimens. Since the nematodes 
are stained black, dried specimens can be 
easily found and mounted. In addition, the 
electrical charge facilitates subsequent han- 
dling with a fine metal wire. 

0;mium is prepared with the same buffer as 

the primary fixative. A two-percent concen- 
tration yields adequate fixation within 4 -8 hr in 
the cold (0-4"C), but longer fixation does not 
seriously affect the tissue. Osmium is extremely 
dangerous and should be used only under a 
fume hood, and rubber gloves and goggles 
should be worn. The specimens and the osmium 
are placed in an ice-cooled water bath while in 
the fume hood. 

Post-fixation is followed by rinsing with 
several changes of cold buffer within a 15-min 
period. The unreduced osmium must be re- 
moved to prevent formation of surface precip- 
itates with subsequent solutions. 

Sequential Fixation Technique 
Sodium cacodylate buffer (0.1 M) at  pH 7.0, 

2% formaldehyde/4% glutaraldehyde, and 2% 
osmium tetroxide solutions are prepared and 
chilled at  0-4°C. The nematodes are picked 
into 20 drops of tap water in a small Bureau-of- 
Plant-Industry (BPI) dish. The BPI dish is 
placed in a petri dish lined with moist filter 
paper. The nematodes are chilled in a refrig- 
erator a t  0-4°C for 15-30 min and gradually 
fixed by adding one drop of formaldehyde/glu- 
taraldehyde every 10-15 min until 20 drops of 
fixative have been added. The specimens 
should be kept in the fixative at  0-4°C for an 
additional 2 4 - 48 hr. 

After primary fixation, the nematodes are 
transferred in a small quantity of fixative into a 
BEEM capsule container that is placed in a 
Stendor dish and cooled in an ice bath. The 
excess fixative is washed from the specimens 
with 3-4 changes of cold buffer within a 15 -min 
period. Too much washing extracts unfixed 
molecules. When solutions are exchanged, most 
of the old solution is withdrawn with a pipette 
from the Stendor dish, and immediately the 
new solution is added. Gentle, periodic agitation 
of the chamber increases fluid exchange. 

The specimens are post-fixed with 2% os- 
mium tetroxide for 8-16 hr or longer in the 
cold, 0-4°C. This can be done overnight. After 
post-fixation, the nematodes are washed with 
several changes of cold buffer within a 15 -min 
period. The specimens are allowed to return 
slowly to room temperature during the last 
wash. The specimens are now ready for de- 
hydration and drying. 

Rapid Fixation Technique (91) 
Phosphate buffer (0.05M) at pH 6.8, 3% 
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glutaraldehyde, and 2% osmium tetroxide solu- 
tions are prepared. At room temperature, the 
live nematodes are transferred directly into the 
fixative in a vial or the specimens are gently 
centrifuged to the bottom of a tube, the water 
is withdrawn and the fixative is added im- 
mediately. For best results, the nematodes 
must be quickly placed in the fixative and left 
for a t  least 1.5 hr a t  room temperature. If 
necessary, the specimens can be stored in 
glutaraldehyde in the cold, 0-4"C, after the 
initial fixation at room temperature. The fixed 
specimens are transferred into a chamber within 
a Stendor dish and washed with 5-6 complete 
changes of buffer for 10-15 min each. They are 
post-fixed with 2% osmium tetroxide for 2 hr at 
room temperature. The excess osmium is 
washed from the tissues with 4-6 complete 
changes of buffer for 10-15 min each. The 
nematodes are now ready for dehydration and 
drying. 

Dehydration and Intermediate Fluids 
After fixation, the nematodes must be de- 

hydrated and possibly infiltrated with a fluid 
that is miscible with the CPD solution. Gen- 
erally, ethanol is recommended as the major 
dehydration solvent. If carbon dioxide is used 
for critical point drying, an intermediate fluid 
is not necessary; however, if Freon 13 is used, 
then the ethanol has to be exchanged with 
miscible liquid freon. 

Dehydration should be gradual to avoid 
osmotic shock and to ensure complete removal 
of water. A six- or seven-graded series of ethanol 
in water is adequate if the steps are 15-20 min 
long. The last step of 100% ethanol should be 
repeated three times with a freshly opened 
bottle of ethanol to eliminate hygroscopic ab- 
sorption. 

If Freon 13 is used for CPD, the ethanol 
should be replaced with an intermediate fluid, 
generally Freon 113. A five- or six-graded 
series of freon in absolute ethanol of 15 -20 min 
each is required to exchange the ethanol with 
freon. The last step of 100% freon should be 
repeated three times. During the exchange of 
the highly volatile alcohols and freons, it is 
extremely important to prevent accidental dry- 
ing of the specimens. 

Drying 
Nematodes that have been fixed and de- 

hydrated are still in a liquid environment. 
Successful observation with the scanning elec- 

tron microscope, however, requires that the 
specimens be completely dry. Severe distor- 
tions often result when nematodes are dried 
because evaporating liquids exert pressure on 
the surface of the tissue. Three different strat- 
egies have been developed that avoid the 
damaging effects of surface-tension phenom- 
ena: critical point drying, freeze drying, and air 
drying from a volatile, low-surface-tension 
liquid. 

CRITICAL POINT DRYING The most 
widely used technique for drying nematodes is 
CPD. It  is the only drying strategy that com- 
pletely eliminates the harmful forces of surface 
tension (1,7,12,13). At a certain temperature 
and pressure, a solution reaches a "critical 
point" where the liquid and gaseous phases are 
indistinguishable. Therefore, the liquid in a 
specimen, if heated to the critical point, can be 
converted into a gas and removed. In this way, 
the damaging effects of surface tension can be 
avoided. Unfortunately, water is not an ideal 
transitional fluid because its critical tempera- 
ture and pressure are extremely high. The 
most widely used transitional fluids, freon and 
carbon dioxide, have much lower critical points 
but are not miscible with water; consequently, 
the water within the specimens must be re- 
placed with a compatible intermediate fluid. 
The transitional fluid selected also affects the 
CPD procedure. 

CRITICAL POINT DRYING WITH FREON 
Specimens are fixed, dehydrated, and infil- 
trated with an intermediate fluid as previously 
discussed. A critical point dryer should be 
used with caution; its condition should be 
carefully checked before each use. The cham- 
ber is cooled to 10-15°C below room tempera- 
ture, and the entry and exit ports are closed. 
The valve on the freon cylinder is opened. The 
cover of the critical-point-drying chamber is 
removed, and the capped container with nema- 
todes is placed inside. The nematode specimen 
holder should retain a small quantity of the 
intermediate fluid to prevent the specimens 
from drying out in the air. Also, the transfer 
must be rapid, and the lid of the critical-point- 
drying chamber should be replaced quickly. 
The chamber is sealed and Freon 13 slowly 
introduced. Only freon that is oil-free should 
be used. As the pressure rises, a liquid meniscus 
can be seen through the viewing port as the 
chamber slowly fills. When the chamber is 75- 
85% full, the entry port and the valve on the 
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cylinder of Freon 13 is closed. 
The chamber is slowly heated, approximate- 

ly 4°C per min, to a t  least 10°C above the 
critical temperature of 28.9"C. The pressure is 
allowed to rise to 300-400 psi above the critical 
pressure of 561 psi. The increase in tempera- 
ture and pressure should be gradual to avoid 
excess shock to the tissues. Excess pressure 
above 900-1000 psi can be vented by slightly 
opening the exit port. The temperature is 
maintained at  least 10°C higher than the critical 
temperature, and the exit port is slowly opened. 
Gradually, the pressure is reduced by a rate of 
approximately 100 psilmin or slower. When 
the chamber reaches atmospheric pressure, 
the chamber is opened and the specimens are 
removed and stored in a desiccator. The nema- 
todes can be safely stored for several weeks in a 
desiccator before they are mounted. 

CRITICAL POINT DRYING WITH CARBON 
DIOXIDE The nematodes are fixed and de- 
hydrated as previously discussed. Ethanol is 
miscible with carbon dioxide and serves as 
both the dehydration and intermediate fluid. 
The critical point dryer should be carefully 
examined and cooled to 10-15°C below room 
temperature. The entry and exit valves on the 
chamber are closed and the cylinder of carbon 
dioxide is opened. Carbon dioxide is commonly 
contaminated with water and oil and should be 
filtered with a commercially manufactured fil- 
ter before use. The cover of the drying cham- 
ber is removed, and the nematodes are quickly 
transferred in a tightly capped container with a 
small amount of ethanol. The cover is immedi- 
ately replaced and securely sealed. Compressed 
carbon dioxide is gradually admitted, and as 
the pressure rises, a liquid meniscus can be 
seen through the viewing port as the chamber 
fills. When the chamber is 80% full, the exit 
port is opened, and the liquid not covering the 
specimens is allowed to escape. The exit port is 
closed, and the chamber is refilled. The ex- 
change of solutions, repeated six to eight 
times, eliminates any traces of ethanol. When 
the nematodes are in a pure solution of carbon 
dioxide, the chamber is gently heated to ap- 
proximately 10°C above the critical tempera- 
ture of 3 1°C, and the pressure is allowed to rise 
to approximately 1400 psi. After the chamber 
reaches the critical point, the temperature is 
maintained and the pressure is gradually re- 
duced by opening the exit port slightly. The 
maximum rate of pressure reduction should be 
100 psilmin. The specimens are removed from 

the chamber when the pressure is zero and 
stored in a desiccator. 

FREEZE DRYING Freeze drying involves two 
steps: 1) rapid freezing of the cellular fluids, 
and 2) sublimation of the frozen liquid under a 
high vacuum. Harsh surface tensions 
are avoided because there is a direct transition 
from a solid to a gaseous phase (63). When 
fresh, unfixed specimens are frozen in water, 
the formation of large ice crystals often dam- 
ages the specimens. Tissues that are adequate- 
ly fixed, or fixed and dehydrated with a non- 
polar solvent such as amyl acetate or ethanol, 
are less susceptible to damage (74). 

Only a few nematologists have utilized freeze 
drying for preparing nematodes for SEM (38, 
39,73,89), as this technique apparently causes 
many artifacts. However, in earlier studies 
with freeze-dried nematode preparations, 
specimens were killed with a hot fixative. Per- 
haps artifacts resulted from the method of 
fixation rather than the freeze drying. Very 
good results have been obtained with some 
free-living nematodes (73), and freeze drying 
may be considered as an alternative technique 
for drying certain plant-parasitic nematodes. 

AIR DRYING Stylets and spicules are the only 
structures of nematodes that are stable enough 
to withstand the disruptive effects of surface 
tension caused by air drying from water (Fig. 6)  
(27,28,29,30; J. D. Eisenback, unpublished). 
The damaging force of surface tension can be 
greatly reduced by air drying from a highly 
volatile liquid such as Freon 113, ethanol, or 
amyl acetate (58,62). Whole nematodes dried 
in this manner undergo considerable shrinkage 
and collapse; however, satisfactory results have 
been obtained with isolated cells of nematodes 
(Fig. 7) (J. D. Eisenback, unpublished). Details 
of the technique are presented in the section of 
this chapter on the preparation of nematode 
sperm for observation with the SEM. 

Alternatives to Drying 
Infiltration of nematodes with an epoxy resin 

that is subsequently polymerized (1 1,17,18,38) 
or substitution of cellular water with a liquid of 
extremely low volatility (37,8 4,9 1) are two al- 
ternatives to drying. Resin infiltration is very 
difficult, and the results are quite inconsistent. 
Substitution of water with a liquid of low vola- 
tility is also unsatisfactory, except under spe- 
cial circumstances in which the material has 
already been infiltrated with glycerin. Details 
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Fig. 6. Scanning electron micrographs of A) stylet and 
B) spicules, respectively, dissected from a 
Meloidogyne incognita (Kofoid and White) 
Chitwood male prepared by air drying. 

Fig. 7 .  A sperm of a Heterodera glycines Ichinohe 
male dissected and dried from a highly volatile 
liquid. 

of processing and examining previously fixed 
nematodes are presented in a separate section 
in this chapter. 

Mounting Dry Nematodes (72) 
The whole dried nematodes are mounted on 

an SEM mounting stub with the aid of a dissect- 
ing microscope. A mounting block made from a 
clean piece of acrylic plastic approximately 6 
cmX 9 cm X 1.2 cm (Fig. 8A) greatly facilitates 
manipulation of the specimens. The stub is 
mounted in a hole of appropriate diameter in 
the center of the mounting block. A small, 
10-mm square piece of double-coated adhesive 
tape is attached on top of the stub, and a short 
length (12 mm) of hair is placed on the tape (Fig. 
8B). The nematodes are transferred from the 
specimen container to the stub with a dental 
pulp canal file by placement of the file along- 
side the posterior portion of the nematode 
(Fig. 8C). Extreme caution has to be exercised 
since specimens are easily damaged. The nema- 
todes are propped up against a hair to ensure 
adequate viewing angles (Fig. 8D). The speci- 
men should be oriented perpendicular to the 
hair, with the anterior portion of the nematode 
slightly projecting above the hair, and at a 45" 
angle to the surface of the stub. Observation of 
many specimens is greatly simplified if they are 
all mounted at the same level and are oriented 
in the same direction. 

Enhancement of Electrical Conductivity 
Dehydrated nematodes are very poor con- 

ductors of electricity. Conductivity is necessary 
for high quality images to be obtained in the 
SEM because image formation is achieved by 
an interaction of the specimen with a high 
energy electron beam. If the specimen is a poor 
conductor, electrons accumulate within the 
specimen and charging artifacts obscure the 
image with bright streaks of white across the 
viewing screen and micrograph. Specimen con- 
ductivity also affects the yield of secondary 
electrons discharged by the interaction of the 
beam and the specimen (21). 

METAL COATING Generally, a metal coating 
is applied to the surface to render the nematodes 
electrically conductive. The metal, usually a 
gold/palladium alloy, can be applied to the 
surface either by evaporation or sputtering. 
The method generally depends upon the type of 
coater available, but in general the sputter coat 
produces a more even coating (21,25). Usually, 
coating is applied at a thickness of 100-300A. 



Fig. 8. Mounting technique for dried whole nematodes. A) Special mounting block made out of clear acrylic. B) 
Stub with square of double-coated tape and 12 mm length of human hair. C) Dental file with dried 
nematode. D) Nematodes placed against a hair so that the anterior ends are aligned at the same angle as 
close to the stub as  possible. 

Too much coating obscures surface details, treated with thiocarbohydrazide and osmium 
whereas too little coating may cause charging are harder, less fragile, and better preserved 
artifacts. Fortunately, specimens can be coated, (2 1,7 1). 
viewed, and recoated if necessary; therefore, it 
is better to coat too thinly the first time to avoid PREPARATION OF PREVIOUSLY 
the risk of overcoating and losing details. FIXED MATERIAL 

ALTERNATIVES TO COATING The alternative 
to coating with metal is the impregnation of the 
specimens with a conductive material (71). The 
most commonly used non-coating technique is 
the osmium-thiocarbohydrazide-osmium method. 
There are no reported uses of this method for 
nematodes, but the technique certainly seems 
worthy of consideration. 

Thiocarbohydrazide ligates more molecules 
of osmium to the tissues, and thus the elec- 
trical conductivity of the specimen is increased. 
Only thiocarbohydrazide of very high quality 
should be used. After the first exposure to os- 
mium in the fixation scheme, the excess os- 
mium is removed with a thorough rinsing. The 
specimens are then exposed to an aqueous 
solution of thiocarbohydrazide, thoroughly 
washed again, and reexposed to osmium. 
After treatment with osmium, the nematodes 
are dehydrated and dried as previously dis- 
cussed. If the specimens still lack electrical 
conductivity, they can be treated a second time 
in thiocarbohydrazide, washed, and exposed 
to osmium a third time. Generally, specimens 

It is most desirable to use live nematodes in 
good condition for SEM preparation, but some- 
times only previously fixed material, either 
stored in a formaldehyde-based fixative or in- 
filtrated with glycerin, are available. Previously 
fixed nematodes can be prepared with the 
same techniques used for live ones. Glycerin- 
infiltrated nematodes can be directly examined 
or the glycerin can be removed and the speci- 
mens rehydrated, post-fixed in osmium, de- 
hydrated, and dried. 

Observation of Glycerin-Infiltrated 
Nematodes 

Glycerin-infiltrated specimens are placed on 
a piece of filter paper and the excess glycerin is 
drained. Several specimens are mounted on a 
small glass chip with the anterior portion pro- 
truding slightly beyond the edge of the chip 
(Fig. 9A). The nematodes are attached to the 
glass with a small amount of nail polish or 
thinned Zut, and the glass chip is mounted 
onto a microscope stub with adhesive (Fig. 9B) 
(84). The specimens should be mounted per- 
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Fig. 9. Mounting technique for glycerin-infiltrated specimens. A) Nematodes mounted on a glass chip. B) Glass 
chip with nematode mounted on a microscope stub. 

pendicular to the surface of the stub, coated 
with 100-300 A of gold/palladium alloy, and 
viewed a t  relatively low accelerating voltages 
of 5 to 10 Kv. Specimens are sensitive to beam 
damage and cannot be viewed for long periods 
a t  high magnifications. 

Drying Glycerin-Infiltrated Specimens 
A graded series of glycerinldilutent is pre- 

pared. The dilutent is 30% absolute ethanol in 
70% distilled water. Percent glycerin in dilu- 
tent in the graded series is 85,65,45,25,5  and 
0 .  The first concentration of glycerinldilutent 
(85%) is added to a nematode-processing con- 
tainer in a Stendor dish. The nematodes are 
hand picked from glycerin into the container. 
At 15-30 min intervals, one half of the old solu- 
tion is withdrawn and replaced with the next 
solution in the graded series. The last step is 
repeated three times to ensure that the glycerin 
is completely exchanged with the alcohollwater 
dilutent. The ethanol is removed from the 
specimens with 15 min exchanges of 15% 
ethanol, 5% ethanol, and three 15-min ex- 
changes of 100% water. The material can then 
be post-fixed in osmium, washed, dehydrated, 
and dried as previously discussed for live spe- 
cimens. 
PREPARATION OF DISSECTED 
SPECIMENS 

Because the SEM can only image details of 
surface morphology, internal structures must 
be dissected out of the nematode to be viewed. 
Also, certain cuticular structures, perineal pat- 

terns and vulva1 cyst cones are more easily 
examined and visualized if they are excised 
from the specimen. The pieces of cuticle and 
cuticularized stylets and spicules are processed 
with solutions and techniques very similar to 
those previously described. Because these 
structures are not hydrated, they can with- 
stand severe treatment and still maintain their 
structural integrity. Generally, they do not 
need to be fixed and can be dissected in harsh 
liquids such as lactic acid and glycerin, and can 
be successfully air dried. 

Stylets of Meloidogyne Females 
Several coverslip dissecting chambers (Fig. 

5) are prepared. The center of the ringed 
coverslip is marked on the bottom of the glass 
slide with a permanent marking pen, and the 
ring on the coverslip is filled with a large drop 
of 45% lactic acid. 

A young, egg-laying female is dissected from 
root tissue and placed into a large drop of 45% 
lactic acid in a clear plastic petri dish. The 
head of the female is cut off just posterior to 
the median bulb with a sharp eyeknife or 
similar tool (Fig. 10A). With a micropipette 
or forceps, the excised female head is trans- 
ferred from the plastic dish to the drop of lactic 
acid on the ringed coverslip (Fig. 10B). With 
the aid of a dissecting microscope a t  60-80 
magnifications, the stylet and attached cutic- 
ular esophageal lining is pushed out through 
the cut opening of the head with a finely shar- 
pened dental file (Fig. 10C). The attached 
muscles and debris are cleaned from the stylet 



and lining by being swished in the lactic acid with 
the dental file. Gentle pressure with the file on 
the lining of the median bulb attaches the 
stylet to the coverslip. 

One drop of 2% fonnalin, dropped onto the 
lactic acid every minute for several minutes 
until the coverslip is flooded, fixes the speci- 
men and makes it stick to the coverslip. The 
lactic acid is replaced by the formalin (Fig. 
10D). The stylet is allowed to remain in the 
fonnalin undisturbed for 5 to 10 min. Visual 
inspection ensures that the stylet is still at- 
tached to the coverslip. If it is not attached, it 

is carefully reattached with the file. The 
fonnalin is drained from the coverslip (Fig. 
10E) and then refilled with fresh formalin. The 
lactic acid must be completely replaced by the 
fonnalin or the stylet will be obscured by the 
residual lactic acid. Lactic acid will not evapo- 
rate, whereas formalin will. The excess formalin 
is blotted from the slide, and the coverslip is 
finally drained. The slide and coverslip are 
allowed to air dry overnight in a desiccator. 
The location of the stylet is marked on the 
coverslip with the point of a small triangular 
piece of tape (Fig. 10F). The coverslip is re- 

Fig. 10. Diagrams illustrating the steps in the dissection of stylets of root-knot nematode females. A) Live 
specimen is transferred into a large drop of 45% lactic acid on a clear plastic dish, and the head is cut off 
posterior to the median bulb with a sharp eyeknife. B) The head is pipetted into another drop of lactic acid 
on a specially prepared coverslip dissecting chamber. C) The stylet and attached cuticular lining of the 
esophagus are pushed out through the cut opening. D) Formalin is pipetted onto the lactic acid one drop 
at a time until the lactic acid is completely removed. E) The formalin is then drained and the stylet allowed 
to air dry. F) The location of the stylet is marked with a triangular piece of tape. 
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moved from the glass slide and attached to a 
microscope stub with double-coated tape or 
other suitable substance. An electrical con- 
nection is made between the top surface of the 
coverslip and the stub with a small dot of col- 
loidal graphite in isopropyl alcohol or silver 
paint and allowed to dry. The specimens are 
coated with approximately 200 A of gold in a 
sputter coater or vacuum evaporator and ex- 
amined in the scanning electron microscope. 
Viewing the specimen perpendicular to the 
beam avoids foreshortening of the image. The 
stylet can be located on the stub by a search of 
the area immediately around the point of the 
tape marker. Locating the stylet is easiest if the 
scope is operated in television mode. 

Stylets of Meloidogyne Males and 
Second-stage Juveniles 

Stylets of root-knot males and second-stage 
juveniles are prepared similarly to those of 
females. The vermiform stages are placed 
directly into lactic acid on a ringed coverslip, 
and the head is cut off posterior to the median 
bulb. The stylet is then pushed out through the 
cut opening and processed as described for 
the female. 

Stylets of Other Nematode Genera 
Stylets of other genera can be dissected and 

viewed by SEM using the same basic proce- 
dures developed for Meloidogyne (Fig. 11). The 
shaft and knobs of some plant-parasitic nema- 
tode genera, however, dissolve in lactic acid, 
and other dissecting solutions must be em- 
ployed. Stylets from Criconemella spp. (10) 
and Heterodera second-stage juveniles have 
been dissected successfully in sodium hypo- 
chlorite dilutions of various concentrations 
(Fig. 12) (J. D. Eisenback, unpublished). 

Spicules 
Nematode spicules can be dissected with a 

technique similar to that of stylet extraction. 
Whole specimens are picked into lactic acid on 
a ringed coverslip. The tail is cut off slightly 
anterior to the spicules and allowed to soak for 
20-30 min. The spicules are forced out of the 
spicular pouch by pushing on them with a 
dental root canal file, and they are pushed out 
through the cut opening. Spicules are strongly 
attached to the body and are very difficult to 
remove. Also, they do not easily stick to the 
coverslip. Finally, when they are successfully 
mounted and observed, orientation on the 

Fig. 11 .  Dissected stylets of different nematodes. A) 
Criconernella spp., female; B) Hoplolaimuu 
galeatue (Cobb) Filipjev and Shuurmans 
Stekhoven, female; C) Heterodera glycinee 
Ichinohe, second-stage juvenile; D) Odon- 
tostyle of a dorylaim. 

coverslip cannot be determined easily and 
comparisons among specimens is difficult 
(Fig. 6). 

Perineal Patterns (29) (Fig. 13) 
Live, young, egg-laying females are dissected 

from root tissue, and placed into a large drop of 
45% lactic acid on a clear plastic dish. The 
head of the female is removed with a sharp 
eyeknife or similar tool, and the body contents 
are pushed out through the cut opening (Fig. 
14 A,B). The posterior one third of the remain- 
ing cuticle is cut off and trimmed to a small 
square containing the perineal pattern (Fig. 14 
C,D). The remaining body tissues are gently 
cleaned from the pattern with a dental file (Fig. 
14E) and transferred to a drop of anhydrous 
glycerin in a deep-well slide or small glass dish 
(Fig. 14F). Ten to thirty patterns are pre- 



Fig. 12. Dissected stylets of Heterodera glycines 
Ichinohe second-stage juveniles. A) Stylet dis- 
sected in 45% lactic acid showing dissolution 
of shaft and knobs. B) Stylet dissected in 
0.05% sodium hypochlorite. 

pared in this way and stored in glycerin over- 
night in a desiccator. 

Each perineal pattern is transferred with a 
dental file to a narrow strip of filter paper 
marked at 2-mm intervals (Fig. 14G). The pat- 
tern should be placed right side up on the filter 
paper because after draining it will be impos- 
sible to distinguish the inner and outer sides. 
The patterns are allowed to drain for 2 to 14 
days in a desiccator. They are removed from 
the desiccator and transferred with a dental 
file onto a stub covered with double-coated 
tape. The patterns are arranged in closely 
spaced rows with the pattern side up (Fig. 14H) 
and coated with approximately 2 0 0 ~  of gold in 
a sputter coater or vacuum evaporator. The 
specimens are viewed with the stub perpen- 
dicular to the beam so the image will not be 
foreshortened. The quality of the preparation 
can be assessed by comparisons with perineal 
patterns viewed in the light microscope. 

Fig. 13. Perineal pattern of Meloidogyne chitwoodi 
Golden et al. 

Vulva1 Cyst Cones 
Brown cysts are collected, sonicated in tap 

water, and fixed for a t  least 48 hr in 5% forma- 
lin (Fig. 15). They are transferred into 45% 
lactic acid, and the cyst cones are cut from the 
perineal area with a sharp eyeknife. The dis- 
sected cyst cones are placed in anhydrous gly- 
cerin and stored in a desiccator overnight. The 
cones are removed from glycerin and placed on 
a narrow strip of filter paper. The cones are 
transferred to an oven a t  40°C and left for 1 hr. 
They can be stored in a desiccator for 1 wk. 
The well-drained specimens are mounted with 
double-coated tape on microscope stubs and 
coated with approximately 2 0 0 ~  of gold by 
means of a sputter coater or vacuum evap- 
orator (46). 

PREPARATION OF 
TISSUES AND CELLS 

Some internal organs and structures such as 
sperm and esophageal glands have been dis- 
sected from live nematodes and processed for 
SEM. Such live tissue cannot be air dried, but 
must be fixed, dehydrated, and dried in a 
manner similar to whole nematode prepara- 
tions (87). Because of their small size, how- 
ever, some tissues can be fixed, dehydrated, 
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Fig. 14. Diagrams illustrating steps in the preparation of perineal patterns for scanning electron microscopy. A) 
Female is placed into a drop of 45% lactic acid and the head is cut off with a sharp eyeknife. B) The body 
contents are pushed out through the cut opening using a dental file. C) The posterior one-third of the cuti- 
cle is cut off. D) The perineal pattern is trimmed to a small square piece of cuticle. E) The cut pattern is 
turned upside down and thoroughly, but gently, cleaned with a dental file. F) The pattern is transfered 
and stored in anhydrous glycerin in a dessicator overnight. G) The patterns are placed right side up on a 
small piece of filter paper and stored in a desiccator for several days. H) The patterns are mounted in 
closely spaced rows on a stub with double-coated tape. 



Fig. 15. Vulva1 cyst cone o f  Heterodera trifolii Goffart. 
(Courtesy H .  Hirschmann.) 

and air dried from a volatile liquid such as 
freon or acetone. Such a procedure is not only 
less expensive and faster than critical point 
drying, but also gives comparable results. 

Sperm From Seminal Vesicle of Male 
A large drop of 0.9% saline solution is placed 

within the ringed area of a coverslip dissecting 
chamber (Fig. 16). A young, active male is 
handpicked into the saline (Fig. 16A), and the 
tail end of the nematode is cut off anterior to 
the head of the spicules with an eyeknife (Fig. 
16B). Sperm, viewed under a dissecting micro- 
scope at 60X magnification or greater, can be 
pushed out of the epithelial lining of the 
seminal vesicle and vas deferens by gentle 
pressure with a dental file on the anterior por- 
tion of the testis (Fig. 16C). Some of the sperm 
will attach to the coverslip. The sperm can then 
be fixed in 2-4 drops of 4% glutaraldehyde in a 
0.1 M sodium-cacodylate buffer (pH 7.0) for 
15-25 min at room temperature (Fig. 16D). 
The coverslip is then removed from the slide 
and placed in a Stendor dish. The sperm are 
washed with several changes of buffer: most of 
the old solution is withdrawn and immediately 
new buffer is added. The coverslip should 
remain covered with liquid at  all times. 

The sperm are dehydrated with a graded 

series of 10,30,  50, 70, 95, and 100% ethanol 
for 5 min at  each step (Fig. 16E). Three 5-min 
changes of absolute ethanol are necessary for 
complete dehydration. The specimens are in- 
filtrated with the highly volatile Freon 113 in a 
5-step graded series of 5 min each. The last 
step of absolute freon is repeated three times, 
and the coverslip is removed from the freon 
with forceps and allowed to air dry (Fig. 16F). 
The coverslip is stuck to a glass slide, and the 
group of sperm are located and marked with a 
triangular piece of tape. 

Sperm From Inseminated Females 
A live, young, egg-laying female is placed in a 

large drop of 0.9% saline in a plastic petri dish. 
Cutting the head of the female with a sharp 
eyeknife relieves body pressure. Then the pos- 
terior body portion is cut off at the perineal 
region, and the reproductive tract is pulled 
from the body cavity with a dental file. The 
entire gonad is uncoiled and, together with a 
small amount of solution, is gently picked up 
with a small loop of fine wire and placed in a 
drop of saline on a coverslip dissecting cham. 
ber. The gonad is cut posterior to the sperma- 
theca, and sperm are released through the cut 
opening by gentle pressure with a dental file on 
the walls of the ovary. The sperm that attach to 
the coverslip are fixed, dehydrated, and dried 
as was discussed for sperm dissected from 
males. 

SPECIMENS IN HOST TISSUE 
SEM facilitates detailed observation of 

nematode morphology, as well as detailed ex- 
amination of the nematode-host relationship. 
If the interaction occurs a t  the surface, such as 
is the case with nematode penetration, standard 
preparative procedures for whole nematodes 
can be used. Generally, however, the inter- 
action occurs deep within the tissues at the 
feeding site. Since the SEM can visualize only 
surface structures, the host must be dissected 
to reveal the internal morphology. Fracturing a 
frozen specimen or cutting the specimen with a 
sharp blade are two possible methods of dis- 
section. 

Cryofracturing 
Small pieces of nematode-infected tissues 

are fixed, washed, post-fixed, and dehydrated 
as previously discussed for whole nematodes. 
The tissues in 100% ethanol are transferred 
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Fig. 16. Diagrams illustrating the steps in dissecting sperm from male nematodes. A) Transfer live, young males 
into a drop of 0.9% saline. B) Cut off tail just anterior to the spicules. C )  Force sperm out of the vas deferens 
by gently pressing on the anterior portion of the testis with a dental file. D) Fix sperm with drops of 
glutaraldehyde. E) Dehydrate and infiltrate sperm with a highly volatile liquid. F) Remove sperm from the 
final solution and allow to air  dry. 

with tweezers or forceps into liquid nitrogen. A 
razor blade or eyeknife is precooled in liquid 
nitrogen, and the frozen specimens are "cut" 
while still submerged in the nitrogen. Actually, 
the tissue cannot be cut but instead will frac- 
ture posterior to the "cutting" point or ran- 
domly shatter into many pieces. The pieces are 
transferred back into absolute ethanol and 
allowed to thaw at  room temperature. The 
specimens are critical point dried, mounted, 

and coated as previously discussed. Whole 
nematodes can also be cryofractured in a 
similar fashion. Because the specimens are so 
small, however, specialized handling pro- 
cedures must be utilized (48,91). 

Dissection and Digestion (55,70) 
Small pieces of nematode-infected material 

are fixed, washed, post-fixed, and dehydrated 
as was discussed for whole nematodes. The 



plant tissues are viewed under a dissecting 
scope and cut in longitudinal and cross sec- 
tions with a clean, sharp razor blade. As a 
result, the nematodes and feeding sites are ex- 
posed. Then the specimens are critical point 
dried, coated, and viewed. 

Treating the specimens dissolves away the 
cytoplasm and reveals the modified structure 
of the inner cell wall. After post-fixation in 
osmium and washing in distilled water, the 
cytoplasm is digested. The tissues are cut in 
longitudinal and cross sections, treated in 1% 
aqueous periodic acid for 2 min, and rinsed 
with five changes of distilled water of 2 min 
each. They are transferred into 4% potassium 
hydroxide for 30 min at 55"C, washed in 
distilled water, transferred to 1% acetic acid 
for 5 min, and washed with distilled water for 
10 min. The tissues are hardened in 2 % osmium 
for 3 hr, washed, dehydrated, and critical point 
dried. 

OPTIMAL U S E  OF THE MICROSCOPE 

While specimen preparation is a vital part of 
successful imaging of biological materials, 
equally important is the manipulation of many 
variables controlling the production of a high 
quality image on the microscope (40). The 
image obtained is not permanent and has rela- 
tively poor resolution. The ultimate goal of 
scanning electron microscopy is, therefore, the 
production of a permanent record of the image, 
a scanning electron micrograph. 

Viewing 
Because many parameters control image 

formation, determining the cause of poor pic- 
ture quality is sometimes difficult. Separation 
of faulty microscope function from inadequate 
specimen preparation can be achieved by the 
use of a non-biological standard specimen. If a 
high quality picture can be obtained with the 
standard, then the preparation may be at  fault. 
Several different types of standard specimens 
are available from suppliers of products for 
electron microscopy. 

Nematodes that are prepared for scanning 
electron microscopy should be handled very 
carefully because they are quite delicate. 
Coated specimens viewed shortly after drying 
have the best image quality. When immediate 
viewing is not possible, dried nematodes should 
be stored in a desiccator. Mounting the speci- 
mens as close to the stub as possible shortens 
the electrical pathway. Unnecessary exposure 

to the beam should be avoided; focus and ex- 
posure of the photograph should be rapid; and 
the lowest magnification possible should be 
used when the specimen is not being examined. 

Specimen orientation to the beam is impor- 
tant for a good photograph, and comparisons 
of images are easiest if the viewing angles are 
similar. A slight change in the orientation can 
dramatically affect the appearance of the speci- 
men. Morphological comparisons should be 
made from face and lateral views. Major ex- 
ternal taxonomic characters of nematodes are 
present mainly on the head. The form of the 
labial disc, medial lips, head region, and sen- 
sory structures are valuable features and best 
seen in face views. Lateral views are important 
because they can be correlated with light 
microscope observations. The two different 
orientations complement each other because 
the change in position affects the lighting, and 
sometimes minor details that are obscured in 
one view are visible in the other. In addition, 
other viewing angles can supplement certain 
morphological details that may not be seen in 
the standard face and lateral views. 

The extremely large depth of focus in the 
SEM can cause a foreshortening of the image 
that can lead to misinterpretation of the image. 
For this reason, some dissected parts of nema- 
todes such as stylets and perineal patterns 
should be viewed only in an angle perpendicular 
to the electron beam. 

Photography 
Photographs provide a highly resolved, per- 

manent record that can be analyzed and re- 
viewed. Most SEMs are equipped with a camera 
that utilizes 10.2 X 12.7-cm (4x5-in) Polaroid 
Land film. The exposure is automatic, and the 
developing and printing are instant. 

Several adjustments of the microscope great- 
ly affect the quality of the photograph. The 
most important variables are contrast/bright- 
ness, focus, astigmatism correction, scan rate, 
spot size, and working distance. Generally, a 
good micrograph has some pure white areas, 
some pure black areas, and a range of gray 
tones. Contrast is the ratio of light to dark 
areas. It is an aesthetic quality that is some- 
times difficult to evaluate. In the SEM, con- 
trast is adjusted by two dependent controls- 
contrast and brightness. Both controls should 
be set at the recommended levels. Experience 
with certain specimens may require a setting 
different from the recommended levels. 
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Critical focus and astigmatism correction 
must be made prior to the exposure of the film. 
Both of these steps are best evaluated at  a one- 
or two-step increase in magnification above the 
final desired magnification. The highest resolu- 
tion is obtained with the slowest scan rate. 
Because a slowed scan rate means a long ex- 
posure (60-90 sec), vibrations around the 
microscope should be eliminated during the 
exposure. The spot size should be kept small, 
and the working distance should be adjusted 
according to the magnification: the higher the 
magmfication, the shorter the working distance. 

FILM Two types of Polaroid Land film are 
commonly used. Type-52 film gives a positive 
print, has an I S 0  value of 400, and a resolution 
of 35-40 lines/mm. Type-55 film yields both a 
positive print and a highly resolved negative. It 
has an I S 0  value of 50. The print has a resolution 
of 22-25 lines/mm, but the negative has a 
resolution of 150-160 lines/mm. The increased 
resolution of the negative gives a superior print 
compared to the original. Because of the high 
resolution and increased flexibility that a nega- 
tive has over a print alone, Type-55 film is the 
preferred film for recording SEM images. 

PRINTING NEGATIVES Conventional black- 
and white-photographic techniques are used to 

make enlargements or prints from Type-55- 
film negatives. Many texts are available for 
consultation (9,23,44,57,59). Because the nega- 
tive has a much greater resolution than the 
original print, the final print done in the dark- 
room will have a much improved image. The 
Polaroid print and negative should be con- 
sidered as an intermediate step to the finished 
print. To get the most out of the recorded 
image, the microscopist must be proficient in 
the darkroom. 

Biological materials may exhibit much con- 
trast because of the interaction of the beam 
with the edges of the specimen. For nematodes, 
especially in face view, this phenomenon results 
in a negative that is difficult to print with good 
range of gray tones. The darkroom techniques 
of dodging or burning-in usually produce the 
highest quality prints (Fig. 17). 

AIRBRUSH TECHNIQUES Sometimes the 
specimen cannot be oriented properly, and a 
photograph with a good format is not obtained. 
However, with airbrush techniques (56), the 
background can be painted and the format 
changed (Fig. 18). Airbrushing can also clean 
the background in certain instances making 
the photograph more aesthetically pleasing 
(Fig. 19). 

Fig. 17. Two prints of the same negative, illustrating the effects of dodging and burning in on the quality of the 
finished photograph. A) A standard print of a male of Hoplolairnus galeatus (Cobb) Filipjev and Shuur- 
mans Stekhoven. B) A darkroom manipulated print. 



Fig. Ix, Ttvu prints of the sa;.nr3 negasivc il\ustrwting the @%eta of airbrush ~ I a n i g n r  it, altering the furmat uf she 
osginul print. A) Imprrrpesjy oriented sycrvimen. klj Pormr~t changed by airbrush te&nlyues. 

Fig, 19. %o prints cpf thr* same negutive illustrating the eflwts of airbrush teehaiqlur irn rt~alairtg a more 
a~qthetieafly pleasing baekgannnd. A) t i  spcc~-:it:jm~n %ith s diatxactinp: hsckg~ound. R) I)isltmctit~g 
harkgmund ren~oucd by uirbsuahinp,, 

12irbnruhirr~ ttre bar;kground of a pi~otograpb r: 
is r.ecommc?nded for prints in wlich the speci- 
mer: has !:iw proper coz,traai hut arn unaccept.. 
al>ie I,ac%gt.out.*d (Figs. 20AIA). The specirn~n 
3n?:3st be cnve,~ec.i with a layer af friskpi. {Fig. 20 
Bji that adher25 tightly to iho emulsion o f  tttce 
photogsuph 'I'he specin:ez? i s  traced with a 
sharp krtife which cribs through the layer of 
frisket- (Fig. 20Cj.  friwket is the11 removed 

from the backpound, and the hackgrosrnd is 
gradually airbrushed with medium to dark gray 
desigi~erb gouache. After the i>ackground is 
completely coveserf, lhe paint is L ? I ~ c > w L ' ~  to .(:,dry 
eho!-r;ghl~. (Pig, 2ODj. Finally, -the hisket. ?.hut 
prc!tect.ecf the sl:rer:lnlen :fron: the pairll is re- 
moved u~ithout damaging :he phoi~gruphii. 
ernuision {Figs, 20E,F j. 



Pig. Bj. Pfrotugraphs SIItaetra~iog steps in airbrushing p~-h~tti trl aibr the forrnnt of 'he original ph~tugrapft er to 
rertlc9s.e $3 distracting background. A) The ariginal print rsitb the wxang wrienti3tien. B) A gucd print with 
the grnper orierrlstiun couerd with u layer af fri~ker. 8 : )  Trace around r.hc w%ge of the spccimea with rr 
sharp knife cuts,iag ihrcrugh the &isksl but not the piiutucr$ragh, and remove tkr? ibisbet horn thv 
backgrwnd. %I> GraduaIb aiahrrlsh the Backgm?3.t1d with a mdit im or d a ~ k  %Tap: desig,lerfe gouj~ehrz, arad 
rrllnw the pairit Iu dry. Ei CareSuirH1.v rcnlove the Mxket tto cxpose (he sp?&i~nsu. %"i '%'he Gnished prcPduct. 



'I'ile trsc of tv;~:o pict~irr:~ of cI-IP srtsne :specj- 
rrlen taken frurn ciifffPretdi artgiev c:.axl gl'eabiy 
eidlallce the perccptior: of the irrlage 17y r~?k!!>g 
tha speci:?ze-tl appear ?.<: be ehrr:.-dimensicmd 
\Fig. 21 j. Ali'Eicugh se.i.er.al met.hods <a!-I be 
used ti:> inakc: sferec:. pairs (931, t.he specime~n- 
eile techniqr.le is the simplest 2nd easiest tc: i ~ s e .  

s ... tVi1e11 i! $ie~e~i-j:~Ri:' of ~sf!ii:r~graph~ is made 
>:Ge:$ns i:f fhc? spr;cimen.tiit technique (911. 

i:;rte photcig~apft of the specirnen is made by 
stendard msihods. ,413 outline of t.he specinnen 
is mxarked c?n the screen c?i' the dispiay tube with 

:s;l,:as peficii, and thi. spcci:rien is tgter? 4-.10" 
wi:h the stage tilt cctntlr,!. 'yi':t.irrg file rlr.rrlid.ode 
ohzrneeg man%/ factors s u c ] ~  as f(:,e:ls, ~c:,~t~.~fi l ; : '  
, , i:,!'lgh&~'if'~8, a>11:i !:rlrri.eaxer:i, of the specimr:n cr;n 
iJ;c screen- 'file fipeci>:nen is rea!i.gned on the 
screen to :maf.ch tks genci  oitf.tine, 2m:I ?.he 

image ia ~efocused with ihe Z ccntrol on the 
stage.. Cc;nisasi. and bsightnes:: levels use setid- 
justed, and u secor:rl photograph of tile specirni.11 
is made. ;{'he slcreo priis ear? be viesded, pso;ieckd 
or pabiisheci by means of scverul diffsrexlt 
tee-. .i~,riqiies (4(1,93'). 

:$lfhough t.ile 1:iglj.i :fnicrr:,sci:,!:r,r is likclp; i:o 
re,rnzrir: 1 . h ~  ln(:r::,st imj,!:o.t-ant instnlmeni used irl 
t.hg study fif ~lerrr;rtodcs, ISE.&$ pro:,idt...; new 
infoxnai.ic!n that, crrnnot kii: ol>i:sinc:-d wi1.h any 
<:!they preserrt. t.eil:niclne, It has given 1)s n 
bel;ci.r view of (he orgal-tixm ifseli, of ?.3e rela- 
tiotlihip betwem f he nematode ;311d the host, 
33-ttl of the intet.actio.n i;f nen~atodes and other 
iirg2nlisms. C~riainPy 9E?sT will become eve;: 
n1ore i ~ p ~ ~ t i ! ~ i ! .  in nernaiologs as new tech- 
niqms and procedures aTe deveIoperl. 

i 2 .  d~erev pair of a mate ul Melcridcrg~.ne ilzmgizitn (Iiofnid & Whlrfe) Q'h&wnnd. 
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Various methods have been employed in 
cytological and cytogenetic studies of root- 
knot nematodes. Nevertheless, only the 
"Feulgen" and the "propionic-orcein" methods 
have given relatively satisfactory results. Pre- 
sumably, the Feulgen method is the most 
reliable because it specifically stains only nu- 
cleic acids and none of the other cell compo- 
nents. This method has been used by Nigon (4) 
in the cytological study of several free-living 
nematodes and more recently by Dalmasso and 
his associates (1) in the study of several plant- 
parasitic species, including those of Meloidogyne. 
A description of the Feulgen method can be 
found in many general books on cytology (2,3,5). 

I used the Feulgen method in my early 
cytological studies on Meloidogyne with some 
degree of success, but later discontinued its 
use in favor of the propionic-orcein method 
which gave superior and equally reliable results. 
In comparison to the propionic-orcein method, 
the Feulgen method involves a more compli- 
cated procedure, especially if the commercially 
produced Schiff's reagent is not available, and 
also the chromosomes stained by this method 
are smaller, less deeply stained and less discrete 
because they are spread over a much smaller 
area. 

The propionic-orcein method, when properly 
employed, gives very satisfactory results. The 
chromosomes stain very heavily; they contrast 
sharply against the practically unstained cyto- 
plasm; and they appear relatively large be- 
cause of the swelling effect of the propionic 
acid. Furthermore, the cytoplasm remains in a 
semifluid state for several days after staining, 
and this feature allows further spreading of the 
chromosomes by application of gentle pressure 

on the coverslip. 
The propionic-orcein method, as employed 

in our laboratory for the study of Meloidogyne 
chromosomes, has been described in some 
detail earlier (6). Attempts by a small number 
of nematologists to use this method have not 
been universally successful. Apparently, there 
are several steps in the procedure that are 
critical if good results are to be obtained. In the 
following sections, the method is redescribed 
in more detail, in the hope that it will become 
more widely used not only with Meloidogyne 
spp., but also with many other types of 
nematodes. 

Selecting the appropriate nematode material 
for cytological study and using properly pre- 
pared stain are two aspects of utmost impor- 
tance which are often overlooked by prospec- 
tive users of the proprionic-orcein method. 
These aspects will be discussed first. 

1. PREPARATION OF 
PROPIONIC-ORCEIN STAIN 

The best quality of orcein stain can be 
prepared according to the method described 
previously (6). However, comparable results 
are obtained when 2.2 g orcein stain (natural or 
synthetic) is added to 100 ml of glacial propionic 
acid and boiled gently for at least 20 minutes 
(warning: boiling can suddenly become violent). 
The solution is cooled and then diluted by the 
addition of 100 ml of distilled water. The 
solution is passed through a fine filter paper for 
removal of any undissolved stain particles and 
is stored in glass dropping bottles (pipette 
bottles with ground glass stopper - Fig. lA), so 
that evaporation of the acid and precipitation 

PREVIOUS PAGE BLANK 



Cy tobogical Methods 

Fig. 1.  Staining Meloidogyne chromosomes: A) glass dropping bottle containing orcein stain; B) fine forceps; C) 
eyeknife; D) microscope slide with smears of four females; E) microscope slide with the smears and a cavity 
slide over it covering the drop of stain to prevent evaporation; F) temporary mount-a slide with four 
stained smears and a coverslip sealed with paraffin-lanolin mixture; G )  permanent mount-a slide with six 
stained smears embedded in euparal. 

of stain particles will be minimized. Such 
diluted stain will be good for several months 
but may require periodic filtration. 

2. SELECTION OF NEMATODE 
MATERIAL FOR 
CYTOLOGICAL STUDY 

The best material for studying oogenesis of 
root-knot nematodes consists of live, relatively 
young, egg-producing females, developing in 
the roots of very favorable host plants that are 
lightly infected and grown under the most 
favorable environmental conditions. Green- 
house cultures maintained at 23 to 28°C on 
favorable host plants, properly watered and 
fertilized, are the best source of nematode 
material. Infected roots of plants brought into 
the laboratory from the field usually are not 
very satisfactory for cytological studies. Females 
should be at the peak of their reproductive 
period, i.e. produce a large number of eggs per 
day. Usually, young females with white egg 

masses, containing about 100 to 300 eggs, are 
in the proper developmental stage. Very young 
and very old females produce eggs at a low rate 
and have only a few oocytes in the proper stage 
for cytological study. Very young females, 
however, are often favorable for the study of 
oogonial divisions, and very old females can 
give valuable information on advanced stages 
of maturation of oocytes (stages beyond telo- 
phase I) and cleaving eggs. 

A. Procedure for Obtaining Root-knot 
Nematode Females 

Wash the roots of infected greenhouse plants 
shortly before you plan to use them for extrac- 
tion of females. If for any reason you have to 
delay extraction of the females for a few hours 
or overnight, keep the roots wet in plastic bags 
at room temperature. Do not refrigerate them. 

Extract females from the galled roots using 
forceps and a dissecting needle, or a surgical 
eyeknife, and a stereoscope at  10-15X magnifi- 
cation. Females can be extracted directly from 



the wet roots and transferred immediately into 
a BPI dish containing 0.9% NaCl or, preferably, 
KC1 (Fig. 2E). Alternatively, small pieces of 
galled roots can be placed into the same 
solution in a Syracuse watch glass (Fig. 2D), 
and the females can be extracted directly into 
the solution. Never attempt to extract females 
h distilled water; they usually burst in a few 
minutes because of high turgor pressure. Fe- 
males thus extracted should be used for cyto- 
logical preparations immediately, or within an 
hour after extraction from the roots; otherwise 
the process of oogenesis is affected unfavor- 
ably and so is the quality of the preparations. 

B. Procedure for Obtaining Root-knot 
Nematode Eggs 

The young egg-producing females as de- 
scribed in the previous section, provide infor- 
mation about oogonial divisions and the early 
stages of maturation of the oocytes, usually up 
to metaphase I and, rarely, up to telophase I. 
The second maturation division, fusion of 
sperm and egg pronuclei and cleavage divi- 
sions cannot be studied from such nematode 
material. Usually, even before metaphase I, or 
as soon as a spermatozoon enters an oocyte, 
the egg membranes that will eventually form 
the egg shell become progressively less per- 
meable to the fixatives and stains. For the 
study of such advanced stages of maturation, 
material consisting of advanced oocytes and 
young mature eggs are obtained as follows. 

Select individual root galls containing egg- 
laying females of different ages from a good, 
lightly infected root system. llansfer a gall to a 
clean Syracuse watch glass containing 0.9% 
KC1 solution. Usingforceps and a needle, tease 
off the egg mass of each female on the gall. 
Subsequently, extract each female from the 
gall, and transfer it to a BPI dish containing 
KC1 solution. Discard the root gall, and repeat 
this procedure with the next gall until you have 
collected 15 to 30 females in the BPI dish and 
an equal number of egg masses in the Syracuse 
watch glass. A small number of eggs will have 
separated from the egg masses in the Syracuse 
watch glass and be free in the KC1 solution. 
These are the last of the eggs laid by the 
females, and they are free because they were 
not embedded firmly into the hardened gelati- 
nous matrix. These eggs are usually in an 
advanced stage of maturation or in an early 
cleavage division and are the ones needed for 

investigation of these advanced stages. Agitate 
the egg masses slightly with a needle to make 
certain that all the unattached eggs are sepa- 
rated and are spread individually in the solution. 
Using a fine pipette, collect and transfer these 
free eggs into another BPI dish. The egg 
masses can be discarded. Each of the two BPI 
dishes, one containing the eggs and the other 
containing the females, will be processed sepa- 
rately (proceed with Section 5). 

3. PREPARATION OF SMEARS FOR 
THE STUDY OF OOGONIAL 
DIVISIONS AND EARLY STAGES 
OF MATURATION OF OOCYTES 

Using a fine pipette, draw four of the females 
extracted earlier from the galled roots (Section 
2A), and transfer them with a small drop of 
water on a clean slide (rinsing with alcohol and 
wiping with tissue paper is sufficient). With 
very fine forceps, remove one female from the 
drop, and deposit it in the center of the same 
slide with as little water as possible. Wait for a 
few seconds until all the water that surrounds 
the female has evaporated. Then, holding the 
female with the forceps, make a cut at  the neck 
region with a sharp, surgical eyeknife. Immedi- 
ately draw the female body with the forceps 
along the slide applying slight pressure so that 
the body contents are smeared uniformly along 
a strip about 0.5 to 1 cm long. Slight tapping of 
the female body with the point of the eyeknife 
can help to make a more uniform smear. 
Discard the cuticle of the female. The smear 
dries in a few seconds and becomes clearly 
visible as a white strip. Smear the other three 
females in parallel strips, spaced about 2 mm 
from each other (Fig. ID). Proceed then imme- 
diately with the hydrolysis of the material. 

A. Hydrolysis 
In practically every cytological procedure 

described for other animals and plants, hydrol- 
ysis in 1N HC1, usually carried out a t  60°C, 
follows fixation of the material (2,3,5). When 
this procedure is employed for root-knot nema- 
todes, it results in unsatisfactory prepara- 
tions. The oocytes appear filled with large 
globules, and the cytoplasm absorbs much 
stain, thus obscuring observation of the chro- 
mosomes. However, I have found that slight 
hydrolysis, carried out at  room temperature 
before fixation, improves the quality of the 
preparations considerably. This treatment af- 
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Fig. 2. Staining Meloidogyne Chromosomes: A) Coplin staining dishes with fixative and 4590 propionic acid, 
respectively; B) glass alcohol burner; C) petri dish with 1N HCl. The inverted slide with the smears rests on 
two glass rods; D) Syracuse watch glass; E) BPI dish; F) cardboard box with sealing medium, paraffin- 
lanolin mixture; G) applicator used in sealing the coverslip of temporary slides with sealing medium. 

fects in some way (change of the pH?) the 
cytoplasm of the oogonia and oocytes which 
remains optically homogeneous, without any 
lipid or protein globules, and quite clear, 
practically unstained. 

Proceed as follows for the hydrolysis. Im- 
merse the slide with the smears in a 1N HC1 
solution prepared by mixing about 10 ml of 
reagent HC1 in 100 ml distilled water. This 
should be done immediately after you have 
made the smears (Section 3), i.e. before the 
nematode material has dried excessively. 

Note: Some material may be lost from the 
surface of the slides during hydrolysis. To 
minimize the loss of material, invert the slide 
and then lower it into the dish containing the 
HCl solution (Fig. 2C). The nematode material 
will thus be pressed against the slide as it 
touches the surface of the HC1 solution and will 
not be washed sideways. If, in spite of these 
precautions, much material is stilllost in a later 
step, allow the smears to dry for a longer 
period, i.e. 3 to  5 minutes, before immersing 
the slide into the HCl. In fact, the smears can 
be prepared and kept for several days, and 
possibly months, in a dry environment before 
they are processed for staining, with only slight 
reduction in quality of the final preparations. 

Still, for best results hydrolysis should be done 
immediately, without drying the material ex- 
cessively. 

Leave the slide in the HC1 solution for about 
5 to 10 minutes a t  room temperature, then 
remove it and wipe dry with tissue paper, 
leaving wet only the smears and a small area 
surrounding them. 

Note: You should keep track of the side of the 
slide that carries the smears to avoid wiping 
them out during this step. The smears a t  this 
stage are transparent and only faintly visible. 

The slide is now ready for fixation and 
should be immersed in the fixative before the 
smears dry out completely. I t  is important that 
most of the water is removed from the slide 
before immersion into the fixative because the 
fixative itself contains no water and should be 
kept free from water contamination. The pres- 
ence of water also will create turbulence when 
mixed with the fixative, and this may cause 
further loss of material. 

B. Fixation 
Immerse the slide in a Coplin staining dish 

(Fig. 2A) or other glass container filled with 
freshly prepared fixative consisting of three 
parts of absolute ethyl alcohol and one part 



glacial acetic acid. About 20 to 30 minutes of 
fixation are sufficient for oogonia and young 
oocytes at metaphase I, but 40 to 60 minutes 
may be required for oocytes a t  anaphase I, 
telophase I, or more advanced stages of matura- 
tion. During fixation, the nematode material 
turns white, and the smears are easily visible 
on the slide. 

C. Staining (20-40 min) 
Remove the slide from the fixative and wipe 

it dry with tissue paper leaving wet only the 
smears and a small area surrounding them. 
Place the slide on a perfectly level surface and 
wait a few seconds, until much of the fixative 
has evaporated from the area surrounding the 
smears. The smears themselves should be still 
wet. Apply one or two drops of orcein stain on 
the smears. Cover the stain with a deep-well 
(cavity) slide to prevent evaporation of the acid 
and precipitation of stain particles (Fig. 1E).  

Note: For best results, place the slide on a 
piece of plate glass previously leveled perfectly 
on a working table. If the slide is not perfectly 
level, the stain will have the tendency to move 
away from the smears and be sucked between 
the two slides. The same will happen if too 
much stain has been applied on the smears 
because the drop of stain spreads over a larger 
area as soon as it is covered with the cavity 
slide. 

D. Mounting 
Remove the cavity slide, and then hold the 

slide with the smears vertically on a piece of 
tissue paper to drain the excess stain. The 
smears are still soaked with stain. To remove 
the rest of the stain, immerse the slide for 3 to 5 
seconds in a glass staining dish containing 45% 
propionic acid. (Fig. 2A). 

Note: Some material may be lost during this 
step, especially if a lower concentration of 
propionic acid is used or if the washing period 
is extended. 

Remove the slide from the 45% propionic 
acid and place it on absorbent paper on the 
working table. The upper side of the slide that 
carries the smears is still wet. Take with the 
forceps a No-l,22-mm-square coverslip, dip it 
momentarily in the staining dish with the 45% 
propionic acid to wet it, and then apply it on 
the wet smears. Absorb the excess acid solu- 
tion with tissue paper until the coverslip settles 
firmly over the smears and does not move 
sideways. Any side movement of the coverslip 

should be avoided because the soft and deli- 
cate oocytes are easily destroyed. Allow the 
slide to dry slowly for 5 to 10 minutes, and seal 
the mount as soon as some air starts moving 
under the edges of the coverslip. 

A sealing medium can be prepared as follows. 
Add equal weights of paraffin and lanolin in a 
beaker, and place it in a hot water bath until the 
paraffin melts. Put the liquefied mixture into 
small flat cardboard containers, e.g. slide boxes, 
and allow to cool and solidify (Fig. 2F). A wire 
that is approximately 2 to 3 mm thick, 10 mm 
long, and attached to a wooden holder makes a 
suitable sealing applicator (Fig. 2G). Heat the 
wire end of the applicator over the flame from 
an alcohol burner (Fig. 2B), and then touch for 
a few seconds the paraffin-lanolin mixture to 
produce a small well of melted sealing material. 
Subsequently, draw the heated applicator along 
the edges of the coverslip, touching simul- 
taneously the surface of the slide and the 
coverslip. The applicator may have to be re- 
heated several times to ensure that the sealing 
medium is hot when deposited on the slide. If 
the medium is not sufficiently hot, the bonding 
with the glass surfaces will not be strong, and 
air may move under the coverslip within a few 
days. When application is performed prop- 
erly, the mount may not dry out even after 6 
months. The slide thus prepared is a tem- 
porary mount, ready for microscopic examina- 
tion. 

4. EXAMINATION OF TEMPORARY 
PREPARATIONS 

Slides prepared in Sections 3 to 3D consti- 
tute temporary preparations that should be 
examined microscopically within 3 or 4 days. 
During this period the oogonia and oocytes, as 
well as the rest of the nematode material 
surrounding them, remain soft. If further spread- 
ing of the chromosomes is desired, gentle 
pressure can be applied locally on the coverslip 
with a needle under low (100X) magnification. 
Within 4 to 5 days, the material hardens. 
Pressure is no longer effective in spreading the 
chromosomes and can only cause cracking, thus 
damaging the preparation. Still, such older 
preparations can be in satisfactory condition 
for cytological observations for several weeks, 
and even 2 to 3 months, if the mount is sealed 
properly so that it will not dry out. 

The smears can be surveyed through a 10X 
objective on a compound research microscope. 
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Advanced oocytes which have attained the 
shape of an egg, young oocytes which are still 
spherical or ovoid, the tips of the ovaries which 
usually remain intact, the oviduct-spermato- 
theca region of each gonad, and possibly other 
tissues of the nematode body can be observed 
(see Vol. I ,  Chapter 9, Fig. 2). 

The most clearly visible eggs in the entire 
preparation are those that are filled with glob- 
ules and often stained reddish. These eggs 
represent the advanced oocytes that have al- 
ready developed beyond anaphase I and have a 
thick egg shell that is not easily permeable to 
the fixative and the stain. They are not useful 
for cytological observations. Note: To study 
such advanced oocytes, one needs to follow a 
special cytological procedure (see Section 5). 

Some eggs are transparent or semitrans- 
parent, slightly tinted or completely unstained. 
These are young oocytes a t  prometaphase or 
metaphase I and are the most useful for cyto- 
logical observations. They usually are located 
close to the spermatothecae, although in many 
preparations, they may be found in any part  of 
the smear. Observe and study such eggs a t  a 
high magnification, preferably with a 90 or 
100X objective and 10 to 15X eyepieces. To 
increase the contrast of the reddish-purple- 
stained chromosomes, use a green filter, such 
as Kodak #58 (546 nm). With the green filter, 
the chromosomes are seen as black, whereas 
the surrounding cytoplasm or nucleoplasm is 
greenish and transparent. You may use a camera 
lucida or a drawing tube to make sketches of 
the chromosomal figures. Similarly you can 
photograph interesting figures using a medium 
or high-contrast, black-and-white film. 

For the study of oogonial divisions, observe 
in high magnification the tips of the ovaries. At 
the apex there is always an apical cell (cap cell) 
with a large nucleus, which never divides. 
Further posteriorly, there are many spherical 
cells, the oogonia, most of which are in a resting 
stage, but some of which may be dividing. 
Dividing oogonia can be examined a t  late 
prophase or a t  metaphase when the chromo- 
somes are usually well stained and discrete. 

5. PREPARATION OF SLIDES FOR THE 
STUDY OF ADVANCED STAGES OF 
MATURATION, CLEAVAGE 
DIVISIONS, AND THE PROCESS 
OF FERTILIZATION 

For this step, use the nematode material 

obtained according to the instructions given in 
section 2B. 

Proceed first with the BPI dish that contains 
the eggs. Add 2 to 3 drops of a mixture of 0.1N 
KOH in 0.4% NaOCl. Observe with a stereo- 
scope the egg shells becoming thinner as they 
dissolve through the action of the bleaching 
solution. Some eggs burst and their contents 
dissolve and disappear. Allow the reaction to 
proceed for 6 minutes, and thenusing a pipette, 
fill the BPI dish with distilled water to stop the 
reaction. Within 2 to 3 minutes, the eggs 
should settle to the bottom of the dish. 

Note: If an insufficient amount of water is 
added to the NaOCl solution, the eggs will 
remain in suspension, and the excess water 
cannot be removed without loss of many eggs. 

Using a fine pipette, remove most of the 
bleaching solution leaving the eggs undisturbed 
in the bottom of the dish. Refill the dish with 
distilled water. Allow a few minutes for the 
eggs to settle to the bottom, and remove the 
water again. Repeat the water change another 
time, but a t  this time fill the dish with 0.9 KC1 
rather than distilled water to avoid bursting the 
eggs which have very thin membranes. The 
total washing period should be a t  least 10 
minutes. Finally, concentrate the eggs by again 
removing the water, and add 2 or 3 drops of a 
1% gelatin solution. 

Note: Prepare fresh gelatin solution the 
same day you need it. In a small glass vial, add 
5 to 10 ml of distilled water and the appropriate 
amount of gelatin. Heat over a small flame until 
the gelatin dissolves. Allow to cool. The solu- 
tion now should be thin and very fluid. 

Mix the eggs with the gelatin solution and 
then transfer a drop of egg suspension to the 
center of a clean microscope slide. Spread the 
drop over a slightly larger area (about 1 cm 
square), and allow the gelatin solution to dry 
completely but not excessively (10 to 15 minutes). 
The slide can now be processed for staining in 
the same manner as the smears of females, 
starting with hydrolysis, fixation, etc. (Section 
3A-D). 

Note: The success of this method depends 
largely on the degree of dissolution of the egg 
membranes during NaOCl treatment. Pro- 
longed treatment will destroy all the very 
young eggs, whereas too short a treatment will 
not increase sufficiently the permeability of 
the shells of the old eggs. For best results, the 
time of NaOCl treatment should be varied and 



also the time of fixation extended to 1 or 2 
hours. 

Treat the females, contained in the other 
BPI dish (Section 2B), in the same manner as 
the eggs. However, puncture the females with a 
needle or an eyeknife just before the 2-3 drops 
of the KOH-NaOC1 mixture are added. In about 
1 minute, remove and discard the cuticles of 
the females, using stainless steel forceps. Ob- 
serve in the stereoscope the egg suspension, 
and stop the reaction as soon as you see some 
of the young eggs with thin membranes burst 
and dissolve. Usually, a treatment period of 3 
to 4 minutes is sufficient. By the end of this 
treatment, all the components of the nematode 
body will have been dissolved completely, and 
only the eggs at telophase I, or more advanced 
stages, will still be present. Wash and transfer 
the eggs into the gelatin solution in the same 
manner as described for the eggs obtained from 
the egg masses. 

6. PREPARATION OF PERMANENT 
MOUNTS ACCORDING TO THE 
QUICK-FREEZE METHOD 

Temporary mounts containing smears of 
females (Section 3D) or NaOC1-treated eggs 
(Section 5) can be made permanent by the 
method described below. However, some of 
the quality of the temporary preparations is 
lost in permanent mounts. Similarly, some 
valuable material on the slides, especially 
oocytes which have been previously squashed 
in order for their chromosomes to be spread, 
may be lost from the slides during the process. 
For this reason, the cytological study, including 
preparation of camera-lucida drawings and 
photographs, should be completed before a 
mount is made permanent. Temporary mounts 
should be made permanent as soon as possible, 
preferably within a few weeks or a month. 

The procedure for making a slide permanent 
is as follows. Place the slide on a flat surface of 
a piece of dry ice (solidified CO,). With the 
eraser ends of two lead pencils, or any other 
means, press the slide firmly against the dry 
ice to ensure quick and complete contact. The 
slide freezes instantaneously. Leave the slide 
on the dry ice for 3 to 10 minutes, and then 
using a scalpel, remove the sealing medium 
(1:l paraffin-lanolin, Section 3D) from around 
the coverslip. Insert a razor blade under one 
corner of the coverslip, and flip it free. Trans- 
fer the slide and the coverslip successively 

through the following alcohol baths (petri dishes 
can be used as containers): 

a) 95% ethyl alcohol for 2 minutes, 
b) 100% ethyl alcohol for 1 minute, 
c) 100% ethyl alcohol for 1 minute. 

Place the slide on absorbent paper on the 
working table. Do not wipe the slide. Add one 
drop of euparal on the smears or the eggs and 
cover with the same coverslip. The alcohol will 
evaporate in a few minutes. Allow about 1 hr 
until the euparal hardens slightly around the 
edges of the coverslip and then apply a small 
weight (e.g., a small glass vial filled with sand) 
to press the coverslip against the smears. The 
euparal will solidify slowly, and you can safely 
remove the weight and examine the slide micro- 
scopically within about 2 or 3 days. 

7. SUMMARY OF PROCEDURES FOR 
STAINING MELOIDOGYNE 
CHROMOSOMES WITH 
PROPIONIC ORCEIN 

A. Have available the following supplies 
and small equipment: 
1. Fine forceps (Fig. lB) ,  
2. Eyeknife (Fig. lC) ,  
3. 'Ikro Coplin staining dishes or 

equivalent glass dishes (Fig. 2A), 
4. Syracuse watch glasses (Fig. 2D), 
5. BPI dishes (small Syracuse watch 

glasses - Fig. 2E), 
6. Microscope slides and # 1 coverslips, 
7. Deep cavity slides, 
8. Pipettes (drawn to a fine point). 

B. Prepare the following solutions: 
1. Propionic-orcein stain (see text, 

Section 1) 
2. 1N HC1 (10 ml of reagent HC1 + 

100 ml distilled water), 
3. 0.9% KC1 or NaCl, 
4. Fixative (three parts of 100% ethyl 

alcohol and one part glacial acetic 
acid), 

5. 45% propionic acid. 
C. Procedure: 

1. Smear female nematodes (see text, 
Section 3)  or spread eggs (Section 5) 
on slides (Fig. ID), 

2. Hydrolysis (Section 3A - Fig. 2C), 
3. Fixation (Section 3B - Fig. 2A), 
4. Staining (Section 3C - Fig. lE ) ,  
5. Mounting (Section 3D - Fig. IF, 

2F-G). 
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The use of electrophoretic techniques in the 
study of soluble proteins and specific enzymes 
in many organisms has become very popular 
since the early 1960s. The theory and applica- 
tion of disc electrophoresis with polyacrylamide 
gels was first described in detail by Ornstein 
(13) and Davis (2) in 1964. The first biochemical 
taxonomic research on root-knot nematodes, 
conducted by Dickson et al. (3) in 1971 and 
Hussey et al. (7) in 1971, employed disc electro- 
phoresis for the comparison of proteins and en- 
zymes of various Meloidogyne species. 

In 1978, Dalmasso and Berge (1) adapted a 
miniature extraction and separation procedure 
(5,8,11,14) for the enzymatic analysis of ex- 
tracts obtained from a small number, or even 
single females, of Meloidogyne. This micro- 
disc system utilized separate gels for each 
sample. It was further improved by the use of 
thin gel slabs in which many samples can be 
processed simultaneously (9). 

In this chapter, the thin-slab polyacrylamide 
gel procedure that we have used in the in- 
vestigation of various enzymes of root-knot 
nematodes is described in some detail (4). 
Except for a few slight modifications, this pro- 
cedure is the same one employed earlier in the 
collaborative work between our laboratory and 
the INRA, Station de Recherches sur les 
Nematodes, Antibes, France (9). 

This method applies specifically to the study 
of adult females of Meloidogyne. Certain modi- 
fications of the extraction procedure will be 
required before it can be applied to other de- 
velopmental stages of Meloidogyne or to other 
types of nematodes. 

SELECTION OF NEMATODE MATERIAL 

Young, egg-laying females developing on a 
favorable host provide the best material for the 
study of most enzymes. Such material can 
easily be obtained from greenhouse cultures or 
from naturally infected host plants brought 
from the field. 

Care must be given to the preparation of 
nematode material. The infected roots should 
be gently but thoroughly washed free of soil 
and accompanying organic matter. Females 
with medium-sized, white egg masses can be 
teased out of the roots with forceps, a dissect- 
ing needle or an eyeknife, and the aid of a 
stereoscope at 10X magnification. The nema- 
todes are then transferred to chilled "extraction 
medium" (see next Section) in a solid watch 
glass or a cavity plate (Fig. 1A) resting on a bed 
of ice. 

EXTRACTION MEDIA 

The extraction medium in which the females 
will be macerated can have a great effect on the 
solubility and activity of a particular enzyme. 
For this reason, different formulations are 
used in the study of different enzymes. Extrac- 
tion media used for the enzymes included in 
this chapter are listed in Table 1. Media pre- 
pared with sucrose as the densifier should be 
used within one week after preparation because 
of the risk of fungal contamination. Media con- 
taining glycerol have longer storage life and re- 
main unfrozen at -10°C if the glycerol content 
is increased from the recommended 20% 
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Fig. I. Gel cassette and associated equipment. A) Cavity plate to hold nematode females prior to maceration; B) 
Mouth-operated pipette apparatus, mouthpiece (right), trap (center), and transfer pipette (left); C )  
Cassette in which the polyacrylamide gel will be cast; D) Spacer; E) Sample comb with the teeth inserted 
between the glass plates of a cassette; F) Dropping bottle with bromophenol blue dye solution. 

Table 1. Extraction m e d i a a .  

Sucrose-Tr i ton  (Cat,  Est, Got ,  Gpd,  Sod): 
20% (w/v) sucrose or glycerol 

2% (w/v) Triton X-100 
distilled water 

T R I S / H C l  [Trudgil l  + C a r p e n t e r  (lG)] (Mdh/Sod): 

20% (w/v) sucrose or glycerol 
0.170 TRIS 
0.1% ascorbic acid 
0.1% cysteine/HCl 
distilled water 
adjust to  p H  8.0 with HCl 

aSolutions are filtered after preparation and stored in the 
refrigerator between use. 

(Table 1) to approximately 35%. The higher 
concentration reduces the denaturing effect of 
freezing and thawing on proteins and better 
preserves enzymatic activity. 

EXTRACTION TUBES 

Nematodes are macerated in small tubes 
with the help of a glass pestle. The tubes are 
constructed from commercially available micro- 
hematocrit capillary tubes, 75 mm long x 1.2 

mm ID. These tubes are thoroughly washed 
with several changes of acetone for removal of 
coatings (heparin and dye) applied for hema- 
tology use and air dried overnight (Fig. 2A). 
Each tube is broken in the middle after being 
knicked with a file (Fig. 2B). Each half-tube is 
then heat-sealed a t  one end when the rough 
end is melted over a bunsen flame (Fig. 2C). 
Only the tip of the tube should be placed into 
the flame, while the tube is rotated between 
the thumb and finger. Some practice will be 
required in the production of usable tubes. 
The tubes should have a flat bottom and per- 
fectly parallel sides that allow the pestle to be 
inserted and rotate freely against the bottom of 
the tube. If the walls of the extraction tube are 
tapered, the pestle becomes wedged against 
the walls before it reaches the bottom and will 
not be effective in macerating the nematodes. 

PESTLES 

The pestles to be used for macerating the 
nematodes are prepared from glass rods (soda- 
lime glass). The center of a 3- to 4-mm-thick 
and about 120-mm-long glass rod is heated over 
a bunsen flame until it becomes soft. The rod is 
then removed from the flame, and the ends are 
pulled in opposite directions so the melted 
portion is drawn out in the center to approxi- 
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Fig. 2. Miniature glassware used for maceration of nematode females and for transfer of the aqueous nematode 
samples. A) Microhematocrit tube after acetone wash; B) and C) Microhematocrit tube broken into two 
halves, the lower half having been heat sealed at one end to form an extraction tube; D) Microhematocrit 
tube that has been heated and drawn out to form a sample pipette; E) Sample pipette; F) Pestle used for 
maceration of nematode females inside the extraction tube (C). 

mately 0.5 to, 0.7 mm in thickness. They are 
held in this position until the glass in the center 
cools off and becomes rigid. The rod is broken 
in the center at the thinnest region, thus 
producing two pestles. The thin end of each 
pestle is reinserted into the flame and rotated 
until it melts to produce a small ball, slightly 
larger than the inside diameter of the extraction 
tube (about 1.3 mm in diameter). This ball is 
then carefully sanded with fine emery cloth on 
all sides and the end so the pestle will fit into 
the extraction tube with close allowance. The 
final steps of sanding and checking of the fit of 
the ball into the bottom of the tube is done with 
the help of a stereoscope at 10X magnification. 
The sanding also produces abrasive surfaces 
required to macerate the nematodes. The pestle 
should be able to reach the bottom of the extrac- 
tion tube and rotate freely making good contact 
with the bottom of the tube (Fig. 2F). 

PIPETTES 

Two types of small pipettes are needed. The 
first, a transfer pipette is used to transfer 
female nematodes into the extraction tubes. It 
is a pasteur pipette (soda-lime glass) that has 
been heated and drawn out to a thickness 
slightly smaller than the internal diameter of the 
extraction tube (Fig. 1B). The second type, a 

sample pipette, is used to transfer the aqueous 
fraction of the nematode extract (Fig. 2E). 
This type is a microhematocrit tube that has 
been heated and drawn out to a very small size 
that will fit between the glass plates of the 
cassette and into the sample well of the stack- 
ing gel (see the Section Electrophoresis and 
Staining of the  Gels). Both types of pipettes 
can be controlled by means of a mouth-operated 
apparatus consisting of a series of thin rubber 
hoses and a trap (Fig. 1B) (17). The mouth- 
operated apparatus enables the operator to 
transfer the nematodes and the extracted sam- 
ples quickly and with exceptional precision. The 
pipette can be thoroughly washed between 
samples if the end is placed into a beaker con- 
taining distilled water and filled and emptied 
four to five times. 

EXTRACTION PROCEDURE 

1. Female nematodes are harvested and 
placed in chilled extraction medium. 

2. One to four nematodes with a minimal 
amount of extraction medium are transferred 
into an extraction tube by means of a transfer 
pipette. 

3. The females are macerated by rotation of 
the pestle against the bottom and sides of the 
extraction tube. 
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4. Additional extraction medium is added to 
increase the total volume of the crude sample 
to about 10 p1. 

5. The crude sample is frozen at -10°C until 
electrophoresis. The samples are stored in 
labelled bottles or vials with air-tight lids for 
long periods (3-4 months) without noticeable 
loss of activity of most enzymes. 

SAMPLE COMB 

Wells are created in the stacking gel into 
which the nematode extract will be loaded by 
means of the sample comb. Although sample 
combs of different types are available com- 
mercially, they can preferably be constructed 
in the laboratory from the same plastic material 
that is used for the spacers separating the glass 
plates of the cassette (Fig. 1C). Alternatively, 
plastic rulers, about 0.6 or 0.7 mm thick, 
usually available at bookstores, can be em- 
ployed as material to construct the spacers 
(Fig. ID)  and comb (Fig. 1E). Combs are 
designed with about 10 to 25 teeth, depending 
upon the size of the cassette. Teeth [1.5 (bot- 
tom) x 20 x 3.0 mm (top)] should be spaced at 
least 3 mm apart so that fusion of the bands 
from neighboring samples is avoided. The ma- 
terial between the teeth of the comb is removed 
with a sharp knife, and then the teeth are 
rounded off with the edge of the knife. 

ELECTROPHORESIS APPARATUS 

There are many thin-slab (0.6- to 1.5 mm- 
thick gels) electrophoresis apparatus available 
commercially that can be used in electrophoretic 
work with nematodes (Fig. 3, Table 2). Each 
apparatus requires a slightly different tech- 
nique by which the polyacrylamide gel is cast. 
The principle, however, is the same. The acryl- 
amide gel is cast in a cassette (Fig. 1C) made 
up of two glass plates separated by two spacers 
(Fig. ID)  of certain thickness. The cassette is 
held together by various devices (clamps, tape, 
etc.) according to the instructions provided by 
the manufacturer of the electrophoretic appa- 
ratus. See Maurer (10) for a general description 
of polyacrylamide gel methods. 

CASSETTES 

The glass plates used for construction of 
cassettes are washed carefully with soap and 
water, rinsed in distilled water and dried after 

Table 2. Laboratory equipment lista. 

RefrigeratorlFreezer 
Microhematocrit tubes (Fisher # 02-668-68) 
Microhematocrit centrifuge (Fisher # 05-040) 
Power Supply 0-300 volts DC (Bio-Rad # 165-4700) 

(Fisher # 09-528-1 11) 
pH Meter 
Glass rods - 4 mm flint glass 
Pasteur pipettes - flint glass (Fisher # 13-678-6A) 
Electrophoresis apparatus (Bio-Rad # 165-1422) 

(Pharmacia GE-214) 
(Bethesda Research Labs # 1070 HE, # 1072 HE) 

Bunsen burner 
Rubber gloves 
Face mask - particulate (Fisher # 13-995-15) 
Glass dishes - 2 x 15 x 20 cm 
Vacuum pump (Fisher # 01-182) 
Vacuum dessicator or bell jar 
Incubator - temperature controlled 
Magnetic stir plate and stir bars 
Cavity plate (Fisher # 13-748B) 

aManufacturers and products mentioned here are only a small 
portion of the potential suppliers of equipment and chemi- 
cals needed for electrophoresis. The mention of a particular 
product is for descriptive purposes only and does not imply 
that other similar products are not suitable. 

each use. Immediately before construction of 
the cassettes, the glass plates are washed with 
95% ethanol and air dried at room temperature. 

The cassettes are constructed according to 
the manufacturer's procedures, and then rinsed 
in a 1% solution of Kodak Photo Flow 200. The 
Photo Flow coating prevents the gel from ad- 
hering to the glass and facilitates its removal 
from the cassette later on. The cassettes are 
placed vertically to drain out the excess Photo 
Flow, allowed to air dry for about 1 hr, and then 
are placed into an oven to dry at  70°C for 3 hr. 

CASTING POLYACRYLAMIDE GELS 

The stock solutions used in the preparation 
of the separation and stacking acrylamide gels 
are given in Table 3. The gel systems described 
here (Tables 3 ,4 )  have been used successfully 
in our laboratory, but there are many other 
systems that may also give satisfactory results 
(12,18). 

The separation gel is prepared first. The 
chemical stock solutions (Table 3) are mixed in 
the proper ratio, according to Table 4, but 
without the ammonium persulfate solution 
(Table 3, G). The mixture is placed in a vacuum 



Fig. 3. Assembled electrophoresis apparatus (right) and power supply (left). 

Table 3. Stock solutions for acrylamide gel preparation [Davis (2)) a. 

Solution A 
l N HCl, -35 ml 
TRIS, 36.6 g 
TEMED, 0.23 ml 
Adjust to pH 8.9 with 1 N HCl 
Water to 100 ml 

Solution B 
1 N HCI, -48 ml 
TRIS, 5.98 g 
TEMED, 0.46 ml 
Adjust to pH 6.7 with 1 N HCI 
Water to 100 rnl 

Solution D 
Acrylamide, 10.0 g 
BIS, 2.5 g 
Water to 100 ml 

Solution F 
Sucrose, 40.0 g 
Water to 100 ml 

Solution A2 - esterase gels 
l N HCl, -20 ml 
TRIS, 18.3 g 
TEMED, 0.23 ml 
Adjust to pH 8.6 with 1 N HCI 
Water to 100 ml 

Solution C 
Acrylamide, 28.0 g 
BIS, 0.735 g 
Water to 100 ml 

Solution E 
Riboflavin, 4 mg 
Water to 100 ml 

Solution G 
Ammonium persulfate, 0.14 mg 
Water to 100 ml 

Bromophenol-blue dye 
Bridge-buffer-stock solution Bromophenol blue, 1 mg 

TRIS, 6.0 g Bridge buffer, 1 ml 
Glycine, 28.8 g 
Adjust to pH 8.3 
Water to 1 liter 
Dilute 1 part of stock solution 

with 9 parts of water before use. 
- 

' ~ 1 1  stock solutions are filtered after preparation and stored in the refrigerator. 
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Table 4. Acrylamide gel preparation 
[Davis (2)] a. 

Separation Gel - small pore gel 
1 part stock solution A or A2 (esterase) 
2 parts stock solution C 
1 part water 
4 parts stock solution G 
pH 8.9 (8.8 - 9.0) 

Stacking Gel - large pore gel 
1 part stock solution B 
2 parts stock solution D 
1 part stock solution E 
4 parts stock solution F 
pH 6.7 (6.6 - 6.8) 

aStock solutions are warmed to  room temperature prior to 
gel preparation. 

(5 micrometers Hg) for 10 to 15 minutes for 
removal of much of the air (oxygen will inhibit 
the chemical polymerization of the acrylamide 
gel). The proper amount of ammonium per- 
sulfate solution is measured in a separate 
beaker. After the acrylamide gel solution is 
removed from the vacuum, the ammonium per- 
sulfate solution is carefully poured down the 
side of the beaker containing the acrylamide 
and slowly mixed. When completely mixed, the 
solution is poured into the cassette following 
the specific procedure recommended by the 
manufacturer. The cassette is filled to a level 
15 mm from the top. This amount leaves suffi- 
cient space for the stacking gel to  be applied 
later. The cassette is secured on a stand in a 
vertical position. A thin layer of water is then 
applied evenly on the top of the separation gel, 
by means of the mouth-operated sample pi- 
pette. This layer of water flattens the top sur- 
face of the separation gel and prevents oxygen 
in the air from inhibiting polymerization. Even 
distribution of the water, which produces a flat 
surface on the top of the separation gel, is very 
essential and requires some practice (2 , l l ) .  
The cassette should be left undisturbed ap- 
proximately 30 minutes for polymerization of 
the gel. Routinely, we prepare the separation 
gels one day prior to  their use. 

After gel polymerization, the water layer on 
top of the separation gel is removed with a 
sample pipette, until no water is visible on the 
surface. The stacking gel can then be poured 
on top. The stacking gel is prepared from the 
stock solutions in Table 3, as described in 

Table 4. While the stacking gel solution is 
mixing, the comb is inserted between the glass 
plates a t  the top of the cassette. The comb is 
positioned so that the teeth are about 5 mm 
from the surface of the separation gel. The 
stacking gel solution is added by means of a 
pipette and flows around the teeth of the comb, 
filling the entire space to the top of the cassette. 
The stacking gel is polymerized by a reaction 
activated by ultra-violet light (2).  A fluorescent 
lamp without a diffusing cover is placed very 
close to the cassette containing the unpoly- 
merized stacking gel. After 15 minutes, addi- 
tional stacking gel solution may be added to 
replace any that has leaked during polymeriza- 
tion and to bring the gel back to the top of the 
cassette. Polymerization may take up to 30 
minutes . 

The wells can be numbered on the outside of 
the glass plate of the cassette with an indelible 
marking pen. After polymerization, the comb 
is carefully removed by being slowly pulled up- 
ward. The empty wells left in the stacking gel 
are cleaned by means of a sample pipette which 
removes any loose pieces of gel. The cassette is 
placed in the electrophoresis apparatus, and 
the upper and lower tanks are filled with bridge 
buffer (Table 3). A sample pipette is used to  
remove any air trapped in the sample wells so 
that the wells become filled with bridge buffer. 

ELECTROPHORESIS AND STAINING 
OF THE GELS 

Sample tubes containing the nematode ex- 
tracts (see Section Extraction Procedure) 
are removed from the freezer and are orderly 
arranged in a numbered rack. The numerical 
sequence of the samples is maintained through 
the entire electrophoretic procedure, so that 
each sample can be properly identified later on 
the stained gel. The sample tubes are placed 
into the microhematocrit centrifuge in numeri- 
cal order and spun a t  13,000 g for 15 minutes. 
Centrifugation and electrophoresis are done a t  
low (-5°C) temperature. The samples are re- 
moved from the centrifuge and placed back 
into the sample rack in the same numerical 
sequence. As a result of the centrifugation, the 
nematode extract is separated into three frac- 
tions: the insoluble pellet a t  the bottom of the 
tube, the clear aqueous phase in the middle, 
and the lipid-rich layer a t  the top. The tube is 
knicked with a file just below the lipid layer and 
broken so that  the lipid fraction can be dis- 
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carded. The clear aqueous phase is drawn into 
a sample pipette and transferred carefully into 
a sample well in the stacking gel. 

The sample is viscous and more dense than 
the bridge buffer, because it contains sucrose 
or glycerol, and will remain in the well without 
mixing with the buffer. After all the samples 
are loaded in the sample wells of the stacking 
gel, a drop of bromophenol-blue dye solution 
(Table 3) is added to the bridge buffer in the 
upper tank, and the electric current is turned 
on. The electric potential is set a t  80 volts for 
the first 30 minutes and allows stratification of 
the proteins in the sample according to their 
relative charge (13). After 30 minutes it is in- 
creased to 200 (or 300) volts and kept at this 
level for the remainder of the separation period. 
Approximately 15 minutes after the electricity 
is turned on, a definite band of bromophenol 
dye should be visible in the gel. 

Approximately 30 minutes before the bromo- 
phenol dye band is expected to reach a point 
marking 100 mm of migration, preparation of 
the enzyme-stain solution (Table 5) is initi- 
ated. Generally, the buffer, substrates, chela- 
tors, and coenzymes are mixed together first on 
a stir plate. The dye and other photosensitive 
chemicals are added to the buffer solution just 
prior to use. It is a good practice to cover the 
stain solution with an opaque cover to prevent 
light from affecting the chemicals. When the 
band of bromophenol-blue dye has migrated 
approximately 100 mm, the power supply is 
turned off, and the cassette is removed from 
the electrophoretic apparatus. The clamps or 

tape holding the cassette together are removed, 
and the glass plates are pried apart. The ad- 
herence of the gel to one of the plates allows the 
gel to be handled easily while cutting off the 
unused portion. The bottom of the gel is cut 
along the band of bromophenol dye, thus mark- 
ing the bottom of the gel. Then the lower corner 
of the gel that corresponds to the position of 
the last sample loaded in the gel is cut off 
diagonally. The physical marking of the gel at  
this point is essential for later identification of 
the samples, especially after the gel is stained 
and stored. After the gel is properly marked, it 
is washed off the glass plate into a glass dish 
using a stream of water from a wash bottle. The 
plate with the gel is held just above and with 
some slope toward the dish, so that the gel will 
slide easily into the dish, without tearing. The 
water is poured out of the dish, and the staining 
solution is poured over to cover the gel thor- 
oughly. The dish is covered with a plastic sheet 
and placed into the incubator in the dark at  
37°C. The staining solution should be agitated 
every 10 minutes by slow movement of the dish 
from side to side, to ensure even staining. 

The dish is removed from the incubator, and 
the stain solution is poured off after about 30 to 
60 minutes of incubation, i.e. when the enzyme 
bands are sufficiently stained. Tap water is 
added to wash the gel from any remaining stain- 
ing solution, and then the gel is stored in 7% 
acetic acid solution, in an air-tight container. 
The enzyme phenotypes of the nematodes 
under study are now recorded and can be com- 
pared to those of the controls in the same gel. 

Table 5. Staining solutions for enzyme detection. 

Catalase (Cat) [Harris + Hopkinson (6)]: Regions of Est  activity appear as dark areas on a clear 
Place gel in dish resting on a bed of ice, chill 10 background. 

minutes. Esterase stain solution 
Cover the gel with a 0.01% solution of hydrogen per- potassium phosphate buffer O1.M pH 7.2, ml 

oxide, for 20 minutes. EDTA, 30 mg 
Rinse gel with two changes of distilled water. Fast Blue RR salt, 60 mg 
Cover the gel with stain solution, agitate slowly for 1-2 a-Napthylacetate 40 mg dissolved in ml acetone 

minutes. add dropwise to the buffer while stirring. Vacuum 
Rinse gel with water, store gel in 7% acetic acid. filter to remove insoluble material. 
Regions of Cat activity appear as clear areas on a blue- 

green background. Glutamate-oxaloacetate transaminase (Got) 
Catalase stain solution [Harris + Hopkinson (6)) : 
Potassium ferricyanide, 0.5 g Cover gel with stain solution, and incubate at  37°C for 
Ferric chloride, 0.5 g approximately 1 hr. 
Water, 100 ml Got bands appear as blue regions on an orange back- 

ground. 
Esterase (Est) [Harris + Hopkinson (6)]: 
Cover gel with staining solution, and incubate at  37°C 

for approximately 1 hr. continued on next page 
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Table 5 (continued) 

Got stain solution 
a-Ketoglutaric acid, 37 mg 
L-Aspartic acid, 133 mg 
PVP-40, 0.5 g 
EDTA, 50 mg 
Sodium phosphate (dibasic), 1.42 g 
Fast Blue BB salt, 100 mg 
Distilled water, 100 ml 

Glycerol-3-phosphate dehydrogenase (Gpd) 
a-glycerophosphate dehydrogenase [Harris  + 
Hopkinson (6)] : 
Cover gel with staining solution, and incubate at  37°C 

for approximately 1 hr. 
Regions of Gpd activity appear as dark bands on a 

clear background. 

Gpd stain solution 
TRIS, 0.29 g 
Water, 80 ml 
Adjust to pH 8.0 with HCI 
DL-Glycerol-3-phosphate, 1.3 g 
Sodium pyruvate, 400 mg 
NAD, 40 mg 
MTT', 10 mg 
PMS, 10 mg in 10 ml water 

Malate dehydrogense/superoxide dismutase 
(MdhISod) [Harris  + Hopkinson (6)] : 

Cover gel with stain solution, and incubate at  37°C 
for approximately 1 hr. 

Mdh bands will appear as dark bands in the gel. 
Sod bands will appear as clear bands in the gel. The 

Sod bands will fade in a few hours, so results must be 
recorded as soon as possible. 

Mdh/Sod stock solutions 
(Stock solutions can be stored at  5°C) 

Stock solution A 
Sodium carbonate, 10.6 g 
L-Malic acid, 1.34 g 
Water up to 100 ml 

Stock solution B 
TRIS, 6.06 g 
Adjust to pH 7.1 with 2N HCI 
Water up to 100 ml 

Mdh/Sod Stain solution 
Stock solution A, 10 ml 
Stock solution B, 15 ml 
NAD, 50 mg 
NBT or MTT, 30 mg 
Water, 50 ml 
PMS, 2 mg in 26 ml water 

Superoxide dismutase (Sod) [Ravindranath t 
Fridovich (15)] : 

Cover gel with stain solution, incubate at  37°C for 20 
minutes, in the dark. 

Remove from the incubator, and place under light. 
Bands of Sod activity will resolve as clear areas in the 
gel. 

Sod stain solution 
TRIS, 0.61 g 
Water, 100 ml 
Adjust to pH 8.2 with HCI 
Sodium EDTA, 7.5 mg 
Riboflavin, 4 mg 
NBT, 10 mg 
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Nematologists have been concerned with the 
basic host-parasite interactions of nematodes 
and their hosts, including damage potential and 
population dynamics, during the last 30 years. 
There is an increasing need for host responses 
to nematodes, including growth and yield, to 
be quantified so that basic information can be 
provided for integrated pest management pur- 
poses. The many confounding factors often 
implicated in nematode effects on plants must 
be identified and characterized systematically 
for meaningful data to be developed. Some of 
the components of these interactions, such as 
host suitability and efficiency, can be deter- 
mined in greenhouse experiments. In con- 
trast, the damage potential of single species of 
nematodes can be determined with reasonable 
confidence only under field conditions where 
normal environmental stress is imposed upon 
the host plants. Because of the polyspecific 
nature of nematode communities and the con- 
tribution of associated microflora in natural 
field infestations, many problems are often en- 
countered in differentiating damage caused by 
single species of nematodes as well as the 
related population dynamics under such con- 
ditions. Small field plots with barriers to retain 
the nematodes, often called microplots, have 
much potential for these purposes. 

Nematode population experiments in field- 
microplots, specifically designed to overcome 
many of the difficulties associated with field 
plots, were first conducted by Jones in the 
early 1950's (9). By plotting initial population 
levels versus final numbers of Heterodera 
schachtii on sugar beet, and then comparing 
this plot to that for nonhost crops and fallow, 
he developed the notion of a ceiling level, 

which evolved into the concept of an equilibrium 
density. The use of microplots, which gives 
more control of the experimental variables 
than do typical field experients, has been em- 
ployed by many nematologists, plant patholo- 
gists, and agriculturalists. 

The application of microplot techniques in 
nematology is an important component to be 
considered in the decision to use microplots. 
Types of barriers that may be constructed, 
methods of installation, and procedures used 
in infestations with various nematodes can 
then be determined. Some examples of results 
that can be derived from such experiments will 
be discussed. Some advantages of these tech- 
niques will be presented, and selected prob- 
lems and shortcomings will be enumerated. 

APPLICATIONS 

Nematologists have used microplots exten- 
sively for many reasons. Advantages inherent 
in microplot techniques include several facets. 
They are utilized in field conditions, but mini- 
mize variation normally encountered in the 
field. Many plots may be placed in a small area. 
Most importantly, they offer a means of differ- 
entiating the effects of various biotic and 
abiotic factors on the population dynamics of 
nematodes. This methodology is becoming in- 
creasingly important in investigations of the 
quantitative relationships between nematodes 
and plants. They have much promise in the 
characterization of disease complexes, includ- 
ing those with plant-parasitic nematodes. 

Microplot methodology also has a number of 
inherent problems that must be considered. As 
with greenhouse and phytotron experiments, 
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results obtained in microplots should be vali- 
dated in parallel full-scale field tests. Data ob- 
tained may apply to limited geographic and 
climatic areas. This criticism, however, is also 
true with most field experiments. Multiple 
species contamination can be a serious problem 
in microplots, especially with nematodes such 
as Paratrichodorus spp. which often are diffi- 
cult to eradicate with fumigant nematicides. 
Similarly, special efforts are required for eradi- 
cating nematodes on deep-rooted plants prior 
to establishing experiments in such niches. 
One must be aware that methyl bromide treat- 
ments may suppress plant growth which can be 
overcome with appropriate waiting periods. 
Other shortcomings include the fact that these 
plots require much hand labor and frequent 
use of expensive nematicide treatments. The 
greatest disadvantage of microplot research 
concerns the fact that data interpretation and 
conclusions usually cannot be extrapolated 
directly to the field situation. This is particu- 
larly important with regard to the relationship 
of initial nematode densities to crop growth 
and yield. 

TYPESOFMICROPLOTS 

Most microplots employed for nematode re- 
search range in size from about 25 X 25 cm to 
about 1 m2 (soil surface area) [Figs. 1,2,3]. The 
smaller plots often pose problems for moderate- 
to large-sized plants, since available soil mois- 
ture becomes limited rather quickly. This prob- 
lem is minimized when automated irrigation 
systems are used. Perennial plants such as 
peach may require that these plots be in the 
range of approximately 5 X 5 m. Plots of ap- 
proximately one-half square meter are satis- 
factory for most annual plants as well as 
smaller perennial plants. 

Various types of materials have been utilized 
in the construction of microplots. Jones (9) 
used slotted concrete posts for corners and 
sided each plot with paving stones. These 
posts and paving stones were jointed with 
"Bitumastic." The surface area of these plots 
was 0.65 m2 or 116000 of an acre. Similar 
concrete paving stones have been used by 
other investigators (14). The depth of these 
and other barriers usually ranges from 30 to 
about 60 cm. Although unnecessary in most 
soils, drainage tiles may be installed in poorly 
drained locations (14). 

High quality fiberglass (flat, clear, 15% 
acrylic fortified, about 2mm thick) is an excel- 
lent material for constructing rectangular micro- 
plots of almost any size (2,18). This rather 
heavy fiberglass is cut to the desired lengths 
and the corners cemented together. The basic 
procedure for assembling these materials is 
described as follows. The corners to be cemented 
together must be sanded with a belt sander. 
Both sides of the ends to be joined should be 
sanded. 

Several precautions are necessary. Some 
type of mask should be worn to prevent in- 
halation of fiberglass dust. Protective clothing 
should be worn and a shower taken immediately 
after working with the sander. All work with 
these materials should be done in open 
areas. Immediately prior to assembly, the 
sanded areas should be cleaned with acetone. 
Small strips of duct tape can be used to hold 
the four pieces of fiberglass together before 
attaching the fiberglass tape. The precut strips 
of fiberglass tape (10 cm wide X 70 cm) are 
dipped into a polyester resin (Aropol; Ashe- 
land Chemical Co., Ashland, Kentucky) with 
activator (Lupersol DDM; 60% methyl ethyl 
ketone peroxide in dimethyl phathalate; Luci- 
do1 Division, Pennwalt Corp., Buffalo, NY) and 
then placed on one side of each joint. The 
pieces of fiberglass tape are simply pulled 
through a pan filled with the resin plus hardener 
before being attached to the fiberglass. A 
second coat of resin should be applied with a 
paint brush after the first coat has dried. At- 
taching the fiberglass tape to both sides of each 
joint increases the durability of the fiberglass 
barriers. The materials for constructing such 
microplot barriers may be purchased at most 
plastic supply houses. 

A lighter fiber lass (flat, clear, 15% acrylic 8 fortified, 5 ozlft (0.16 g/cm2), 0.9 mm thick 
[Lascolite Crystalite, Lasco Industries, Flor- 
ence, Kentucky] is ideal for making circular 
fiberglass plots of any size. This material can 
be cut, sanded, and assembled into the desired 
size with resin and fiberglass tape, as described 
for the rectangular plots. Similar materials manu- 
factured by other companies should be satis- 
factory. A much improved, simpler and more 
efficient method of construction of the circular 
fiberglass barriers was developed by Rodriguez 
and Beute (Pers. Comm.). They drill paired 
3/16" diam holes in the ends to  be connected 
and rivet them together with pop-gun rivets of 



Fig. 1.  General view of microplots with various species of plants and nematodes [after Barker et al. (2)]. 

the same size as the drilled holes. Washers of 
the appropriate size should be used with these 
rivets to strengthen the seams. These seams 
then may be sealed with any high-quality 
silicone caulking material. Some researchers 
indicate that the latter step is unnecessary, but 
I suggest that it be followed. 

Glazed or unglazed tiles of various sizes as 
small as 25 X 25 cm have been used success- 
fully by a number of investigators (3,11,12,17, 
18). Unglazed tiles, 25 cm diam by 30 cm long, 
have proven to be satisfactory for investigation 
of disease complexes on potato (11,12). 

TYPES OF INSTALLATION 

The rectangular type of microplot barrier 
must be installed by the opening of trenches 
with a tractor-mounted backhoe or a "ditch 
witch." As indicated earlier, a provision for 
drainage by the use of tile or gravel may be 
necessary in poorly drained areas. One must 
be concerned with damage to the fiberglass or 
other materials during the back-filling opera- 
tions. This problem is minimized when the soil 

is replaced by hand with a shovel. A major 
disadvantage of these types of plots is the dis- 
ruption of the soil profile for the deeper barriers. 

Circular fiberglass barriers can be installed 
with the aid of a device (M-cutter) that is 
mounted on a tractor-powered gear box and is 
normally used for soil augers (2). This appa- 
ratus removes the soil around a 70-to-80-cm- 
diam ring (about 10 cm wide) to depths of 50- 
55 cm, thereby facilitating establishment of 
permanent fiberglass barriers for microplots 
with minimal disturbance of the soil profile 
(Fig. 4).  A very different method of barrier 
installation was developed by Johnson et al. 
(8). Their system utilized high water pressure 
to remove the soil in a 4-cm band on the 
perimeter of the 76-cm-diam circle to a depth 
of 50 cm. Unfortunately, both of these methods 
are better suited to sandy soils. It may be 
necessary to use a backhoe in very heavy clay 
or rocky soils. The clay-tile barriers may be 
installed on a permanent basis with a backhoe 
(17,18), or the smaller ones may be placed in 
deep furrows on an annual basis (11,12). 
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Fig. 2. Comparison of rectangular (A) and circular (B) fiberglass microplot barriers. Note controls (C,D) vs. 
Meloidogyne species-infected plants (A,B). 

PREPARATION AND INFESTATION 
OF MICROPLOTS 

Considerable effort and expense are required 
in preparation of microplots for infestation by 
the desired numbers and kinds of nematodes 
and/or other soil organisms. The soil must be 
treated with methyl bromide a t  a rate of 50-150 
g/m2 to kill indigenous nematodes and other 
soil pests. The soil in each plot should be tilled 
to a depth of 20-30 cm, and 3 or more holes at  
least 40 cm deep should be made in each plot to 
facilitate penetration by the methyl bromide. 
The entire plot area should be covered with 
plastic prior to treatment with methyl bromide. 
Nematodes or plants should not be introduced 
into the plots for 1-2 months after treatment. 
Tillage of the soil two or three times after re- 
moval of the plastic cover will enhance the 
dissipation of the toxic gas. 

Greenhouse- or monoxenically grown inocula 
may be used for infesting microplots to the 

des i red  levels  (3 ,4 ,8 ,11 ,12 ,14 ,19 ,21 ,22) .  
Meloidogyne spp. can be increased on tomato 
in the greenhouse. Infected plants should grow 
for approximately 10-12 weeks before the har- 
vesting of inocula. Standardized, chopped, 
infected roots or NaOC1-extracted eggs may 
be utilized to infest the plots to desired levels 
(3). NaOC1-extracted eggs should be employed 
for more critical experiments (4). One should 
expect about 20% of the eggs to give rise to 
juveniles that will be successful in penetrating 
host roots when this technique is used. 
Monoxenic culture of nematodes for this and 
other purposes is described in the chapter by 
Koenning and Barker (10). This type of 
monoxenic inocula has been used successfully 
for Pratylenchus species (12). 

Appropriate numbers of mycorrhizal fungi, 
such as Glomus spp. and other beneficial 
organisms (Rhizobium spp. for legumes), also 
should be introduced into each plot at  the time 
of nematode infestation (4,19). These organisms 



Fig. 3. Installation of unglazed clay tiles in the study of the early dying complex of potato in Ohio. A) View of tiles 
used as  single-plant plots; B) Use of "ditch-witch" to open furrows for placement of tiles (Courtesy of M. J. 
Martin, R. M. Riedel and R. C. Rowe). 

should be applied at  the same rates to all plots 
including the "no-nematode" controls. Where 
infected root material is used to establish the 
desired levels of nematodes,  appropriate 
amounts of healthy root material should be in- 
corporated into the control plots and lower 
density plots to give an equal amount of root 
material for each plot. 

The quality of data obtained from such 
microplots is greatly dependent on preparation, 
precise infestation, and thorough but not ex- 
cessive mixing of the inoculum into each plot. 
Microplot experiments can give useful quan- 
titative data for most crops. Because of mini- 
mal competition, an abnormal result some- 
times encountered is an annual crop yield two- 
to three-fold greater than that which occurs 
with normally spaced plant populations. This 

problem can be overcome with continuous 
normal spacing of plants within and between 
the microplots (11,12). 

The production and preparation of inocula 
for other nematode species and genera pose 
varied problems. If possible, monoxenic inocula 
should be utilized. Our limited experience with 
Pratylenchus spp. has shown that greenhouse- 
reared inoculum of these nematodes may result 
in enhanced growth of soybean. This response 
apparently was due to the introduction of 
beneficial organisms along with the nematodes 
in the infected root material. We overcame 
much of this by infesting all plots with spores of 
Glomus spp. and Rhizobium spp. Thus, tissue 
culture as outlined by Martin et  al. (12) should 
be used as a medium on which to increase 
species of this genus. 
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Fig. 4. Microplots. A) Tractor-mounted apparatus for 
digging ring-like holes for circular fiberglass 
barriers. B) Details of construction of M-cutter 
[after Barker et al. (2)]. 

EXAMPLES OF RESULTS 
OBTAINED FROM 
VARIOUS RESEARCH PROGRAMS 

During the last ten years, estimates of the 
effects of various nematode species on yield 
potential of given crops have been developed 
through microplot techniques (2,4,7,11,16,19, 
22). In addition to the actual effects of given 
nematodes on plant growth and yield, the rela- 
tive importance has been determined, in some 
instances, for various physical and environ- 

mental parameters, including soil type, tem- 
perature, and soil moisture (3,5,19). Similarly, 
differential responses of various cultivars to 
specific species have been elucidated (3,19,21, 
23). 

The population dynamics of many nematodes 
have been characterized with varying degrees 
of success in microplots. Reproductive factors, 
equilibrium densities and rates of decline can 
be determined reasonably well with single 
species under these conditions. Nevertheless, 
population responses of nematodes under the 
semi-sterile conditions may not reflect those of 
naturally-infested fields. Still, this approach is 
one of the best solutions available for charac- 
terization of nematode-host interactions (5,9, 
14,21,22,23). Although limited information on 
these types of interactions is available, infor- 
mation obtained to date concurs with that from 
greenhouse experiments. Generally, multiple 
nematode-species infestations antagonize 
nematode build-up and, frequently, damage 
host plants (3, 17). 

Only limited progress has been made in 
identification and differentiation of the roles of 
certain soil microfauna and microflora asso- 
ciated with various disease complexes in this 
microcosm (3,4,11,13,15,20). An example of 
one of the successful studies is that of the 
organisms involved in the early-dying complex 
of potato caused by Verticillium dahliae and 
Pratylenchus penetrans (11,12). Extensive rel- 
sults also have been obtained with Heterodera 
schachtii and various fungi on sugar beet (14). 
This type of investigation is much more diffi- 
cult when disease complexes involve Meloidogyne 
spp. Since these nematodes predispose many 
plants to attack by fungi and bacteria that are 
normally non-pathogenic, the precise role of 
given microflora cannot be easily determined 
under these experimental conditions (3,4). 

Microplots can be used in experiments de- 
signed for development and evaluation of nema- 
tode control tactics. They have been useful for 
evaluation of the relative resistance of various 
tobacco cultivars and sweet potato to the major 
Meloidogyne spp. (Gwynn, Moyer & Barker, 
unpub.). The differential efficacy of various 
nematicides can be determined on single and 
multiple species of nematodes in microplots 
(4,6,7). These plots are also useful for the 
study of biocontrol agents (1). The impact of 
rotation regimes and other management prac- 
tices on nematode populations can also be de- 
termined under these limited conditions (5,14, 



21,23). 
Data generated through microplot tech- 

niques not only have limited application to 
other geographic areas, but also may vary from 
year to year (3,4,19). As previously indicated, 
these limitations are also inherent with most 
field experiments. One should be cognizant of 
the potential inherent limitations of data result- 
ing from either approach when applications for 
research or applied purposes are considered. 

These problems are particularly important in 
reference to the effects of nematodes on yield 
potential of various crops, as discussed in 
detail in other papers (3,4,19). Thorough know- 
ledge of the characteristics of all types of fields 
and microplots should enable nematologists to 
be more effective in elucidating the popula- 
tion dynamics and damage potential of plant- 
parasitic nematodes. 
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The challenge of determining the damage 
potential of nematodes to given crops has re- 
ceived much study in recent years. Most of the 
research relating to tolerance limits or damage 
and economic thresholds has been limited to 
single species-host combinations. Experiments 
concerning concomitant nematode species 
have been limited primarily to descriptions of 
their antagonistic or synergistic interactions 
(see Chapter 17, Vol. 1). 

Because of the voluminous treatment of 
population dynamics in the literature, our 
discussion will be limited largely to examples 
concerning Meloidogyne spp. Topics receiving 
major emphasis include the increased need for 
threshold information on nematodes as a result 
of the development of integrated pest manage- 
ment (IPM) programs, related aspects of popu- 
lation dynamics of nematodes, characterization 
of host status, methodology for determining 
damage potential, and the types of damage 
thresholds and hazard indices that are useful in 
applied nematode control programs. 

Few scientists attempted to quantify plant 
responses to nematodes prior to 1960. Gerald 
Thorne was one of the first to use soil sampling 
and soil assay as a basis for assessing potential 
nematode damage (Heterodera schachtii on 
sugar beet) in the 1920's. He later suggested 
that the large errors inherent in estimates of 
nematode populations practically precluded 
the possibility of sampling entire fields, pre- 
dicting populations, or informing growers of the 
advisability of planting certain crops (69). In 
spite of these difficulties, he pointed out that 
such nematode-assay data are of value in gain- 
ing insight for effective use of control tactics. 
His guidelines for sampling, which include 

taking more than one large sample, collecting 
soil from different depths (particularly on 
deep-rooted perennials), and being cognizant 
of the life-cycle of the target nematodes, apply 
today. These problems in relating crop yields 
to nematode population densities are largely 
responsible for the limited number and size of 
ongoing advisory programs (49). Still, there is 
considerable optimism that the challenges in 
relating numbers and kinds of nematodes to 
crop productivity can be met if we are willing to 
invest the necessary resources. 

Even with the contributions of early and 
current nematologists, prediction of crop losses 
due to nematodes is as much an ar t  as a 
science. Like Thorne (69), many current nema- 
tologists feel that the many factors influencing 
the relationships between population densities 
of nematodes and crop responses prohibit an 
accurate characterization of these interactions. 
Nevertheless, considerable progress has been 
made in development of methods by which 
field populations of nematodes and their rela- 
tionships to crop growth and yield can be char- 
acterized quantitatively (19,20,31,45,55,59,61). 

A general negative relationship existing be- 
tween preplant population densities of nema- 
todes and crop growth and yield (6,45,55) may 
be modified by environmental factors and crop 
management practices. Seinhorst (60), how- 
ever, concludes there is little evidence that 
external factors influence the tolerance of a 
plant to nematodes. In spite of this disagree- 
ment, information generated on nematode- 
host relationships for one climatic area should 
not be considered as valid for other areas. Host 
responses are more predictable in geographic 
areas with a less variable climate, than in areas 
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such as North Carolina where seasons and soils 
vary greatly. For example, tobacco can tolerate 
a relatively high number of Meloidogyne incog- 
nita during an ideal growing season, whereas 
this crop may be severely damaged by moder- 
ate numbers of this pest under stress condi- 
tions such as lack of rainfall. The contagious 
distribution of nematodes may result in over- 
estimates of damage potential (40,46). Char- 
acterization of host responses to nematodes 
can be further confounded by the erratic oc- 
currence of other organisms such as fungi or 
bacteria that interact synergistically with nema- 
todes (47). 

There are at least three approaches to prac- 
tical nematode management: 1) leave the 
control of these pests entirely to the grower 
(75); 2) teach growers how to utilize simple 
bioassay techniques for root-knot (36) and cyst 
nematodes (see Chapter 2); or 3) generate the 
best estimates of population levels of various 
pathogenic nematodes that would be expected 
to cause disease at  economic levels on specific 
crops. Much of the information would be quali- 
tative; as research improves the precision or 
predictability of crop responses to these pests, 
quantitative data could be used. 

The need for reliable threshold information 
is becoming more urgent for developed and de- 
veloping countries. Direct crop losses due to 
nematodes still are estimated to be in the range 
of 5-10% of the crop value annually. In addition, 
the costs of corrective actions, particularly the 
use of nematicides and rotation are increasing 
each year. The utility of resistant cultivars has 
been lost in many cases due to excessive use or 
because disease complexes reduce their effec- 
tiveness. Thus, nematologists have an unusual 
ovvortunitv to redirect control tactics toward 
reduction of serious losses through nematode 
and crop management approaches rather than 
the traditional preventive control program. A 
recent treatment on integrated nematode con- 
trol is available (10). 

The basic strategy used in managing nema- 
todes is the reduction of initial populations, 
although the use of resistant cultivars involves 
VanderPlank's (73) second strategy for pest 
control, the reduction of the rate of population 
increase. These facts are related to-the low 
motility of nematodes which enhances the 
potential of preplant population densities as a 
quantitative predictive tool. Nematode man- 
agement problems may be based on their 
population densities at the time a crop is estab- 

lished or on previously associated symptoms. 
Unfortunately, damage caused by nematodes, 
although sometimes obvious, typically is not 
associated by the grower with nematode feed- 
ing. Foliage and root symptoms of nematodes 
often are similar to those caused by other 
pathogens or by adverse management practices 
or weather conditions. The field appearance of 
plants affected by nematodes usually involves 
stunting in given foci, resulting in a spotty ap- 
pearance with less vigorous plants that fail to 
respond to proper crop management practices. 
The root galls and other abnormal growths 
(Fig. 1 )  caused by Meloidogyne spp. are easily 
recognized by the trained observer but still 
may be overlooked by many growers. 

The major problems in attempting to relate 
nematodes to agronomic problems have been 
summarized by Norton (42). These include: 1) 
determination of nematode species which are 
pathogenic; 2) correlation of nematode densi- 
ties with crop loss; 3) elucidation of how the 
environment affects nematode activity; and 4) 
development of management strategies for 
these pests. The relationships of nematode 
population numbers to the performance of 
perennial crops involve additional difficulties. 
Nondetectable or subsequently introduced 
nematode populations may increase over time 
and cause serious damage. Because these pests 
are obligate parasites, their numbers are not 
always correlated with induced damage on 
given plants. Once severe injury occurs on a 
plant, the nematode population may decline 
sharply below that on healthy plants. This fact 
causes much confusion in diagnosing nematode- 
induced problems, especially on perennial 
plants. 

Fig. 1.  Effects of Meloidogyne hapla on the quality of 
peanuts. A) Small, distorted pods from infected 
plants grown in microplots; B) Pods from 
healthy plants. 
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POPULATION DYNAMICS gall development caused by M. javanica may 

Knowledge of the population changes of 
nematodes is essential in the collection of 
meaningful soil samples for nematode assay. 
Typical seasonal population fluctuations of 
nematodes were discussed in Chapter 1.  
Management practices greatly influence rates 
of activity and survival of Meloidogyne spp. In 
addition, edaphic factors including soil-water 
potential have a striking effect on the survival 
of species such as Meloidogyne javanica (70). 
The time required for a 50% reduction in soil 
infestation at  -0.16 (wet) or -92 bars (dry) 
was about 2% to 3 days as compared to 110 
days at - 1.1 bars (moist). Temperature has an 
equally important impact on these pests (20, 
24,71). 

Management practices (e.g. subsoiling) may 
shift the spatial and temporal distribution of 
nematodes. Without subsoiling, confined roots 
of plants may be more susceptible to nematode 
damage (29). In contrast, subsoiling may result 
in decreased populations of nematodes in the 
upper soil layer and favor deeper penetration 
of the soil by these pests (29). The effect of 
subsoilinn may reduce the need for a nemati- 
cide, butthis benefit may be temporary (29,38, 
39). Competition among polyspecific commu- 
nities of nematodes may result in one species 
becoming dominant and could result in the 
nematodes having greater or smaller effects on 
yield. Meloidogyne incognita has been shown to 
suppress the reproduction of Rotylenchulus 
reniformis on sweet potato, but both still ad- 
versely affected the quality of this crop (68) 
[see Chapter 17, Vol. I by J. D. Eisenback]. 

The importance of geographic differences in 
the population dynamics of nematodes, includ- 
ing M. incognita, can be appreciated by com- 
paring the survival rates of this nematode as 
given in the data on sampling for North Caro- 
lina (see Chapter l )  compared to the survival 
rates encountered in Florida (77). Relatively 
large population densities of Meloidogyne spp. 
can develop on potato or other crops in Florida 
even though no nematodes were detected in 
preseason or early season soil samples (77). In 
contrast, detection of these nematodes in North 
Carolina is rarely a problem in the spring of the 
year. 

The relationship of edaphic factors to the 
reproduction and survival of nematodes has 
been of interest for many years (64,65), but 
varies by taxa (72). For example, only slight 

occur in fine-textured soil compared to 
moderate to severe gall development in a 
coarse-textured soil (64). Ditylenchus dipsaci, 
in contrast, is favored by fine-textured soils 
(72). 

Knowledge of the biological and ecological 
requirements of nematodes can be utilized to 
minimize or limit associated losses. A delay in 
planting wheat until the temperature has 
dropped below an activity threshold of 18°C for 
M. incognita limits the penetration of juveniles 
in wheat roots and maximizes the utility of this 
crop in rotation as a tactic for the control of 
this pest (50). Although not fully understood, 
M. incognita apparently has a diapause that 
may be involved in its persistence during 
climatic stress and/or when host plants are 
absent (15). Limited evidence suggests that 
some nematodes have the capacity to adapt to 
lower temperatures when exposed to that con- 
dition over a period of years. The annual prac- 
tice of early planting and harvesting of potatoes 
to limit losses caused by Globodera rostochiensis 
apparently resulted in this pest adapting to 
lower temperatures (28). 

REPRODUCTIVE POTENTIAL 

Unfortunately, life tables are unavailable for 
most nematodes, but general information is 
available on the reproductive potential of 
Meloidogyne spp. Tyler (71) found that a 
Meloidogyne species produced as many as 
2882 eggs per female. Precise information on 
the fecundity (number of potential eggs pro- 
duced) and fertility (number of viable eggs 
produced) is still needed for most nematode 
species. Differential fecundity may be related 
to the overall virulence of different species. 
For example, the average number of eggs in egg 
masses produced by M. hapla, M. incognita 
and M. javanica were about 300,700, and 1000 
respectively (K. R. Barker, unpublished). The 
relative virulence of these three species on 
tobacco follows this same order (8). 

A number of concepts and terms are useful 
in the characterization of nematode population 
changes. The ratio of the final population (Pf) 
to initial population (Pi) is described as the re- 
production factor (45). The precise model for 
calculating this ratio varies with the type of 
reproductive curve for given nematodes (45). 
The equilibrium density is the population level 
at which multiplication or reproduction of a 
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nematode just suffices to maintain the popu- 
lation, i.e. birth rate = death rate. Another 
useful concept developed by Seinhorst (56) for 
nematode population studies is that of the 
maximum rate of reproduction: a = ert, where a 
is the maximum rate of reproduction; e = the 
base of the natural log (2.3); r = rate of repro- 
duction; and t = time. The term underpopu- 
lation refers to the population densities at 
which multiplication rates decline with declin- 
ing densities, a situation which is usually en- 
countered with amphimictic species (57). Sur- 
plus population refers to excessively high popu- 
lations at  which very low ratios of nematodes 
reach maturity due to overcrowding and mass 
root invasion causing root death (12). 

An excellent treatment of population change 
of nematodes is provided by Norton (41). 
Additional population parameters included in 
his treatment are natality which is the rate of 
production of new individuals and mortality. 
He also provides models for characterizing 
growth patterns, including that for exponential 
growth or logistic growth. Two of the param- 
eters of the logistic model or curve have been 
used to categorize organisms that have dif- 
ferential reproductive characteristics. These 
are the intrinsic growth rate (r) and the asymp- 
tote (K) (41). The "r strategists" theoretically 
have a high reproductive rate and short life 
span. Norton suggests that the unstable habitat 
of cultivated fields, plowed annually, could 
favor the r selection of nematodes such as 
Pratylenchus. The K selection species are bet- 
ter competitors and usually live in a more 
stable habitat than the r selection species 
(41). Meloidogyne spp. that maintain relatively 
stable populations on perennial plants may fit 
this category. The r and K terminology is rela- 
tive and changes from one nematode-plant 
community to another. 

CHARACTERIZING HOST STATUS 

Several useful treatments of the concepts of 
host suitability, efficiency and sensitivity in 
plant-nematode relationships are available (6, 
13,16,30). Basically, host efficiency relates to 
how well a plant supports parasite repro- 
duction. Host sensitivity is the plant's response 
to the parasite. One scheme utilizes the terms 
resistant and susceptible to refer to host effi- 
ciency, whereas tolerance and intolerance were 
used to refer to host sensitivity (13). A similar 
scheme was recently suggested in relation to 

virus infection (14). This usage has caused 
some debate in virology (66), as well as nema- 
tology because of the fact that resistance and 
susceptibility traditionally have been used as a 
reference of the host's response to infection in 
plant pathology and in the medical field. The 
concept of tolerance particularly is a focal 
point of much debate, including whether or not 
such a phenomenon exists in reference to plant 
disease (26,66). A resolution of this issue will 
require further research and will not be at- 
tempted herein. 

The scheme proposed by Seinhorst (55,56) 
for quantitative characterization of host sensi- 
tivity and efficiency is one of the most useful. It 
involves the concept of tolerance limit (T), the 
population density below which no loss in 
growth and yield occurs. The term threshold 
density, which refers to the same point on the 
curve, also has been used to indicate the 
minimal population density that would sup- 
press plant growth. Thus, sensitive hosts would 
have low tolerance limits whereas resistant hosts 
would have very high tolerance limits. The 
status of a plant as a host for a given nematode 
species is summarized by the maximum rate of 
reproduction ( a )  and the equilibrium density 
(E) (56). Although these two terms are not 
always closely correlated, both of these con- 
stants would be high for a good host and low for 
a poor host. The maximum rate of reproduction 
as well as the equilibrium density for a species 
depends on inherent characters of the nema- 
tode and the plant as well as environmental 
conditions. The general model developed by 
Seinhorst (55,58,59) for determination of tol- 
erance limit and yield responses to nematodes 
is : 

Y =  m + (1 - m)ZP-T 

where Y = a ratio between yield at  nematode 
density Pand  that in the absence of nematodes; 
m = the yield at  nematode densities in which 
all available space is occupied by the nema- 
todes (minimal yield) ; Z = a constant less than 
1 (= to the proportion of plants not attacked at 
population density P = 1); P = the population 
density, which is usually 2 T (Y = 1 where P is 
equal to or less than T);  and T = the nematode 
density below which no detectable loss in yield 
occurs. The 2 value depends on nematode 
species, host species, and external conditions. 
Z-Tusually ranges from 1.05 to 1.15 (55,58). 
In addition to relating initial nematode num- 
bers to yield in this model, it is useful in 
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Fig. 2. Comparison of quadratic and Seinhorst regression models for relating midseason numbers of Meloidogyne 
spp. to yield of tobacco [range of nematodes established with various chemical soil treatments; y = relative 
yield, XL = loglo of nematode numbers; after Barker et. al. (a)]. 

depicting plant responses to differential popu- 
lation densities affected by nematicide treat- 
ments (Fig. 2) .  An algorithm for fitting data to 
the Seinhorst curve and examples of validation 
of this model are available (17,25). A more 
complex version of this basic model is avail- 
able for characterization of plant nematode 
interactions that might involve stimulation as 
well as growth suppression (61). 

METHODOLOGY FOR DETERMINING 
DAMAGE POTENTIAL 

Several empirical experimental methods are 
useful in elucidating nematode-crop relation- 
ships. Characteristics such as relative host 
efficiency can be determined in greenhouse or 
phytotron experiments; however, host sensi- 
tivity or tolerance, as determined under these 
types of experiments, may not coincide with 
those determined in field experiments. Most of 
the data have been generated on the effects of 
single species of nematodes. Such information 

is necessary and useful but must be evaluated 
in the context of agricultural ecosystems. 

A number of approaches may be used in the 
establishment of a range of nematode popula- 
tion densities by which associated crop losses 
may be evaluated under field conditions. A 
relatively simple and effective, but laborious, 
method is the use of sequential sampling to 
delineate plots that have a wide range of initial 
population densities. Kinloch (32) used a range 
of natural initial population densities of Meloi- 
dogyne incognita as plots to generate regression 
models relating yield to numbers of nematodes 
as determined at  various sampling times. Ro- 
tation regimes or a series of nematicides with 
differential efficacy also are useful in establish- 
ing ranges of target species of nematodes for 
evaluation of damage potential. Oostenbrink 
(45) and Nusbaum (43) have used crop rota- 
tion effectively in determining the relative viru- 
lence of various nematodes on crops. Differ- 
ences in soil fertility and structure must be 
considered carefully in such experiments. 



Nematicides have been used more widely for 
these purposes (8,38,39,51,52,53), but this 
technique has a number of inherent problems. 
Many nonfumigant nematicides give inadequate 
control and thereby may not reflect the true 
potential crop yield; others may be phytotoxic 
or even enhance plant growth directly (1,48,53). 

The utilization of microplots in the establish- 
ment of damage thresholds is covered by K. R.  
Barker (see Chapter 9). As emphasized by a 
number of researchers, this approach should 
not be used as a sole method for determination 
of crop responses to nematodes. Instead, it 
should be used with parallel naturally-infested 
field experiments for determination of damage 
potential. Techniques utilized for infestation 
of microplots may be modified for infestation 
of field sites (2); a 0.125% agar solution reduces 
the settling of Meloidogyne eggs and keeps 
them suspended for several hours. Although 
initial results were somewhat variable, this 
approach may be useful in the infestation of 
relatively large field plots with varying num- 
bers of Meloidogyne spp. for experimental 
purposes. A machine dispenser has also been 
developed for rapid delivery of standard vol- 
umes of Globodera rostochiensis cysts (35). 

Damage thresholds for Meloidogyne spp . 
generated under one set of conditions may be 
of limited value and sometimes misleading. 
The importance of soil texture and other 
edaphic factors cannot be overemphasized. 
Care and maintenance of the experiment can 
produce results different from those which 
would occur under natural conditions. For 
example, supplemental irrigation enables some 
plants parasitized by Meloidogyne spp. to com- 
pensate in varying degrees for nematode 
damage (3,37). The age of plants when infected 
by nematodes also affects their responses 
(18,27,44,62,63,78). 

The impact ofMeloidogyne spp. on the quality 
of plants such as carrot (74) and on peanut and 
other crops must be evaluated as well as their 
effects on yield. The influence of M. hapla on 
the quality and size of peanut is depicted in 
Figure 1. Thus, the many interactions of the 
environment, host, and nematode must be 
considered in the development of meaningful 
damage potential information. 

Modeling (Chapter 16) undoubtedly will 
allow us to understand better these many inter- 
actions involving Meloidogyne spp . (19,20,2 2, 
31). For example, interaction of Meloidogyne 
incognita and Rhizoctonia solani on cotton is 

dependent on initial levels of nematode as well 
as soil temperature (1 I ) ,  but few efforts involve 
quantification and modeling of such disease 
complexes. Thus the modeling approach must 
have the flexibility of including the multiple 
interactions among nematode species (17). 

Newly developed computer-video image sys- 
tems have much potential in relating nematode 
crop performance to  nematode numbers. 
Foliage-disease symptoms of plants have been 
quantified by use of microcomputer-digitized 
video-image analyses (33). This system may 
have application for characterization of root- 
and shoot-growth responses to various levels of 
Meloidogyne spp. Simple, direct photographic 
techniques and other approaches also provide 
non-destructive estimates of growth responses 
of plants to nematodes (9,67). 

A wide range in problems of statistical analy- 
ses of nematode-plant environmental interac- 
tions has been discussed by Wallace (76). He 
emphasizes that we must distinguish between 
qualitative and quantitative interactions. Fur- 
thermore, he stresses that we must utilize 
multifactorial experiments and analyze and 
interpret these correctly in order to identify 
the various determinants associated with dis- 
eases involving nematodes. Many of the multi- 
ple comparisons of statistical analyses used for 
such experiments do not provide for a measure 
of interactions (34,76). Greater emphasis on 
appropriate statistical design and analyses is 
needed for characterization of the many inter- 
actions of nematodes with hosts and the en- 
vironment (see Chapters 13-14). 

DAMAGE THRESHOLDS AND 
HAZARD INDICES 

Many of the tolerance limits or damage 
thresholds developed prior to 1976 for Meloi- 
dogyne spp. and other nematodes have been 
summarized (6). A few examples of damage 
thresholds of Meloidogyne spp. are given in 
Table 1. Only wide ranges can be given in many 
cases because responses vary greatly or insuf- 
ficient research has been conducted to establish 
precise levels. These relationships between 
crop yield and nematode population data usual- 
ly are too variable to allow an estimate of the 
tolerance limit with confidence (21). As more 
research is conducted, precision will increase. 

A thorough treatment on the derivation, re- 
quirements, and various considerations con- 
cerning the use of economic thresholds in 



Table 1. Comparison of damage thresholds (DT) and nematode hazard indices (NHI) for 
Meloidogyne species on certain cropsa 

Damage thresholds (no. nematodes/100 cm3 soil) and hazard indices (0-100) 
per nematode species per crop (Spring samples) 

M. arenariu M. hapla M. incognita M. jauanica 

Crop D T ~ ~ ~  N H I ~ ' ~  DT NHI DT NHI DT NHI 

Cabbage 
Corn 
Cotton 
Peanut 
Peach 
Snap bean 
Soybean 
Tobacco 
Tomato 
Watermelon 

aDamage thresholds (DT) for nematode numbers per 100 cm3 of soil [partially after data (Fall) for North Carolina, Alabama, Georgia and 
Florida as given by Rickard and Barker (49)j. Nematode hazard indices (NHI) given on a percentage basis of risk (actual risk dependent 
on several factors, including nematode numbers and races, relative virulence of specific nematode, previous crop, edaphic factors and 
temperature). 0 indicates no problem, 100 indicates a high (maximum) hazard. 

b+ indicates nonhost; ++ indicates host status depends on nematode race; - indicates no information available. 

nematology is available (2 1). Economic thresh- 
old refers to the population density of a pest 
at which the value of the damage caused is 
equal to the cost of the control. At population 
densities up to the economic threshold, there 
is no advantage to pest control since the cost 
would be greater than the increased return of 
the crop. Unfortunately, the variability in these 
relationships also has limited the utilization of 
economic thresholds of nematodes. Ferris (2 1) 
indicates that this concept has been ignored in 
nematology for four primary reasons: 1) limited 
information on the relationship between nema- 
tode densities and plant-damage functions; 2) 
difficulties in the assay of nematode population 
densities in a field; 3) effort required for arrival 
at  the decision; and 4) the availability of low- 
cost pesticides. Still, we should emphasize 
that the need for this type of information is 
much greater today than just a few years ago 
because the more effective nematicides are 
expensive or being withdrawn from the market. 

An example of one approach to the deriva- 
tion of economic thresholds is given in Figure 3 
for Heterodera glycines on soybean. In this 
work (D. P. Schmitt, unpublished), the damage 
function curve in the loamy sand soil was linear 
with increasing inoculum. The application of 
arithmetic rates of aldicarb to high populations 

of the nematode effected a linear increase in 
yield up to 70% yield potential without nema- 
todes. This relationship varied with soil type. 

Although the variability associated with char- 
acterization of plant-growth responses to nema- 
todes prohibits the determination of precise 
tolerance limits, sufficiently reliable informa- 
tion can be obtained to form the basis for a 
meaningful advisory service to growers (4,5,49). 
For example, the regression curves for tomato 
losses due to M. incognita in the Coastal Plain 
of North Carolina over 2 years were relatively 
similar (7). The marketable vield loss for the 
first year'per 10-fold increase in numbers of 
juveniles of M. incognita was 24% compared to 
19% for the second year (Fig. 4). The impor- 
tance of edaphic factors in these relationships 
is depicted in Figure 5 for two microplot soils 
infested withPratylenchus brachyurus (54) and 
for Meloidogyne spp. at  different locations on 
tobacco in Figure 6. The damage from both 
nematodes was limited by a finer soil texture 
and/or cooler soil temperature. 

Challenges and prospects of utilizing damage 
threshold information in advisory programs 
have been reviewed recently (4). Much of the 
advice offered to growers today is based on 
qualitative or at best semi-quantitative assays 
because of the low to moderate level of preci- 
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Fig. 3. Summary of components useful in determining economic threshold for Heterodera glycines: Line AB- 
linear damage function of H. glycines on soybean grown in a loamy sand with no nematicide treatments; 
curve BC-damage function of H. glycinee in same soil treated with various rates of aldicarb [note that 
yields (bushels/acre) could not be increased with aldicarb beyond 70% of that in plots without nematodes; w 
= 1.0, x = 2.0, y = 4.0 and z = 8.0 lb (a.i.) aldicarb/acre (broadcast)]. Curve D = control-cost function for 
aldicarb. 

sion in present sampling schemes and the 
limited available information on nematode- 
damage functions as influenced by host cultivar, 
nematode species and races, and the environ- 
ment. 

Because of these difficulties in developing 
precise damage threshold information, some 
type of qualification should accompany any 
recommendations to growers based on most 
available information. One approach would be 
to combine sampling error as an indication of 
the precision of any threshold parameter (23). 
Unfortunately, this type of data is unavailable 
for most nematode-crop combinations and 
would make the information more complex for 
grower interpretation. Another interim ap- 
proach for use of nematode hazard indices has 
been suggested (4). This scheme is based on 
the relative chance of an economic problem, 
depicted by an indices series of 0-100 with 100 
representing the maximum hazard. Actual in- 
dices would be based on the relative virulence 
of the nematodes in question as well as the 
precision of the threshold data available. For 
example, Meloidogyne incognita is highly viru- 
lent on okra and would have a hazard index of 
approximately 90-100. In contrast, this species 
would be given an index of 10-30 for most 

soybean cultivars in North Carolina. The lack 
of precise information on a given combination 
such as M. hapla on Ladino clover might be 
indicated by use of broad hazard indices of 
approximately 20-70% risk. As more precise 
damage-potential data become available for 
that particular combination, hazard indices 
could be narrowed. Examples of currently 
used damage thresholds and proposed hazard 
indices are offered in Table 1 for selected crops 
involving Meloidogyne spp . 

Use of hazard indices, as proposed, is less 
desirable than use of economic thresholds. 
However, this approach does offer informa- 
tion that would greatly facilitate the develop- 
ment of management decisions by the grower. 
Although such data are of more limited quality 
than desired, advising growers of potential 
problems and the relative risk involved should 
enable them to make reasonably sound man- 
agement decisions. Without monitoring, nema- 
tode management is very difficult. 

For Meloidogyne spp., growers can develop 
their own monitoring system by utilizing bio- 
assay plants. These bioassays may be based on 
relative gall indices as determined on the 
actual crop plants, or soil samples may be col- 
lected and bioassay plants such as tomato 
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Relationship of initial population densities of juveniles (larvae) of Meloidogyne incognita to the marketable 
yield of tomato as determined in microplots in the coastal plain of North Carolina: A) yield response after 
initial infestation; B) effects of carry-over population on yield for following year. [after Barker, et al. (7)l.  
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Fig. 5. Relationship of initial densities of Pratylenchus brachyurus and soil type to yield of 'Forrest' soybean: A) 
Norfolk sandy loam; B) Appling sandy clay loam. Y = predicted yield in g/plot, X = initial numbers of 
nematodes/500 cm5 * = significant a t  P = 0.05, * *  = significant a t  P = 0.01 [After Schmitt and Barker (54)l. 

I 1 I I I 
0 20 40 60 80 100 

GALL INDICES (MELOIDOGYNE Spp.) 

Y 

- A __._ 
- 

- ~ = 4 3 1 . 6 - 3 4 . 5 ( ~ o ~ x + l )  

- r=-0.99'. 

-i I I I X 

Fig. 6. Effects of location on impact of root-knot galling on tobacco yields in North Carolina. A) Coastal Plain 
(Johnston County); B) Piedmont (Surry County). After Barker et  al. (8). 

450 

400 

- - 5 350 
0 

& 300 
0 

; 250 
e 

200- 
9 
."1,50 

100 

50 

0 
0 10 100 1,000 10,000 



K. R. BARKER, D. P. SCHMITT, AND J. L. IMBRIANI 145 

grown in them (4,36). This approach has par- 
ticular utility in providing information on which 
management tactics may be based. It would be 
especially helpful where no threshold infor- 
mation or advisory programs ' are available. 
Gall indices determined a t  mid-season may be 
more useful than those done a t  harvest in 
tropical locations. This is especially true where 
disease complexes develop since associated 
root decay may destroy the galled roots. 

Thus, considerable progress has been made 

in developing nematode-damage thresholds. 
Nevertheless, our ability to predict actual crop 
response and yield, as based on natural infes- 
tations of nematodes, remains somewhat 
limited. Development of more reliable sampling 
procedures and nematode-damage functions 
poses a major challenge. We would like to en- 
courage more nematologists to accept this 
challenge rather than leaving the responsibility 
of nematode management largely to the indi- 
vidual grower. 
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Pest-induced crop losses are a feature of 
both primitive and modern agricultural systems 
involved in food or fiber production. It is com- 
mon knowledge among agricultural scientists 
that "yield gaps" exist among countries and 
even among farms in the same locality with 
comparable management and environment 
(46). Some data also exist to show that the level 
of pest-induced losses has been relatively con- 
stant in spite of advances made in chemical 
control, breeding and management technology 
(16,20). Because crop losses continue to be 
encountered while agriculture generally has 
become more input and energy intensive, much 
research has been directed toward identifying 
the causes of loss, quantifying losses, and fore - 
casting losses for disease management (19). 

International concern about crop losses led 
to the Food and Agriculture Organization (FAO), 
United Nations, convening an international 
symposium in 1967 (9). One conclusion of the 
symposium was that methodology for crop-loss 
assessment was inadequate and deserved high 
priority for research. As a result of the sym- 
posium, FA0 initiated a loose-leaf series titled 
Crop Loss Assessment Methods which appeared 
in three supplements (5,6). Further, FA0 con- 
ducted regional crop-loss workshops through 
its International Collaborative Program, and 
methodologies discussed at  the workshops in 
India (12) and in New Zealand (7) have been 
published. A second international symposium 
on crop-loss assessment was held in Minnesota, 
U.S.A., in 1980 (43) and involved scientists 
interested in abiotic causes of loss as well as 
pest-induced losses. 

A general introduction to the subject of 
crop-loss assessment is the book by Ordish 

(28). Aspects of the methodology for loss 
assessment were reviewed in 1974 (17), in 1979 
(19), and in 1984 (46,47). The American Phyto- 
pathological Society convened a symposium in 
1982 to discuss loss estimation, with modeling 
(24) and survey (39) being two of the topics ad- 
dressed. The mathematics of loss forecasting 
is also documented by Teng (40), whereas 
Teng & Oshima (45) have elaborated on the 
conceptual and practical limitations of current 
assessment methodology. It is therefore not 
the intention of this chapter to present another 
exhaustive review but rather to adopt a 
"project" approach to discussing the various 
components of a practical program. 

RATIONALE AND CONCEPTS 

Several objectives may be identified for any 
disease-loss appraisal program, and these re- 
late to whether yield loss or crop loss is under 
consideration. MacKenzie (23) identified yield 
loss as the loss that may be mainly attributed 
to a single causal factor and measured in rela- 
tively small areas such as experimental plots. 
He considered crop loss to be the loss esti- 
mated over large cropping areas, i.e. an inte- 
grated value which is not equal to the sum of 
individual yield losses. This distinction enables 
the division of objectives for disease-loss ap- 
praisal into those concerned with macro-level 
phenomenon versus the micro-level phenome- 
non. For example, crop-loss estimates are ur- 
gently needed for evaluation of the economic 
benefits from plant-protection programs, 
whether they be national or state programs, 
developing country or developed country pro- 
grams (16). Furthermore, regional crop -loss 
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programs will provide the data needed for allo- 
cating resources in response to identified prior- 
ities for research or extension. The same sta- 
tistics, collected over many seasons, will also 
provide a basis for evaluating the impact of 
changing technology in agriculture and enable 
future plant protection needs to be identified. 
The value of regional crop loss programs can- 
not be underestimated for their contribution to 
improving our understanding of the field status 
of crops and pests. Indeed, the surveillance 
data on disease severity resulting from a crop- 
loss program is of value itself in defining the 
extent of endemic pest infestations, as is 
shown by the development in the U.S.A. of a 
Cooperative National Plant Pest Survey and 
Detection System (41). 

Plant diseases were originally studied be- 
cause of the losses they caused, yet today it is 
paradoxical that there are only a few reliable 
estimates of loss (17). Reliable loss data are 
requisite to the development of rational disease- 
management programs, whether these involve 
the use of resistant cultivars, pesticides, cul- 
tural methods, or their combination. James 
(16) argued that it is not sufficient to state that 
disease causes loss. The magnitude of the loss 
must be quantified so that it can be related to 
the gain resulting from control. With yield -loss 
assessment, we see a potential for doing just 
this. Coupled with public concern over en- 
vironmental pollution, yield-loss and crop-loss 
assessments are needed to rationalize the use 
of pesticides in agriculture and to evaluate ob- 
jectively the returns from pesticide usage 
through programs such as the National Pesti- 
cide Impact Assessment Program (NAPIAP) 
in the U.S.A. On farmers' fields, yield-loss 
models provide a means of deciding on whether 
any spray application will be profitable (41,45). 

STRATEGY FOR LOSS ASSESSMENT 

Crop-loss data may be obtained using differ- 
ent approaches, dependent on the resolution 
of the data required for decision-making and 
the definition of loss used. The FA0 considers 
crop loss to be the difference between attain- 
able yield and actual yield (5). Attainable yield 
is that achieved when crops are grown under 
optimal conditions using fully the available 
technology in an area, whereas actual yield is 
what farmers get under their prevailing hus- 
bandry (56). Loss is the reduction in quantity 
and/or quality of the economic yield of a crop. 

Although some workers have suggested that it 
is necessary to obtain loss data in quantities 
such as kglha, others have argued that knowing 
the magnitude of loss (e.g. 1 = none, 5 = very 
severe) may be acceptable for setting policy on 
crop protection (17,39). The following ap- 
proaches have been used to collect regional 
crop-loss data (38) : 

1. Expert testimony, where knowledgeable 
scientists are asked to make a "statement of 
authority" on the extent of loss based on their 
experience with the crop and diseases in an 
area. 

2. Enquiries, where estimates are solicited 
from a broad range of people concerned with 
the production of a crop in an area, and a con- 
sensus is developed on the extent of loss. This 
approach resembles the "delphi" procedure 
used in research management. 

3. Literature reviews, where published work 
not specifically designed for loss assessments 
is evaluated for its value in giving estimates. 
Examples are multi-location fungicide and 
cultivar evaluation trials. 

4. Remote sensing, where satellite imagery 
is used in estimating crop area, crop yield and 
crop losses. This technique has worked well for 
diseases that result in total plant loss, as in 
some nematode-caused diseases. 

5. Experimentlsurvey approach, where yield 
and crop loss models are developed through 
field experiments and the models coupled with 
survey data to provide regional loss estimates. 
James & Teng (19) are of the opinion that this is 
the most objective method of deriving crop loss 
data for decision-making at all levels. 

There is currently no single approach for col- 
lecting regional crop loss data that has been 
generally accepted. The experimentlsurvey 
approach is perhaps the most direct and em- 
pirical approach. Van der Graaff (50) has sug- 
gested that the indirect methods (approaches 
1-3) be used to improve the reliability of direct 
methods (approaches 4-5), providing data for 
cross-validation. The experimentlsurvey ap- 
proach is to be favored as it contains many 
elements of the scientific method as we know it 
today. This approach is discussed here. The 
general strategy for using this approach re- 
quires the following: 

-Quantification of pathogenldisease , 
-Collection of data to measure the disease- 

loss relationship, 
-Modeling of the disease-loss relationship, 



and 
-Development and use of regional crop loss 

data bases. 
Each of these will be discussed in the following 
sections, with the emphasis on the current 
situation and future needs. 

Quantification of Pathogen and Disease 
Although fungal, bacterial and viral patho- 

gens commonly cause identifiable symptoms 
on plants which may be used for designing a 
disease measurement method, nematodes have 
generally been quantified in terms of their 
numbers per soil or plant unit. In the context of 
loss assessment, quantification is essential for 
providing the pathogen/disease "descriptor" 
used in estimating the relationship between 
the pathogenldisease and yield or loss. Patho- 
gen numbers may be related to the intensity of 
plant symptoms, which is in turn a visual indi- 
cation of the stress imposed on the plant, 
resulting in measurable loss. The choice of a 
descriptor, therefore, should be made with 
some knowledge of yield physiology, to reflect 
the interaction between pathogen and yield 
(39). It is interesting that with nematodes, 
preplant nematode density is the most common 
descriptor used in quantitative relationships of 
pathogen loss (1). 

Disease incidence is the proportion of plants 
infected in a population, commonly expressed 
as a percentage, whereas disease severity is the 
proportion of plant tissue infected (19). The 
FA0 has used disease intensity to mean either 
disease incidence or disease severity (5). Dis- 
ease assessment is the process of determining 
disease intensity in a population of plants 
using an accepted method. Methods in common 
use by plant pathologists for field disease 
assessment are disease keys, standard area 
diagrams, remote sensing, and population 
counts. Disease keys and standard area dia- 
grams rely on the determination of severity in 
comparison with a predefined key or series of 
diagrams depicting different degrees of severity 
(15). The severity assessed for a plant part like 
a leaf includes the infected area as well as any 
accompanying chlorosis or necrosis. Remote 
sensing has been successfully used for assess- 
ment of losses due to pests that cause total 
plant loss but has been only marginally suc- 
cessful with pests that affect only plant parts 
(4,19). Pathogen counts, with the exception of 
nematodes, are not widely used in quantifying 

plant diseases. Methodology for making nema- 
tode counts is generally well-established 
(36,53). However, with other types of pathogens, 
methods for pathogenldisease quantification 
have not achieved the same degree of stan- 
dardization when compared with methods for 
diagnosis. 

A problem in loss assessment is the deter- 
mination of a representative mean value of the 
pathogen or disease in a cropping unit using 
the designated method of assessment. Sam- 
pling for diseased populations is a relatively 
under-researched area in comparison with in- 
sect sampling, and it was only recently that this 
has been recognized (39). The distribution of a 
pathogen or disease in any spatial unit may be 
mathematically described as a frequency dis- 
tribution with estimated parameters, e.g. nor- 
mal or negative binomial. Preliminary indica- 
tions of the type of distribution are obtained by 
examining the mean:variance ratio of the sam- 
ple mean of disease intensity. Knowledge of 
the type of distribution in a field enables 
sampling protocol to be designed to obtain a 
representative mean in an economical manner 
(2 1,26). Nematode populations commonly 
occur as clusters, suggesting that the pattern of 
taking samples from a field is important (1,ll). 

Some recent uses of microprocessor tech- 
nology for disease measurement suggest that 
we may see more reliable methods in field use 
in the future. Pederson & Fiechtner (29) have 
designed a portable, low-cost data acquisition 
system for measuring canopy reflectances, 
which may be used for determining the mean 
effect of a pest on a crop in terms of reduced 
crop vigor. A laboratory-based video image 
analysis unit was used by Lindow & Webb (22) 
to measure the area of infected leaf tissue and 
proportion of infection. These workers have 
also begun testing the taping of images of dis- 
eased leaves in the field with portable video- 
cameras and analyzing the images in the 
laboratory. Image analysis is routinely used for 
measuring the root area of plants, and it is con - 
ceivable that there will be developments allow- 
ing its use for measuringnematode number in a 
sample. 

Collection of Data to Measure 
The Disease-Loss Relationship 

This represents the experimental phase of a 
disease-loss program, in which field data are 
collected either from fields with natural epi- 
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demics or from experimental treatment plots 
with different disease intensities. 

THE SINGLE TILLERIPLANT METHOD Fields 
in any cropping area can commonly be found 
in one season with varying disease, leading 
Richardson et a1 (31) to use a single tiller 
method for collecting data to  model the 
disease-loss relationship. In this method, hun- 
dreds of tillers (shoots) are tagged, with care 
being made to select tillers reflecting a wide 
range of severities, including zero and maximum 
disease. Fields are visited using a predefined 
survey procedure, and in eachfield, disease in- 
tensity is assessed and tillers harvested. Each 
tiller is then a single datum point for regression 
analysis. The method is a derivation of the 
paired-plant method (3), in which pairs of 
healthy and diseased plants are tagged and ob- 
servations made on them through the growing 
season. The advantages of the single tiller or 
paired plant method are that natural epidemics 
are used and there is economy of labor, space 
and time (19,31). However, the method has 
mathematical limitations, and models de - 
veloped have only been able to explain a 
small proportion of the variation in yield due 
to disease (19). Inter-plant differences in 
yield are a major source of variation in single 
tillerlplant studies. Hau e t  al. (13) improved 
on the method by using measurements of 
plant parts not affected by disease, but 
related to  potential yield, to  correct for 
differences in observed yield, and were able 
to  reduce some of the variation. 

THE SYNOPTIC METHOD In an attempt to  
determine the effect on wheat yield from 
multiple factors, Stynes (37) developed 
a "synoptic" procedure in which parts of 
farmers' fields were intensively sampled 
throughout the season. Variables measured 
included disease, insects, nematodes, soil 
and water properties. Models were developed 
which explained a significant proportion of 
the yield variation caused by several factors. 
A simpler procedure has also been used in 
developing countries to determine production 
constraints on farmers' fields by the Inter- 
national Rice Research Institute (IRRI) and 
in Colombia (30). The synoptic method allows 
crop-loss profiles (6) to  be developed, show- 
ing the contribution of each constraint in re- 
ducing attainable yield to  actual yield. In the 
U.S.A., Wiese (54) has modified the pro- 
cedure for field peas but found that  the 

models developed were not stable over sea- 
sons. A limitation common to  both the single 
tiller and synoptic methods is that the range 
of disease severities for each disease may not 
be wide enough in any season, leading to an 
underestimation of its importance as a yield 
constraint. 

FIELD PLOT TECHNIQUES Plots  arranged 
using an experimental design such as a 
randomized complete block are common in 
crop-loss work. The plots are either paired- 
treatment or multiple-treatment (9), where 
treatments are desired levels of disease or 
pathogen population. In crop loss assess- 
ment, the aim of treatment is to ensure that 
epidemics with different characteristics are 
generated using methods that  may not neces- 
sarily be economical (17). In the paired-plot 
approach, healthy (protected) and diseased 
(unprotected or inoculated) plots are situated 
near each other to constitute a replicate and 
the pairs repeated over many locations (19). 
With multiple-treatment experiments, treat-  
ment extremes range from healthy (no disease) 
to maximum disease, with intervening levels 
of disease as the other treatments. Levels of 
disease have been generated on cultivars 
with different susceptibilities, but comparable 
potential yield, by variation in planting date,  
by use of fungicides, by use of isogenic lines 
and by differential inoculation (17,19,52). 
Nematode populations can be varied by grow- 
ing hosts or non-hosts prior to  experimen- 
tation, by inoculation or by mixing infested 
with non-infested soil (35). 

An important consideration in plot tech- 
niques is the plot size. Although nematologists 
have generally used microplots, pathologists 
working with airborne pathogens have had to 
use larger plots because of the problem of 
interplot interference (17). In practice, there 
is a trade off between reducing inherent yield 
variation by increased plot size and increasing 
the variation due to  soil factors when plot 
size is increased. In general, small plot size, 
as opposed to large plot size, results in higher 
between-plot variation and requires a larger 
number of replicates for the same difference 
between two treatments to  be detected (18). 

Recently, there has been recognition of the 
inability of standard, experimental designs 
with replication to provide data that can ex- 
plain the full range of interaction between 
crop yield, disease intensity and crop de- 



velopment stage (45-47). The relationship 
between yield loss and disease a t  different 
growth stages was conceptualized as a three- 
dimension response surface (42) ,  where a t  
each growth stage, disease-loss may be repre- 
sented by curves like the inverse of the Sein- 
horst model (1). To derive a holistic model of 
the three-dimension surface would require 
data from a wide range of epidemics, more 
than can be obtained with replicated experi- 
ments. Teng & Oshima (45) have argued for 
the use of response surface methodology, 
with its emphasis on treatment number rather 
than replication number, to provide the  data 
needed for modeling disease loss. Further, 
the statistical techniques for modeling disease- 
loss relationships are variance-reduction 
techniques like least-squares regression, 
which assumes that  there is no or minimum 
variation in the independent variable (dis- 
ease). With standard experimental designs, 
this assumption is violated when averaging 
across replicates while with response surface 
designs, treatment values may be obtained 
without variance. 

Experiments to model nematode popula- 
tion-loss relationships commonly focus on 
the initial nematode population. This ap-  
proach is in marked contrast to experiments 
involving fungal pathogens where repeated 
assessments during the season are needed to 
determine the crop growth state(s) most 
sensitive to disease. It may be that the pre-  
cision of nematode models could be greatly 
improved if data were available on population 
levels during the cropping season. 

Modeling of the 
Disease-Loss Relationship 

A mathematical model is a concise way of 
representing any system. In crop-loss experi- 
ments, the  usefulness of the data generated 
would be limited if the data were not reduced 
into a simple form. Because of the many 
forms of the disease-loss relationship, there 
is no universal mathematical model to  fit all 
these forms. The forms of the relationships 
range from linear to sigmoid, and Teng (40) 
has postulated that  there are nine possible 
shapes of the disease-loss curve. Further, 
the mathematical description of the relation- 
ship depends on the disease descriptor (in- 
dependent variable) used, such as disease 
severity a t  one growth stage or area-under- 
the disease-progress-curve (19,52). With 

nematodes, the log of nematode density is 
commonly used as the independent variable 
(1). The majority of mathematical models 
describing the disease-loss relationship have 
been derived using least squares regression 
techniques, although recently, simulation 
modeling has been attempted (10,48). With 
regression models, some workers have sug- 
gested that several statistical criteria be used 
to evaluate each model: F, r, s and t (19,42). 
Furthermore, assumptions in the data col- 
lected for modeling need to be recognized 
and tested. For example, regression assumes 
that the variables show a normal distribution 
yet this assumption is often violated in Sam- 
ples of disease data (19). 

The empirical disease-loss models reported 
in the literature may be grouped into single- 
point models, multiple-point models, integral 
models, response-surface models, non-linear 
models and synoptic models (40) 

SINGLE-POINT MODELS Single-point models 
relate loss to disease intensity at a specific 
time in the life of a crop, either a critical 
growth stage or a predetermined number 
of days into the growing season. With wheat 
stem rust, loss may be estimated from the 
percent stem rust severity a t  the 3/4-berry 
stage (X) using the model: 

% Loss = -25.53 + 27.17 In X (33). 

In this example, the 3/4-berry stage was iden- 
tified as a time when the crop was most sensi- 
tive to rust. James & Teng (19) have cautioned 
that fitting a single-point model to a data set 
does not imply that no other growth stages 
respond to diseases but rather that a particu- 
lar stage only shows good statistical correlation. 
Furthermore, it is often necessary to incor- 
porate some physiological knowledge into re- 
gression models, to ensure that the models are 
biologically meaningful (42). Another form of 
single-point models is that for estimating losses 
in potato due to late blight from the number of 
blight-free days (X), using the model: 

Yield, t/ha = 234.0 - 1.706 X (40). 

Single-point models are the most common type 
of disease-loss model in the literature, mainly 
because they require relatively less data to de- 
velop. However their application appears re- 
stricted to short-duration, late epidemics with 
stable infection rates. This type of model as- 
sumes that disease dynamics before and after 
the single point in fields resembles that en- 
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countered in the original experiments. 

MULTIPLE-POINT MODELS The  multiple- 
point models relate yield loss to  several 
disease assessments during a crop's life. The 
disease descriptors used in models have been 
either disease increments during a defined 
period or disease intensities a t  identified 
growth stages. An example is the model for 
estimating wheat-yield loss due to leaf rust 
from three growth stages, X2 (percent rust/ 
tiller a t  boot stage), X 5  (percent rust on flag 
leaf a t  early berry stage), andX7 (percent rust 
on flag leaf at early dough stage), using the 
model (2) : 

% Loss = 
5.3788 + 5.5260X2 - 0.3308X5 + 0.5019X7. 

The workers who developed this model found 
that even though they could determine several 
single-point models from the same data, the 
multiple-point model explained the most varia- 
tion in yield loss due to rust. Multiple-point 
models are particularly suited for epidemics 
that are long in duration, have unstable infec- 
tion rates, and affect more than one yield 
component. 

INTEGRAL MODELS Integral models relate 
loss to a disease descriptor derived from 
summing disease intensities over a specified 
period of crop growth. The idea may be attrib - 
uted to VanderPlank (51), who proposed the 
area -under -disease- progress-curve (AUDPC) 
as a method for analysis of wheat stem rust 
data. An example is the model for estimating 
loss in cowpea due to Cercospora leafspot: 

% Loss = 0.43 AUDPC - 14.95 (34). 

In general, AUDPC models cannot distinguish 
between late or early epidemics since two 
progress curves with very different onset times 
and infection rates could give the same area 
under the curve. AUDPC models have been 
successfully applied for short-duration, late 
epidemics (17,19). Some workers have im- 
proved the predictive ability of AUDPC models 
by assigning weighting factors to the disease 
assessments made a t  different growth stages 
which are used to calculate the AUDPC (14). 

OTHER MODELS T h e  relationship among 
disease, crop growth stage and loss was con- 
ceptualized as a three-dimension response 
surface by Teng & Gaunt (42) and may be 
generalized as % Loss = f (Disease, Crop 

stage), thereby enabling loss estimation if the 
disease intensity and growth stage are known. 
This response surface model may also be con- 
sidered an integrated series of single-point 
models, and several workers have developed 
models fitting the concept (40). Response sur- 
face models require substantially more data to 
develop than the other models discussed pre- 
viouslv and have led to research on alternative 
ways of experimentation to collect data, as dis - 
cussed in a previous section. 

The majority of disease-loss models have 
assumed a linear relationship, while it is gen- 
erally recognized that biological relationships 
may be non-linear. Madden et  al. (25) have 
modified the Weibull Distribution Function, 
with very flexible curve-fitting capabilities, for 
use on disease-loss relationships, and have 
demonstrated that good fits to data may be 
obtained. 

More than one model can commonlv be 
found to fit a set of experimental data on any 
disease-loss system. Although it is generally 
advisable to collect more data than is neces- 
sary for modeling because of the lack of prior 
knowledge on the  form of the model, with some 
diseases and crops, enough is known of yield 
physiology to enable postulation of potential 
relationships (42). This approach can do much 
to guide the design of experiments and pin- 
point growth stages where it may be useful to 
have more treatments. The intended use of a 
model is another consideration in determining 
the form of the model, whether it be single 
point or multiple point. In surveys, where 
fields may be visited only once, several differ- 
ent single-point models would be needed. To 
forecast potential yield loss may require a mul- 
tiple-point or integral model that can account for 
fluctuating rates of disease progress in response 
to factors like fungicide application. 

Development and Use of 
Regional Crop-Loss Data Bases 

Regional crop -loss data bases have been de- 
veloped for several countries through the use 
of sample surveys and the indirect methods 
previously discussed. This endeavor repre- 
sents the next phase in most crop-loss programs 
(17,19). A regional data base is considered here 
to be a set of crop-loss data collected over 
many definable spatial units such as counties. 
Although the method of procuring the crop- 
loss data may be different, it is common that 



such data bases provide information on the 
prevalence (distribution), incidence and sever- 
ity of diseases and/or the related losses in per- 
centages or tonnage (41). 

In developing regional loss data bases, James 
and Teng (19) have recommended that sound 
statistical sampling methods be used to deter- 
mine field averages and to select representative 
fields. Some of the within-field sampling 
methods were previously discussed. Selection 
of fields to represent a region has been based 
on simple random sampling, stratified sampling 
or multistage sampling. Stratification based on 
county (or similar) lines, crop reporting dis- 
tricts, or state boundaries appears to be most 
common in the literature, although stratifica- 
tion according to soil types, agroecological 
zones or production systems has more interpre - 
tative value to agricultural scientists (41). One 
of the longest ongoing survey programs is that 
in England and Wales which started in 1967 on 
wheat and barley (20). The program has 
demonstrated its usefulness in keeping ad- 
ministrators, researchers and farmers aware of 
the status and importance of cereal diseases 
and regularly publishes loss figures. In this 
program, loss is estimated by determiningfield 
disease severity, which is then used with a 
disease-loss model. Another long-term survey 
program is that of the U.S.D.A. Cereal Rust 
Laboratory in St. Paul, which monitors changes 
in rust virulence as well as estimates losses 
through expert opinion and actual field data 
from major wheat states. The literature on ad 
hoc disease surveys is plentiful, and although 
not allowing historical trend analysis, these 
surveys have been useful in identifying diseases 
for further research and extension (19). Some 
states in the U.S.A., such as North Carolina, 
collate crop-loss information each year from 
varied sources (27). 

With developments in computer technology, 
Rijsdijk & Zadoks (32) have plotted isoloss 
lines for Western Europe showing the mean 
annual loss in cereals due to each key pest. A 
combination of expert opinion, mail surveys 
and literature reviews was used to provide the 
data. These workers also plotted risk maps to 
show parts of the region where a certain 
disease has historically caused significant loss. 
A new program in the U.S.A. sponsored by the 
U.S .D .A., Animal and Plant Health Inspection 
Service, began in 1982 to develop a national 
pest survey data base for use in export certifi- 
cation (41). This program, the Cooperative 

National Plant Pest Survey & Detection Pro- 
gram, relies heavily on computers and tele- 
communications for exchange of weekly pest 
data among states and a central computer and, 
in the future, will be capable of providing real- 
time pest and crop data during the growing 
season. Individual state systems for computer- 
ized, on-line pest management are in place, 
e.g. in Michigan and Minnesota (41). In Europe, 
the Dutch "EPIPRE" system of national pest 
management has been extended to other coun- 
tries (55). This system projects increases in 
pest populations and the potential economic 
loss, thereby providing a basis for control. In 
the U.S.A., research is also being directed at 
linking regional crop loss data bases to decision- 
making at  the farm level. The "RUSTMAN" 
model for timing fungicide sprays on sweet 
corn makes recommendations based on rust 
severity in the field, estimated field loss, and 
rust severity in surrounding fields (44). With 
increasing miniaturization of electronic equip- 
ment, matched by increasing computer power, 
it may soon be possible to deploy highly 
sophisticated models of nematode-loss systems 
in farmers' fields for pest monitoring and 
management. 

CONCLUDING REMARKS 

A crop-loss program should have a flexible 
structure to enable it to respond to changing 
needs and objectives. The different approaches 
reviewed in this chapter, and the specific 
methods discussed, allow for this flexibility. In 
line with the "project" approach of this chap- 
ter, it is conceivable that the first year of a new 
crop-loss program would have field plot ex- 
periments, sample survey to determine the 
distribution and intensity of pests, and use of 
the single tilledplant method as part of the 
survey. Concurrently, development of the 
methods of data analysis and information stor- 
age and delivery would have to be conducted. 
At the end of the first season, some preliminary 
disease-loss data would already be available 
for use by a varied clientele. The second and 
subsequent seasons serve to increase the reli- 
ability of the models and procedures developed 
during the first. There is a dynamic cycling 
process, with feedback on performance of the 
models to the research such that each succeed- 
ing season should see improvement in the 
overall crop loss program. 

Plant pathology may be regarded as a practi- 
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cal exercise in problem-solving, aimed at the 
economic control of plant diseases (19). Two 
elements are evident in the resolution of a 
problem-first the definition and then the 
solution. In the context of plant pathology, 
crop-loss assessment represents the problem- 
definition element and is therefore a vital 
component in any plant-pmtection program 
since it is illogical to attempt a solution of a 
problem that has not been defined. With in- 
creasing resource awareness in agricultural 
research worldwide, the technology of crop- 
loss assessment is likely to play an important 
role in both developing and developed countries 
in the rational allocation of scarce resources. 

The current authoritative publication on 
global crop loss statistics is the 1967 book by 
Cramer (8), which drew heavily from older 
sources such as the 1965 U.S.D.A. handbook, 
"Losses in Agriculture" (49). These statistics 
are being used to set and justify many plant- 
protection programs, with figures like 35% 
average preharvest crop loss per year due to all 
pests being commonly cited (45). There is an 
urgent need to update global statistics on crop 
losses, especially in the developing countries. 
One way by which this may be done is through 
increased exchange of information such as the 
workshop for which this chapter was written. 
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THE ROLE OF SYSTEMS SCIENCE AND DATA MANAGEMENT 
IN NEMATOLOGY 

Michigan State University 
East Lansing, Michigan, U.S.A. 

A modern era of the Science of Nematology 
evolved immediately after the discovery of the 
nematicidal properties of 1,3-dichloropropene- 
propanes by Carter in 1943 (6). During the past 
40 years, our understanding of nematodes has 
increased greatly (13, 20). Today, Caenorhab- 
ditis elegans is considered as a model meta- 
zoan system for biotechnology research (19). 
Although nematology is still a relatively young 
discipline with inadequate personnel and fiscal 
resources, significant progress has been made 
in making agricultural production system man- 
agers aware of the importance of phytopath- 
ogenic nematodes and related management 
procedures designed to minimize crop losses 
(2). 

Nematology is currently in a state of transi- 
tion. This change is dictated by environmental 
and human-health concerns related to both 
fumigant and non-fumigant nematicides. These 
challenges are similar to those facing other 
pestology disciplines. As this transition pro- 
ceeds, the role of timely and high quality 
information about nematodes and theirrelation- 
ships to specific agricultural production sys- 
tems will become significantly more important 
than in the past. In our current "age of informa- 
tion," the use of a systems approach and data- 
base management technology is imperative (5, 
7,8,12,15,16). The objective of this contribu- 
tion is to provide nematologists with an intro- 
duction to these topics. General references and 
examples related to nematology are included 
as a basis for further study. Because of the 

'Nematologist, Department of Entomology. 
2Systems Scientist, Department of Electrical Engineering 
and Systems Science. 

3Environment.l Entomologist, Department of Entomology. 

nature of recent research by the senior author, 
nematodes other than Meloidogyne spp. will be 
used as examples. The principles, however, 
should be of value in research, extension and 
teaching programs related to Meloidogyne spp. 
The chapter is divided into sections on systems 
science, role of computers in nematology, and 
data-base management technology. 

SYSTEMS SCIENCE 

The word science can be defined as a body of 
knowledge and the requisite methodology. Sys- 
tems science is a discipline that provides a 
framework for the study of interactions among 
related entities (5, 7, 17). Systems science 
consists of a set of basic procedures that can be 
used in the description, modeling, evaluation; 
design and optimization of systems. This dis- 
cipline evolved out of necessity over the past 
40 years as a way of dealing with complex 
military operations and space exploration devel- 
opment, and has now become of significant 
value in the evaluation and management of 
agricultural and natural resource production 
systems. 

Conceptual Models 
Systems have real or conceptual boundaries. 

The first step in a systems approach is iden- 
tification of these boundaries. This process 
consists of the dichotomization of the system 
(universe of concern) into the object of control 
and external environment (Fig. 1). If the objec- 
tive of a model is to summarize existing nema- 
tology literature about Heterodera schachtii 
(sugarbeet-cyst nematode) and Brassica capitata 
(cabbage) in a quantitative manner with pre- 
dictive capabilities, the system boundaries can 
be defined so the host-parasite relationship is 
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the object of control and all other factors 
influencing this interaction are considered as 
the external environment (Fig. 2). This separa- 
tion does not imply that the system and the 
environment are mutually independent. On the 
contrary, it provides a framework for quantita- 
tive evaluation of the interdependence between 
the object of control and its surrounding en- 
vironment. 

Step 1 

External 
Environment 

System Boundary 

SYSTEM r-3 ) (Object  of Control) 

Fig .  1 .  A conceptual  model i l lus trat ing  the 
dichotomization of a system (universe of con- 
cern) into the object of control and external 
environment. 

External Environment 

Object Of Control 

Host Parasite Relationship 
(Heterodera schachtii - Brassica capitata) 

Fig.  2 .  A conceptual  model i l lus trat ing  the 
dichotomization of the Heterodera schachtii- 
Brassica capitata host-parasitic relationship 
into the object of control and external 
environment. 

The second step consists of identification of 
the system stimuli and responses. For example, 
application of the nonfumigant nematicide 
fenamiphos minimizes damage to cabbage by 
H. schachtii (1). This system can be illustrated 
as a "Black Box" model, with the nematicide 
represented as a stimulus (s,) of the object of 
control (Fig. 3). The improved cabbage yield is 
represented as a response (r,) of the system. 
Although this very simple conceptual model is 
of limited value, it can be used as the beginning 
of a process for evaluation of complex phenom- 
ena, such as nematode behavior or the impact 
of plant-parasitic nematodes on an agricultural 
production system. Although the use of a 
systems approach in nematology and other 
biological sciences has usually been limited to 
ecological and population dynamics studies, 
the procedure is also of value for physiologic 
and socio-economic components of science. 

In the implementation of scientific methodol- 
ogy (scientific method), it is very important to 
define the problem, research objectives and 
research hypotheses clearly and concisely. 
When these procedures are incorporated into a 
systems approach, they can be represented, in 
part, by definition of the desired system re- 
sponses (r, . . . rJ. This part of systems 
methodology must be done with great care. As 
with all other aspects of science and scientific 
method, the procedure is objective dependent. 

The third step in the systems approach is the 
dichotomization of the external environment 
into controllable and noncontrollable factors. 
Fenamiphos and NPK fertilizer applications 
are examples of controllable system inputs. 
Rainfall and air temperature, however, are 
usually noncontrollable (Fig. 4). 

Step 2 

Fig. 3. A "Black Box" model of the Heterodera schachtii-Brassica capitata system illustrating the increased cab- 
bage yield ( r ~ )  resulting from the application of fenamiphos (81). 

Fenamiphos > 
Application (s, ) 

Heterodera schachtii 

Brassica capitata 

Enhanced Cabbage 

Yield (r, ) 
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STEP 3 

I CONTROLLABLE VARIABLES I 
I Fenamiphos (s, 1 

I Soil Moisture (s,) I 

Soil Nutrients (s,) 

I Soil Temperature (s,) I 

> 

Fig. 4. A conceptual model illustrating the dichotomization of the external environment into controllable and non- 
controllable factors. 

Heterodera schachtii 

Brassica capitata 

NON-CONTROLLABLE VARIABLES 

Steps 485 

1 CONTROLLED VARIABLES I 

Heterodera Brassica 

schachtii capitata 

MONITORED VARIABLES 
(NON-CONTROLLED) 

Soil Nutrients (s,) 
Soil Moisture (s,) 
Soil Temperature (s,) 

Fig. 5. A conceptual model illustrating the dichotomization of the external environment into controlled and non- 
controlled (monitored) factors. 

In the fourth step, you determine whichof the (Fig. 5). Therefore, soil nutrients would be 
controllable stimuli are to be controlled, and considered with air temperature and rainfall as 
which will be included as noncontrolled var- a noncontrolled variable. If specific noncon- 
iables. In the H. schachtii-B. capitata example, trolled variables have significant impacts on 
it may not be necessary to control soil nutrients the object of control, they must be monitored 
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and perhaps should be classified as monitored 
variables. 

As currently described, the H. schachtii-B. 
capitata model is still of relatively limited 
value. One reason is that the object of control is 
defined in inadequate detail. In the fifth step, 
additional resolution is obtained when the 
object of control is divided into two sub- 
systems: the sugarbeet cyst nematode and the 
cabbage plant (Fig. 5). One of the most powerful 
aspects of systems science is the discrete 
component approach. This approach is used 
for detailed evaluation of specific components 
of the system and identifying their interactions. 
The components can be removed from the 
system, studied as free-body models, and then 
reinserted into the model (Fig. 6), thus allowing 
complexity to be incorporated into the system 
response (Fig. 7). Although the sugarbeet-cyst 
nematode-cabbage example is not a complete 
biological representation of the life cycle of this 

Step 6 

(s5) 

Heterodera 
schachtii (r, ) 

big. 6. Example of a "Black Box" free body model of' 
Heterodera schachtii with the associated 
system constraints (81.  . .sr and r ~ ) .  

nematode, these components are all that is 
necessary for achieving the desired objectives 
of the model. The structure of a model should 
never be more complex than what is needed to 
complete the objective. 

After a conceptual model is completed, var- 
ious quantitative procedures can be used to 
make the model suitable for specific purposes 
such as prediction of the population density (P) 
of H. schachtii a t  some future time, At+ 1 (Fig. 
8) .  A simple representation of this is described 
by the following state equation: 

where m(N,T) = percent natural nematode 
mortality during the interval (t, t + ~ t ) ;  C(N) = 
percent nematode population control from ap- 
plication of the nematicide fenamiphos during 
the interval (t, t + At); E(N, T) = nematode eggs 
produced during the interval (t, t + ~ t ) ;  and 
J(t) = 2nd stage juveniles or eggs introduced 
or migrating into the system during the interval 
(t, t + At). 

Models of biological systems can be static or 
dynamic. In a static model the desired re- 
sponses are obtained by manipulation of current 
stimuli without any historical information about 
the system (Fig. 9). A dynamic model, however, 
requires an understanding of the current state 
of the system, which considers the historical 
development of the system resulting in its 
current state (Fig. 10). 

Creating a model system to substitute for a 
real system can be a primary objective of 

Step 7 

I 

Soil I Cabbage Roots 
I 
I 

r - - - - - - - - - -  1 I 
I 

I I 
I 

I Cyst Eggs -I+ J, I .J,,J,,J,-Female 
I I 
I I 

- - - - - - - _ I  I 

Fig. 7. A conceptual model of selected components of the life cycle of Heterodera schachtii. 
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CONTROLLED VARIABLES 

Fenamiphos (s,) 

Heterodera schachtii 

Population 

MONITORED VARIABLES 

H. schachtii Immigration (s,) 

Fig. 8. Model of the population dynamics of Heterodera schachtii, with a state equation of P( t+At )  = P ( t )  - m(N,T)  
N ( t )  - C(M N ( t )  + E(N,T) N ( t )  + J ( t ) .  

Fig. 9. A conceptual illustration of a static model. 
r ,  = s, + 1 
r, = s,er' 

(s, 1 

( s ,  1 (rl 1 . , 
t 

S A V E  
Sl 

(r2) 

Fig. 10. A conceptual illustration of a dynamic model. 

systems analysis. This type of modeling may be 
done to obtain information concerning the 
consequences of proposed actions or policies 
on the system. A model, however, is only an 
abstraction of a real system-not the system. 

(rl 1 --> - 

The model should reflect the dominant features 
of the system, which in turn should depend on 
the given objective. Thus, if the objective is to 
describe the population dynamics of a nema- 
tode species, it should be possible to include 
only features associated with the population as 
a whole, rather than individuals within the 
population. 

A model can be a quantitative representation 
of a system. Although a conceptual diagram 
can be called a model, the definition can be 
restricted to models that are quantitative repre- 
sentations. For example, the increase of a 
nematode population is exponential in an es- 
sentially unlimited, favorable environment 
(Fig. 11). As time passes, the population density 
increases until the number of individuals ap- 
proaches infinity, as  indicated in the equation: 

-- 

Add 1 

where 8 = nematode population density at  
some t ;  = nematode population density a t  
some arbitrarily set time; and t = time (units of 
time such as hours, days, weeks, years) set 
according to the objectives of the model. 

The model includes the relevant attributes 
within the context of the defined objectives 
and is a logical framework for illustration of the 
interactions among the components of the 
system. 

A model may be a hypothesis, dealing with 
the behavior of the system as described by the 
best information available. A model is usually 
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Time 

Fig. 11. Fate of the population density of Heterodera schachtii in an unlimited favorable environment. 

the end result of an iterative process, contin- 
uously updated with new information, thus 
providing a concise summary of the past infor- 
mation of the system and a description of its 
current state. One of the greatest advantages is 
that users can determine the effects of manip- 
ulations in the real systems through the use of 
its imitation, the model. Models can be used to 
enhance understanding of behavior of the sys- 
tem under various hypothetical conditions at 
very low cost. They can be used to design and 
test integrated nematode management strat- 
egies. 

Models must be realistic, including the ability 
to follow the general form of the system being 
modeled. Assuming the model hypotheses are 
realistic, the model can predict the time course 
of the model variables within a given degree of 
precision. A model also must be general enough 
to include all possible situations. 

Resolution is the opposite of generality and 
relates to the number of attributes of a system 
that a model attempts to reflect. Time scale is 
an example of resolution. A model designed to 
show yearly trends in nematode populations 
would most likely lack the resolution necessary 
to predict changes in the system a t  l-min. 
phase intervals. 

No modeling effort is complete without val- 
idation. This phase is the most critical and 

difficult task. Validation is easier if the param- 
eters of the model can be measured and verified 
in the field or under controlled conditions 
through experimentation. The system structure 
is then verified when the overall system behav- 
ior is compared with that of the model behavior. 
Validation is usually accomplished by compar- 
ison of the trends, such as nematode population 
density, obtained in an independent set of data 
with those from the model. If the predicted 
population densities agree with the observed 
data a t  some satisfactory level of probability, 
the real world system is considered as identified, 
and the model accepted for use in systems 
analysis and design. If the degree of agreement 
between the predicted nematode population 
density and the measured data is inadequate, 
then the model should be modified. This refine- 
ment may involve changes in the perceived 
interactions within the system (system struc- 
ture), equation forms, or values of the constants. 
One important point in the validation process 
is that the data used to construct the model 
must always be independent of the data used to 
validate the model. 

Once the model is validated or accepted as a 
representation of the system under study, then 
it can be used for various types of analyses. A 
sensitivity analysis of a specific parameter (i.e., 
soil temperature) can be useful a t  this stage to 
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evaluate the impact of this parameter on the 
system. One can check for possible errors in 
the estimated values and their potential for 
control of the system by artificial modification 
of these parameter values (17). 

Computer Simulations 
If a model is used for a computer simulation, 

it is usually necessary for the known biology of 
the system to be incorporated both as graphic 
and mathematical functions (Fig. 12). In 1982, 
Dr. Annette Klieneke-Borchers (University of 
Hannover, Federal Republic of Germany) and 
the senior authors of this chapter constructed 
such a computer simulator for the cabbage- 
sugarbeet cyst nematode (NEMACAB). The 
simulation was designed to predict cabbage 
yield and final nematode population densities 
in the presence or absence of the organo- 
carbamate nematicide, aldicarb (Table 1). Al- 
though the conceptual models used for the 
development of computer simulations frequent- 
ly appear to be complex, it is imperative that 
the output be user oriented. A corn-nematode 
crop losslnematicide cost-benefit model 
(NEMACORN, programmed in 1981 by D. 
Miller and G. W. Bird) is an example of a model 
that has been useful for decision-making related 
to nematode control programs in Michigan 
corn production. Output from a simulation of a 
100-acre corn field with three areas with nema- 
tode population densities above the damage 
threshold is presented as an example of NEMA- 

CORN (Table 2). 
Although both NEMACORN and NEMA- 

CAB are useful for assisting with management 
decisions, they also can be used for research 
and education. A third nematodelcrop com- 
puter simulation, POTATOPEST, has been 
used for identification of nematology research 
priorities and experimental simulations (3, 4). 
A hypothesis for research on the joint action of 
the root-lesion nematode, Pratylenchus pene- 
bans, and Colorado potato beetle on potato 
was derived from an experimental simulation 
with POTATOPEST (14). 

NEMACORN, NEMACAB and POTATO- 
PEST have been used successfully for educa- 
tional purposes. POTATOPEST is used to 
assist in the teaching of the principles of 
nematode population dynamics in an academic 
course in nematology for undergraduate stu- 
dents. POTATOPEST is also used in an intro- 
ductory course in integrated pest management 
(IPM) to teach students how to calculate eco- 
nomic thresholds, the optimization point where 
marginal revenue from nematode control is 
equal to the marginal cost of control. Both 
NEMACORN and POTATOPEST also have 
been used in extension education programs, 
particularly in extension field staff in-service 
training and comprehensive IPM scout train- 
ing schools. When used as an integral com- 
ponent of a teaching program, computer simula- 
tions are powerful educational tools for which 
there are currently no substitutes. 

Table 1. Output from NEMACAB (a computer simulation of the interactions among 
Heterodera schachtii and Brassica capitata) for an  initial population density of 
2,000 eggs and juveniles per 100 cm3 of soil in the presence and absence of the 
organocarbamate nematicide, aldicarb. 

Weeks after 
H. schachlii eggs and Plant weight (g) 

feeding Head 
(accumulative juveniles per 100 cm3 soil Root Shoot diameter (CM) 
degreedays) +aldicarb aldicarb +aldicarb -aldicarb +aldicarb -aldicarb +aldicarb -aldicarb 
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Fig. 12. A conceptual model of a computer simulation of Heterodera schachtii associated with Brassica capitata. 
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a b l e  2. Computer program output from NEMACORN, a microcomputer program for analysis of the 
benefits of nematicide application in corn production. 

NEMACORN Input 

Field Size 100 acres 

Potential Yield 125 bulA 

Estimated Price $3.50lbu 

Nematicide Cost $15,00O/A 

Nematode Problem Description 

Area # l  (circle, 400 ft in diameter) 

25 ft radius 

50 ft radius 

100 ft radius 

200 ft radius 

Area #2 (ellipse) 

10 x 100 ft 

Area #3 (circle) 

50 ft radius 

50% loss 

25% loss 

10% loss 

5% loss 

NEMACORN Output 

Infested Area 

Crop Loss 

Estimated Gross Without 
Nematode Problem 

Estimated Gross Without Nematicide 

Estimated Net With Nematicide 

Entire Field Treated 

Infested Areas Treated 

Treatment Benefits (Losses) 

Entire Field Treated 

Infested Areas Treated 

Nematicide Costs 

Entire Field 

30% loss 

50% loss 

3.1 acres 

32.3 bu 

Infested Areas 
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ROLE OF COMPUTERS 1975 (10, 17, 18). I t  operates on the MSU 
IN NEMATOLOGY mainframe computer (CYBER 750) and uses 

telecommunications to interact with remote 
Nematologists have used computers for data teletype terminals, minicomputers, and micro- 

analysis formany years. Today, numerous other computers throughout Michigan. The system 
attributes of computers are readily available allows for bidirectional commun~cat~ons among 
for use in nematode research, teaching, exten- a variety of users, including nematologists, 
sion, and regulatory programs. The availability growers, ,,tension agents and agribusiness 
of microcomputers and user-friendly software representatives. ~h~ information available 
have made processing a common feature through PMEX can be classified as  biological 
of manynematolOgyprograms. Computer graph- monitoring data, environmental monitoring 
ics is another area related to data analysis in data, predictive models and agroecosystem 
which there have been numerous changes in management recommendations. B~~~~~~ 
the past few years. Both regu1ar computer PMEX is an executive system, no knowledge of 
graphics and three-dimensional systems are computers is required for users. A new user can 
now readily available in black and white or be taught the basics of the system in less than 
color through commercial software packages. 20 minutes. A PMEX  id^ provides 
Numerous advances have also been made in additional details (10). PMEX information is 
data collection directly from computerized provided to users through automatic sched- 
laboratory instrumentation and environmental uling, which is an elementary form of artificial 
monitoring devices. In this presentation, the intelligence ( ~ 1 ) .  ~~~~~~~i~ schedulingis based 
role of computers in nematology will be limited ,, a profile designed to provide each user with 
to computerized information communication the information most likely to be ofthe greatest 
and data-base management systems. value. Electronic mail (CONTACT) and individ- 

DATA-BASE MANAGEMENT SYSTEMS 

The science of data-base management has 
evolved rapidly during the past 20 years (15). 
Several specific data-base management sys- 
tems (DBMS) have been designed for pest- 
management purposes, and DBMS-software 
packages are currently commercially available 
for many computer hardware systems. Modern 
computer and communications technology 
make it possible to integrate and manage data 
bases on an interactive basis. In an "age of 
information," it is essential that appropriate 
high quality data be readily available for diverse 
uses, including integrated nematode manage- 
ment decision-making (2). Information may be 
needed for making short-term decisions on a 
real-time basis. It may also be required for 
long-term decisions based on historical infor- 
mation. PMEX (Pest Management Executive 
System) and CCMS (Cooperative Crop Mon- 
itoring System) are examples of DBMS that 
have been used in the Michigan State University 
IPM program during the past 5-10 years (10, 
17,18). 

Pest Management Executive System 
(PMEX) 

PMEX is an on-line computerized com- 
munications system that has been in use since 

ual programs selected by the user are also 
available. PMEX access is free to MSU per- 
sonnel. It  is available on a fee basis to the 
private sector and other public sector users. 

CONTACT is used by growers, extension 
agents and scouts to provide extension spe- 
cialists and other users with biological monitor- 
ing information on a close to real-time basis. 
Extension specialists use CONTACT to dis- 
seminate pest, crop or biocontrol ALERTS to 
agricultural clientele. From 1976 through 1982 
information from the MSU Nematode Diag- 
nostic Service Laboratory could be accessed 
through a PMEX program named NEMALAB. 
This DBMS allowed users to request infor- 
mation about nematodes in numerous formats 
including state, county, crop, nematode, or 
grower summaries. NEMALAB ouput for the 
samples from Montcalm County which were 
processed for nematodes in 1980 is given as an 
example (Table 3). 

The environmental monitoring component 
of PMEX consists of four programs, AG- 
ADVISORY, FORECAST, TEMPCAST, and 
WEATHER. AGADVISORY (Agricultural 
Advisory) is a narrative interpretation of how 
past, present and forecasted weather conditions 
will affect current farm operations (11). FORE- 
CAST is a weather forecast for Michigan and 
includes such items as  predicted temperature, 
and the probability of precipitation for 10 
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Table 3. Output from the PMEX NEMALAB program associated with the MSU Nematode 
Diagnostic Service Laboratory. 

NEMALAB REPORT 

Calculated for Montcalm County by Nematode Genus 

Summary for all crops 

Date range is Jan. 1  to Dec. 31, 1980 

28 SAMPLES PROCESSED 

a 
Soil Root Tissue 

Pratylenchus 
5 4 1 7  2  

Meloidogyne 
2 6 0 2 0  

Heterodera-Not found 
Trichodorus-Not found 
Xiphinema 

2 5 3 0 0  
Tylenchorhynchus 

2 2 2 4 0  
Helicotylenchus 

2 7 0 1 0  
Hoplolaimus-Not found 
Criconemoides 

2 5 0 3 0  
Hemicycliophora-Not found 
Ditylenchus-Not found 
Paratylenchus 

2 1 4 3 0  
Longidorus-Not found 
Aphelenchoides-Not found 
Pratylenchoides-Not found 

a 3  Nematode popultion density index: 1) 0, 2) 1-10, 3) 11-100, 4) >100/100 cm or 1.0 g 
root. 

weather districts and 22 zones. TEMPCAST 
provides a 5-day temperature forecast for the 
10 weather districts. WEATHER summarizes 
weekly and seasonal weather conditions, daily 
weather, soil temperature data, and various 
degree-day accumulations for any one or com- 
bination of the 65 weather stations in the 
Michigan Agricultural Weather Network. 

The predictive models available through 
PMEX include programs such as BIOSCHED. 
This program provides current weather and 
biological monitoring data from various geo- 
graphic regions and advises IPM scouts when 
and where they should be looking for specific 
pests, crop development stages or biocontrol 
agent. EVAPOTRANS predicts moisture loss 
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due to evapotranspiration. The output of other 
programs such as WEEVILCOST, FERTI- 
LIZER and IRRIGATE include production 
system management recommendations. WEE- 
VILCOST is an alfalfa weevil control cost- 
benefit assessment model. FERTILIZER pro- 
vides recommendations for fertilizer applica- 
tions based on soil nutrient laboratory analysis 
results. IRRIGATE is designed to assist with 
irrigation scheduling decisions. Many of the 
pest-management recommendations made 
through PMEX, however, are disseminated 
through CONTACT. 

PMEX currently has about 200 users. Al- 
though it provides specific on-line information 
in as close to real-time as possible, it was not 
designed as a flexible DMBS. In the late 
1970's, CCMS (Cooperative Crop Monitoring 
Service) was developed to overcome this defi- 
ciency. 

Cooperative Crop Monitoring Service 
(CCMS) 

CCMS is a DMBS designed a t  Michigan 
State University. Since monitoring crops for 
evaluation of performance with respect to pest 
occurrence, development, abundance and crop 
damage is an essential part of IPM, and various 
agencies and individuals allocate considerable 
resources toward the inspection of crops for 
specific problems, the availability of a high 
quality DMBS is imperative. Unfortunately, 
most of this type of information has not been 
standardized, even though the same or similar 
information may have been collected by a 
number of different institutions. This problem 
frequently precludes the use of these data in 
many types of evaluations. CCMS provides 
users with systematic and semi-quantitative 
information about current and potential prob- 
lems in an array of crops throughout Michigan. 
In addition, the system produces an historical 
data base which enables individuals to examine 
trends in crop-pest dynamics and other features 
useful in forecasting damage and loss potential 
caused bv ~ e s t s .  CCMS was designed as a 

CCMS is computer-based for rapid data 
processing and summarization. A TI990 mini- 
computer (Texas Instruments) was designed 
for CCMS, and appropriate DBMS software 
written. Data for CCMS are recorded and sub- 
mitted via mail on computer mark-sense forms. 
Individual forms have been developed for each 
crop, based on the needs of specific clientele. 
Cooperators are taught how to use CCMS. 
Electronic data-recording instruments will 
most likely replace the mark-sense forms in the 
relatively near future. 

The most popular summaries generated from 
CCMS data are year-end reports. These are 
prepared for individual fields in IPM programs 
and are made available to growers through 
private IPM organizations. MSU currently pre- 
pares these summaries as payment for the data 
submitted by growers and scouts. All CCMS 
data are maintained confidentially. The year- 
end reports are used by growers for long-range 
planning and decision-making related to crop 
rotation, IPM strategies and pesticide pur- 
chases. The field (firm-level) data in the year- 
end reports are frequently compared with 
other summaries, such as those prepared for 
analysis of local, regional, or state situations. 

In 1983, the MSU Nematode Diagnostic 
Service Laboratory terminated the NEMALAB 
program on PMEX and initiated NEMALAB 
II on CCMS. This substitution has provided a 
much more powerful and flexible DBMS. How- 
ever, a number of changes had to be made in 
the information submitted in conjunction with 
soil and root tissue for nematode analysis 
(Table 4). I t  will be used in 1985 to generate 
computerized nematode reports that will be re- 
turned to clientele (Table 5). 

In 1984, CCMS began a transition from the 
hardware-software DBMS designed a t  MSU to 
a VAX minicomputer using INGRESS as the 
DBMS software. This change was successful 
and is a good example of how rapid develop- 
ments in the computer industry have made 
DBMS technology widely available. The tran- 
sition, however, still required the assistance of 
computer and DBMS specialists. 

DBMS f i r  personnel already collicting this 
type of information. It assists them in the 
standardization of information so that it will be CONCJJSIONS 
useful to as many individuals and agencies as 
appropriate. CCMS offers a standard, pre- Both systems science and DBMS are very 
served format for information on crops, pests, likely to play important roles in the future of 
beneficial organisms, control, economics and nematology. Computer technology will con- 
the environment. tinue to develop rapidly. For example, al- 
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Table 4. Michigan State University Nematode Diagnostic Service Laboratory sample sub- 
mission form. -- 

Grower. Present Crop - - 

Address -___ Variety 

zip Planting Date - 

County - Township -- Future Crop 19 ___: - 

Section Quarter Section Past Crops 19 -: 

CCMS Manual # Site # 
19 - :  

Nematicide Treatment ___ -- 
Field I.D. Sample Date (dare) 

- ---- -- 
Soil Type (chemical) 

SAMPLE METHOD (check): As described in Ext. Bull. E-800 ( ) MSU IPM Manual ( ) Other ( ) describe 

REASON FOR SAMPLE (check): Problem AvoidancellPM ( ) Problem Diagnosis ( ) 

DISEASE SYMPTOMS 

Distribution (check): Entire Planting ( ) Localized ( ) Scattered ( ) 
Above Ground 
Symptoms 

Yellowing 

Necrosis 

Stunt~ng 

Wilting 

Other 

Below Ground Symptoms (check): Galls ( ) Excessive branching ( ) 

Rot ( ) Reduced Growth ( ) 

% of Plants in Field 
With Symptoms 

COMMENTS: 

SAMPLE SUBMITTED BY: - 

ADDRESS: 

COUNTY 

DO NOT WRITE BELOW THIS LINE 

NDSL Sam~lt  Number - Date Recelved 

though "Fifth Generation" computer hard- ing resource will be particularly important for a 
ware and software are not currently available field with limited human and financial re- 
to biologists, it is important to mention the sources. It is imperative for nematologists to 
future potential of artificial intelligence (AI) to work closely with professional systems scien- 
the science of nematology (9). When A1 be- tists, computer programmers, and the knowledge 
comes a reality, it should have a significant engineers of the "Fifth  ene era ti on" (9). Through 
beneficial impact on nematology. This develop- these interactions, future nematology research 
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Table 5. Computerized client output from the MSU Nematode Diagnostic Service 
Laboratory. 

NEMATODE DIAGNOSTIC SERVICE LABORATORY REPORT 

Grower: DONALD SMITH 
County or State: VAN BUREN 
Sample date: 2/10/83 
Present crop: POTATO, Planted on 0/0/83 
Field I.D.: NW 
Future crop: POTATO, Planting date: 0/0/84 
Sample submitted by: TOM JONES 

NDSL sample no.: 483 
Received on: 211 5/83 
Analysis method: 

Centrifuge, Shaker 

Symptom distribution: SCATTERED 
Above ground symptoms: YELLOWING (10%); WILTING (10%) 
Below ground symptoms: REDUCED GROWTH; GALLS 

NEMATODES RECOVERED FROM SAMPLE 

Nematode 

# Per 3 # per 
100 cm 1.0 g 

soil tissue Total Threshold 

ROOT LESION NEMATODE 50 55 105 
NORTH. ROOT-KNOT NEMATODE 10 100 11 0 
STUNT NEMATODE 6 6 
DAGGER NEMATODE 3 3 

Threshold + = a t  or above; - = below; +/- = border line 
? = level unknown 

Occurrence of beneficial nematodes and fungi: 
SAPROPHAGOUS NEMATODES - FEW 
PREDACEOUS NEMATODES - FEW 
ENDOMYCORRHIZAL FUNGI - COMMON 
NEMATODE TRAPPING FUNGI - NONE 

DIAGNOSIS: Nematode problem. 
GENERAL RECOMMENDATION: Action advisable. 
REFERENCES: Control o f  Insects, Diseases, and Nematodes on Commercial Vegetables. 

MSU Ext. Bul. No. E-312, see pages 44 and 45. 
SPECIFIC RECOMMENDATION: Apply fumigant or non-fumigant nematicide. Plant a 

variety that  is tolerant to the  root-lesion nematode. 
COMMENTS: Root-lesion nematode is most likely serving as  a predisposition agent for  
wilt fungi. This results in the disease complex known as  "early-die" o f  potatoes. Superior 
is the  most susceptible variety to this disease complex. 

G. W. Bird, Extension Nematologist 



and education programs will remain a t  the 
cutting-edge of science. Our society cannot 
afford to have well-trained nematologists in- 
vesting significant amounts of time working on 
modeling, hardware, and software systems in 
isolation from the experts in systems science 
and computer programming. A highly signifi- 
cant number of young nematologists already 

have been introduced to systems science and 
modern computer technology. This progress 
should provide a strong base for the inter- 
disciplinary interaction necessary for nema- 
tology to provide scientific leadership and an- 
swers to the important challenges facing our 
agriculture and natural resource production 
systems. 
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DESIGN OF GREENHOUSE AND FIELD EXPERIMENTS 
FOR NEMATODE INVESTIGATIONS 

L. A. Nelson 
Department of Statistics 
North Carolina State University 
Raleigh, North Carolina, USA 

There is a great need for those charged with 
the responsibility of planning and conducting 
experiments to be educated in some basic sta- 
tistical principles. The purpose of this chapter 
is to introduce some of these experimental con- 
cepts. In addition to being familiar with these 
fundamental concepts, the researcher should 
seek advice from a competent statistician on 
the many details of planning an experiment, 
especially if the statistician is to be involved in 
the analysis and interpretation of data from the 
experiment. 

VARIATION 

Most biological data are quite variable, re- 
flecting the natural variability in soils, plants, 
and animals. Variability should not be con- 
sidered to be an undesirable property of ex- 
perimental material, and thus of data. To the 
contrary, variability should be anticipated prior 
to an experiment and managed properly so that 
it does not mask effects in the data which are of 
considerable interest and importance. There 
are accepted ways by which natural variation of 
experimental plots may be controlled. One of 
these, a device called grouping or blocking, has 
been incorporated into many of the commonly 
used experimental designs. 

IMPORTANCE OF GOOD 
EXPERIMENTAL DESIGN IN 
CONTROLLING VARIATION 

and money will not be attained. Good plan- 
ning, especially choice of a good experimental 
design, is like insurance against built-in defi- 
ciencies in design which can later haunt the 
researcher. Experiments in nematology and 
plant pathology are often subjected to an ex- 
tremely high degree of variability. Coefficients 
of variation often exceed 40%, and occasional- 
ly they are greater than 100%. Good experi- 
mental design is one way of coping with this 
variability. 

For any experimental situation, there are 
usually one or two experimental designs which 
are obvious choices for adoption. Two impor- 
tant criteria used are degree of error control 
which the design provides and complexity with 
regard to lay-out and data analysis. 

Some designs work well for situations in 
which the natural plot size is not uniform for 
the various factors within an experiment (e.g., 
the split-plot design). Some designs are useful 
for controlling two sources of extraneous varia- 
tion (e.g., the latin square design). Still other 
designs will accommodate large numbers of 
treatments (e.g., the lattice designs). A re- 
searcher will first need to determine the special 
requirements of a given experimental situation 
and then choose an appropriate design which 
will have the characteristics needed. A good 
rule to be followed in the choice of a design is 
selection of the simplest design available which 
will provide the degree of error control re- 
quired. 

The planning stage is an important phase in ELEMENTS OF EXPERIMENTAL 
experimentation. Without good planning, it is DESIGN 
possible that the results obtained from an 
experiment will be invalid or, even if they are Three elements of experimental design are 
valid, that maximum efficiency from the labor replication, randomization, and local control. 

PREVIOUS PAGE BLANK 
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Replication 
Replication assures the availability of an 

estimate of experimental error and also pro- 
vides a more stable estimate of means. There 
are several ways of estimating the number of 
replications required in an experiment. Table 
2.1 in Cochran & Cox (4) may be used as  a guide 
if the coefficient of variation from previous 
experiments is available. Other information 
necessary for use of this table is the degree of 
precision required, the magnitude of differ- 
ences to be measured, and the significance 
level to be used. This table is accompanied by 
examples of its use. Regardless of the results 
obtained by use of this table, the amount of 
land, material, time, and money available for 
the study place an upper limit on the number of 
replications to be used. There is also a lower 
limit (usually three replications per site for 
field experiments) below which the experiment 
will not be precise enough to produce conclusive 
results. 

Field experiments usually are conducted in 
series over space and/or time in order to 
provide a sampling of environments over which 
recommendations are to be made. This repeti- 
tion over space and/or time provides another 
form of replication and broadens the base of 
the inferences. Also, interaction of treatments 
with environmental effects can be detected 
through replication of this kind. A sizeable 
interaction might imply that separate recom- 
mendations need to be made for two or more 
subsets of the environments. 

Randomization 
Randomization assures that both the esti- 

mates of error and the treatment effects will be 
unbiased. Thus, no treatment has a higher 
probability than any other of being assigned to 
a plot which has unusual conditions. Randomi- 
zation is an objective process which involves 
use of random number tables or random num- 
ber generators for digital computers. Some 
judgment must be exercised in implementing 
the randomization process. A randomization 
outcome which has a systematic appearance 
would usually call for a re-randomization. 

Some workers have systematically arranged 
the treatments in one replication but ran- 
domized them in other replications. The first- 
mentioned replication is then used for demon- 
strational purposes. It would seem to be good 
practice to exclude the demonstrational repli- 

cation from the analysis of variance which com- 
bines the results from the other replications. 
The utility of that replication then would be 
only demonstrational. 

Separate randomization should be carried 
out for each site and/or year in a series of 
experiments. The exception to this is the 
perennial experiment, in which case a single 
randomization for all growing seasons is carried 
out. 

Local Control 
Local control (also called grouping or block- 

ing) is a method of grouping together units 
which are similar with respect to certain en- 
vironmental variables (e.g., natural soil fertil- 
ity). The commonly used experimental designs 
differ from one another with respect to the 
number of restrictions on randomization, the 
restrictions being necessary because of the 
blocking. The randomized complete block de- 
sign has one restriction on randomization: a 
complete set of treatments is randomized with- 
in each of the blocks. The latin square design 
has two restrictions on randomization: each 
row contains a complete set of the treatments 
and each column does also. 

The alternative to randomized designs is 
systematic experiments. Situations involving 
completely systematic arrangement of treat- 
ments are usually to be avoided. They often 
cause problems in analysis and interpretation 
of the resulting data. 

Most experimental designs currently being 
used in nematode investigations incorporate 
all three of the elements just mentioned. 

SPECIFIC DESIGNS TO BE USED FOR 
NEMATODE INVESTIGATIONS 
IN THE FIELD 

No attempt will be made here to describe the 
various experimental designs available for 
nematode investigations in the field. Such de- 
scriptions are available in several books on 
experimental design: Cochran & Cox (4), Cox 
(5), Federer ( 6 ) ,  Snedecor & Cochran (19), 
Steel & Torrie (20). The randomized complete 
block, latin square, and split plot are three 
designs which are logical choices for field ex- 
periments. The first two involve two different 
degrees of the use of local control. The third is 
more of a nested situation because levels of one 
or more factors are nested within the plots for 



another factor. This design lends itself well to  
the case where one factor requires larger plots 
than the other factor(s). 

One of the most commonly used designs is 
the randomized complete block design because 
it is a reasonably precise design, and yet it is 
simple to use. The blocks have administrative 
utility in addition to providing the error control. 
Ordinarily, the block size should be held below 
15 treatments when this design is used. Other- 
wise, incomplete block designs may be more 
appropriate. In this connection, the writer has 
found lattice designs to be quite useful for 
plant pathological experiments where the num- 
ber of treatments is large (e.g., 25-100). 

The latin square design is more appropriate 
for situations in which error control in two di- 
mensions is required and the number of treat- 
ments is ten or less. The latin square is a pre- 
cise design, although slightly more complicated 
than the randomized complete block design. 

EXPERIMENTAL MATERIAL 

The experimental unit is the item(s) to which 
a treatment is applied. Some examples of experi- 
mental units are trees, petri dishes, and pots of 
soil in a greenhouse. In the field, the experi- 
mental units are plots of land. 

Some researchers have become confused as 
to the identity of the experimental unit in their 
experiment and have laid out an experiment in 
such a way that no estimate of experimental 
error was available. The estimate of sampling 
error which was available could not be used for 
drawing inferences about treatments. 

In some experiments, there is both an experi- 
mental unit and a sampling unit (i.e., sampling 
of individuals is carried out within the experi- 
mental unit). In this case, it is important to 
keep a clear-cut perspective of the distinction 
between the two types of units and the error 
term associated with each. 

SELECTION OF TREATMENTS FOR 
AN EXPERIMENT 

Careful selection of the treatments to  be 
used in an experiment assures that an experi- 
ment will accomplish its purposes and avoids 
confusion a t  the data analysis stage. An impor- 
tant criterion in treatment selection is the pur- 
pose of the experiment. In some cases, it is to 
spot a winner. In other cases, it is to estimate a 
response curve or surface. Equal spacing of 

rates in this latter situation may or may not be 
desirable. More important is the need to obtain 
precise information in the region of the optimum. 

If contrasts among treatments are to be 
made in the data analysis, it is important to 
select treatments which will permit the con- 
trasts of interest to be made in a straight- 
forward manner a t  the analysis stage. Confu- 
sion often results a t  the analysis stage if there 
was lack of a clear-cut set of contrasts in the 
mind of the researcher when the experiment 
was designed. 

Factorial Arrangement of Treatments 
One common pattern of treatments which 

has desirable properties is called a factorial 
arrangement. The treatments consist of all 
combinations of two or more factors, each of 
which has two or more levels. The data result- 
ing from such an arrangement permit the esti- 
mation of main effects and interaction effects. 
The main effects are stable estimates because 
for each level of a factor, averages are taken 
over all levels of the other factors. This type of 
averaging is known as "hidden replication." 
Interaction effects reflect the fact that the pat- 
tern of response to one factor depends upon 
the particular level of the other factor(s). 

In addition to hidden replication and the 
possibility of estimating interaction effects, a 
factorial arrangement has the advantage that 
one factor broadens the scope of inferences for 
the other factors. 

One disadvantage of the factorial is that the 
number of treatments becomes quite large as 
the number of factors and the number of levels 
of these factors increase. For this reason, some 
have used incomplete factorials. Although this 
design saves space, labor, and experimental 
material, the disadvantage is that the analysis 
is somewhat more complicated in that the ef- 
fects for each factor must be adjusted for those 
of the other factor(s). Care should be taken 
when treatments in incomplete factorials are 
selected so that important comparisons are 
possible. 

I t  is quite common to include in the set of 
treatments those treatments which are factori- 
ally arranged and, in addition, certain treat- 
ments which are not factorially arranged. All 
treatments are assigned to the plots according 
to the randomization scheme without distinc- 
tion as to which are factorially arranged and 
which are not. The factorial partitioning of the 
treatment sum of squares is then made a t  the 
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data analysis stage. 
As an example, suppose there are two nemat- 

icides A and B, each applied to the soil at  two 
different rates, rl and r2. In addition, an un- 
treated control, C, is included in the experi- 
ment. The five treatments are as follows: Arl, 
Ar2, Brl, Br2, and C. The first four treatments 
are factorially arranged, and the last one is out- 
side the factorial arrangement. Contrasts which 
would seem logical to be obtained as part of an 
analysis of variance are: 

degrees of 
freedom 

Nematicides (N) 1 
Rates (R) 1 
N X R  1 
C vs other treatments 1 

LEVELS OF FACTORS IN A FACTORIAL Spe- 
cific classes of qualitative factors and levels of 
quantitative factors must be chosen when a 
factorial is being planned. In addition, there is 
a choice of either equal or non-equal spacing of 
the levels for the quantitative factor(s). The 
total range in rates is the first decision to make 
in the case of the quantitative factor. It is pos- 
sible to set the range in such a way that it will 
cause a misrepresentation of the response re- 
lationship. Previous experiments may serve as 
a basis for establishing a reasonable range. 
Once a range is established, the next decision 
is how many levels to use for a factor and 
whether or not they should be equally spaced. 

If a straight-line relationship exists between 
the response and the rate, two levels will be 
adequate for that factor. If curvilinearity is 
suspected, at  least three levels are called for in 
order to have a check for curvature. For factors 
with more complicated response curves, more 
levels are needed for these factors in order for 
the parameters of the model to be estimated. 

Use of Controls in Plant Disease Studies 
Controls are included as a basis for compari- 

son or benchmark treatment in plant-disease 
experiments. It is important to include them, 
especially if the degree of effectiveness of the 
other treatments is unknown. As mentioned in 
the discussion on plot interference, the inclu- 
sion of a control may be detrimental in some 
plant-disease studies because it may cause 
plot-interference problems. In such cases, use 
of a treatment with known effects for the 
standard in lieu of a control is recommended. 

In many studies, more than one type of con- 
trol is needed in order to pinpoint the mech- 
anisms of other treatment effects. For materials 
which consist of mixtures of several chemicals 
which are used to control more than one patho- 
gen, each check should be a factorial treatment 
combination of presence or absence of the vari- 
ous components. In this situation, there could 
be a number of different checks in an experi- 
ment. As another example, the treatment ma- 
terial may be facilitated in its action by a wet- 
ting agent. In this case, a check with the wet- 
ting agent only, one with the treatment material 
only without the wetting agent, and one with 
neither treatment chemical nor wetting agent 
are needed. 

FIELD PLOT TECHNIQUE 

Experimental plot technique can have a pro- 
nounced effect upon the results obtained from 
an experiment. Two important aspects of plot 
technique are plot size and shape. 

Plot Size 
Plot size has been shown by Smith (18) to 

affect the precision of an experiment. He de- 
veloped quantitative techniques for estimation 
of plot size from uniformity trial data. Koch & 
Rigney (11) adapted Smith's techniques to 
utilize data from designed experiments in the 
estimation of optimal plot size. 

Smith's original method involved calculation 
of variances for plots of various sizes from the 
uniformity trial data and then regression of the 
logarithms of these variances on the logarithms 
of the plot sizes. The resulting regression co- 
efficient was termed the coefficient of soil 
heterogeneity. Smith used cost data (both the 
cost proportional to plot size and the cost 
which is independent of plot size) along with 
this coefficient of soil heterogeneity to esti- 
mate optimal plot size for a given crop. The re- 
lationship which he developed for unguarded 

where X ,  , = optimal plot size, b = coefficient 
of soil heterogeneity, K ,  = cost per plot which 
is independent of plot size, and K2 = cost 
which is proportional to plot size. 

For guarded plots, if a block consists of a 
single row of plots side by side, the end guards 
(area A) may be considered as lying outside the 
block. The area occupied by the side guards is 



related to the test area, X ,  by the ratio B = 
(W - w)/w, where w is the width of the test 
area and W is the width of the test area plus 
guards. If Kg is the cost per unit area for 
handling the guard areas, the cost per plot is 
given by 

K + K 2X + Kg(A + BX) . 

The optimal plot size is then calculated to be 

Pearce (16) confirmed that Smith's (18) ap- 
proach is a good approximation to the relation- 
ship between variance and plot size, although 
it lacks a firm theoretical basis. This relation- 
ship appears to hold over the limited range of 
plot sizes which is used in this method. 

Hatheway & Williams (8) refined the mathe- 
matical aspects of the Koch & Rigney (11) 
work, taking into consideration the fact that 
yields of plots of different sizes formed from 
the same basic plots are correlated and that the 
yields of these plots have different variances. 
They claimed that their approach should also 
be used when dealing with data from uniform- 
ity trials. 

Although Smith's procedure (18) and related 
techniques are useful as guides, plot size and 
shape are often dictated by many factors such 
as the dimensions of the equipment to be used 
and the labor available. The ultimate choice of 
plot dimensions will be obtained only after a 
number of factors are considered carefully, and 
it will usually be a compromise. Smith found 
that the loss in precision is not great over a 
range of soil heterogeneity values if the plot 
size is one-quarter to four times the optimum 
size. Also, slight reductions in precision due to 
non-optimal plot size may be offset by an in- 
creased number of replications in an experi- 
ment. 

Plot Shape 
Most examples of the use of Smith's proce- 

dure (18) deal with crop yield studies rather 
than plant disease. The general recommenda- 
tion resulting from such experiments has been 
to use long, narrow plots. These recommenda- 
tions are not necessarily to be followed for 
studies of plant diseases, especially those 
spread by airborne inoculum. Long, narrow 
plots have too much exposure to contaminants 

from neighboring plots, which leads to inter- 
plot interference (probably negligible with 
nematodes). Van Der Plank (21) used the term 
"representational error" to refer to the effect 
on the response reading of a plot caused by 
contaminants of a neighboring plot. Square 
plots are in order for many plant disease 
experiments. The size of the square plot will be 
dependent upon the amount of protection from 
neighboring plots which is needed. 

Plot Interference 
The existence of interference among plots 

has been established by several investigators 
(1,2,3,10). In many cases, the use of buffer 
areas around the harvest area of a plot (e.g., 
border rows of some crops) as traditionally 
done in yield tests, will not be adequate to 
handle the sizeable interferences which occur 
in some plant-disease research. Fortunately, 
this problem is less severe with most nematode- 
induced diseases than with those caused by 
many fungi which infect plant foliage. 

There has been more research designed to 
establish that interferences among neighboring 
plots exist than studies to determine what 
techniques should be used to reduce this inter- 
ference. Paysour & Fry (15) found that the 
magnitude of inoculum loss from a plot and ex- 
change with other plots was a function of plot 
size, shape, spacing between plots, and steep- 
ness of the disease gradient. Neighboring plots 
that differed markedly in disease severity were 
more influenced by interplot interferences than 
were plots with similar disease severities. Plot 
sizes and spacings that limited interplot inter- 
ference to acceptable levels were identified. 
James & Shih (9) did not recommend a specific 
plot size or shape for plant-disease assessment 
studies. They indicated- that only by conduct- 
ing uniformity trials using disease records 
rather than yield data could such information 
on plot size and shape be obtained. There are 
other considerations in plant-disease plot tech- 
nique. Large plots (a minimum of 90 m2) are 
required to create certain types of epidemics 
with characteristics similar to a large field. One 
method by which the plot interference problem 
could be handled was suggested by James & 
Shih (9) for cereal-crop disease experiments. 
They used areas between plots, the buffer crop 
being a cereal variety not susceptible to the 
disease under study. The problem with such an 
approach is that wherever there are gaps in the 
field (different heights of crops), there will be 
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edge effects on the perimetersof the treatment 
plots due to the availability of more moisture, 
sunlight, etc., than in the center of the treat- 
ment plot. The total size of the experiment be- 
comes quite large also if such a procedure is 
adopted. As a result, this problem usually pro- 
duces a tendency towards more variability in 
the experimental results. Some of this plot 
interference can be minimized in nematode 
experiments by the use of 4-row plots and by 
collection of all data from the two center rows 
of each plot. 

The selection of treatments to be used in 
nematode and plant-disease research can often 
have a pronounced effect on the interference 
among plots. The omission of untreated checks 
often lessens the degree of interplot inter- 
ference. When chemicals are used for eradica- 
tion, interference problems can occur when the 
range of effectiveness of the materials is great. 
This problem should receive careful considera- 
tion when nematicide experiments are designed, 
especially in locations where high rainfall or 
irrigation often results in movement of a com- 
pound from one plot to adjacent ones. Shoe- 
maker (17) described three different plot tech- 
niques to be used in experiments involving air- 
borne pathogens, depending upon the goal of 
the experiment and the stage of testing of 
chemicals. 

EXPERIMENTAL TECHNIQUE 

It  is not enough to use a suitable design for an 
experiment and to select the experimental ma- 
terial in an appropriate way. Good experi- 
mental technique is also necessary for the suc- 
cess of an experiment. Although it is not strict- 
ly a statistical matter, statisticians can make an 
important contribution to a research project, 
pointing out areas where the researcher can 
improve technique and thereby increase the 
precision. 

Nelson (14) pointed out that some ways of 
improving experimental technique are to: 

1. Write out procedures for conductingvarious 
phases of the experiment and a time sched- 
ule for their execution; 

2. Make all personnel dealing with the treat- 
ments, plots, and data aware of the various 
sources of error and the need for good tech- 
nique ; 

3. Apply the treatments uniformly; 
4. Exercise sufficient control over external in- 

fluences so that every treatment produces 

its effect under controlled, comparable 
conditions; 

5. Devise suitable measures of the effects of 
treatments ; 

6. Prevent gross errors. 

Data from previous years may give clues as 
to how experimental technique might be im- 
proved. Statisticians may design new explora- 
tory experiments to investigate ways of improv- 
ing technique in a particular experiment. Addi- 
tional information often may be obtained from 
existing experiments by superimposing sam- 
pling and measurement studies on existing 
plots. This approach allows estimation of vari- 
ance components for plots, samples in plots, 
and measurements on samples in plots. 

USE OF SUPPLEMENTARY VARIABLES 
FOR STATISTICAL CONTROL 

Readings on supplementary variables should 
be made when it is clear that sizeable variation 
in the response variation due to exogenous 
variables exists and it cannot be controlled by 
the experimental design. Such information 
may be used later in an analysis of covariance 
to adjust treatments for the information on 
those exogenous variables and to improve the 
estimate of experimental error. One commonly 
used covariable is number of plants per plot. 

ON-FARM EXPERIMENTS 

There has been considerable interest recently 
in designing experiments to be conducted on 
farms where disease problems actually occur. 
Such trials are usually carried out on farmer- 
owned land using as much as practical those 
resources available to the farmer. The treat- 
ments to be included can be carefully selected 
from more extensive experiments on research 
stations. The farmer can also have some input 
as to which practices he would like to have com- 
pared. Usually, the current farmer practice is 
one of the treatments. 

On-farm experiments not only have a research 
utility, but also they are of value for extension 
purposes. The research is usually planned by a 
multidisciplinary team, which could mean that 
the results would be of multidisciplinary utility. 
The close working relationship developed be- 
tween the disciplinary extension specialists 
and clients makes possible the feed-back of in- 
formation in two different directions. 

There are a number of types of experiments 



ranging from those conducted on the experi- 
ment stations to those conducted strictly on 
farms. In this section, we are describing pri- 
marily the experiments on farms either by a 
trained technician or by the farmer under the 
supervision of the technician. 

Difficulties in Conducting On-farm 
Experiments 

There are many reasons why results of on- 
farm research may be unreliable. First, the 
farmer is not usually trained for field plot re- 
search work and therefore does not know the 
importance of good experimental plot tech- 
nique. Second, it usually takes more replica- 
tions than are feasible for the farmer to use in 
order to have the necessary precision. Third, 
the farmer does not often have the equipment 
necessary for small plot work, so this results in 
large plots being used. Large plots usually pro- 
duce stable results, but a t  the expense of large 
areas of land being used. For a fixed area of 
land, large plots imply a smaller number of 
replications. In developing countries, one may 
need to combine several adjacent small farms 
in order to obtain the land area necessary for 
one experiment. 

Experiments on nematodes often should be 
done as a network over a number of locations. 
Replication in time (years) is also desirable. I t  
would be very difficult to standardize the size 
of plot, variety, experimental technique, etc., 
over an entire series of locations if different 
farmers were involved a t  the various locations. 
For this reason, each on-farm experiment would 
need to stand more or less on its own from an 
interpretational point of view. The benefit of 
the stability of results from averaging over lo- 
cations would be lost if it were necessary to 
conduct a self-contained experiment a t  each 
location and the experiments did not have 
common design, levels of auxiliary variables 
and management. The possibility of estimating 
interaction would also not exist. 

If precision is a problem on an on-farm 
experiment, it means that non-response to new 
technologies may occur even when the new 
technology is effective. This ~ r o b l e m  will send 
the wrong signal to the farmer who might be 
anxiously awaiting the results of the experi- 
ment conducted on his land. 

This discussion should not discourage those 
who wish to conduct on-farm experiments. I t  is 
more to inform those individuals that the char- 
acteristics of these experiments (less replica- 

tions, large plots, lack of experienced tech- 
nicians to carry out all phases) suggest that 
their precision will not be high. This type of 
test results in less information for the money 
spent than for a research station experiment, 
but there are compensating factors such as the 
extension utility. There is no doubt but that the 
problems which the farmer is facing can be 
identified better through this approach. 

The design of on-farm experiments needs 
considerably more study before this research 
practice is adopted on a widespread basis. 
There ought to be some innovative approaches 
in adapting traditional experimental designs to 
those new on-farm applications. 

GREENHOUSE EXPERIMENTS 

The principles of experimental design apply 
to greenhouse experiments just as they do to 
other types of experiments. Again, the goal is 
to design an experiment that is as simple as 
possible and which will provide the necessary 
information on the problems being studied. 

Gomez & Gomez (7) reported that green- 
house experiments with rice are not as precise 
as one might expect because such few plants 
are involved per experimental unit, which causes 
much variation among experimental units. 
Also, since space is often limited, border rows 
are seldom used to take care of the competi- 
tion effects. 

Some of the sources of variation in the 
greenhouse are as follows: 

1. Temperature gradients due to steam pipes 
under the bench, doors, and proximity to 
ventilators; 

2. Shading effects from outside caused by 
structure of the greenhouse, adjacent build- 
ings or trees; 

3. Moisture differentials caused by air cur- 
rents near door openings, higher evapo- 
transpiration by plants on the outside of the 
bench and by non-uniformity in methods of 
water application; 

4. Light intensity (especially in northern lati- 
tudes during the winter months). 

A careful study of the conditions in the 
greenhouse should be made when planning a 
greenhouse experiment. Visual inspection may 
suffice in some cases, but devices for measuring 
light, temperature, and relative humidity will 
provide the needed objective data to identify 
variability patterns in the greenhouse environ- 
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ment. Uniformity trials (blank experiments) 
may be useful in some cases for assessing the 
variability patterns. LeClerg (12) reported the 
results of such a uniformity trial for sugar beets 
grown in a greenhouse. 

The experimental designs used in the green- 
house will often be the same as those used in 
field experiments. The randomized complete 
block design is often a good choice because the 
blocking which it provides will control some of 
the environmental variation mentioned above. 
The latin square design will be used in green- 
house experiments in which two-way error 
control is required. The completely randomized 
design is appropriate if it is known that the en- 
vironment is quite uniform within the green- 
house. This design has the advantage that 
equal replication is not required from one 
treatment to the next. 

GROWTH CHAMBER EXPERIMENTS 

Experiments conducted in growth chambers 
are often deficient with respect to one or more 
aspects of experimental design, primarily in 
the use of replication and randomization. Work 
of Lee & Rawlings (13) which was conducted in 
the North Carolina State University phytotron 
confirmed that the basic principles of experi- 
mental design are as important in growth 
chamber experiments as in the greenhouse or 
field. They pointed out that growth chambers 
are not as uniform within as many have assumed. 

I t  is essential that replications of growth 
chambers either in time or space be provided if 
temperature, relative humidity, or day length 
are the controlled treatment factors. The cham- 
ber then is the experimental unit and needs to 
be replicated either over space or, better yet, 
over time (multiple runs). Plant-to-plant varia- 
tion within the chamber is never a proper 
estimate of experimental error for the tempera- 
ture, relative humidity or day length factors. 

For within-chamber experiments, it is usual- 
ly best to have multiple plant experimental 
units and to assign the treatments randomly to 
the units according to an appropriate design, 
such as the completely randomized design or, if 
blocking is needed, according to the random- 
ized block design. The experimental unit in a 
phytotron often consists of an individual plant. 
Even in the case of "within-chamber" experi- 
ments, repetition of the experiment over cham- 
bers andlor time is desirable to assure that an 
individual chamber effect has not biased the 

results. 
I t  is also possible to combine the "among- 

chamber" and "within-chamber" experiments 
into one split-plot-like experiment that provides 
information on variation due to the tempera- 
ture, relative humidity or day length, as well as 
on a factor or several factors which are ran- 
domized within the chamber, and also the 
interaction(s) between the factor(s). The design 
considerations, as discussed for the among- 
chamber and within-chamber experiments, ap- 
ply for the whole-plot and sub-plot portions, 
respectively, of this combined experiment. 

CONCLUSIONS 

The planning phase of experimentation is 
important. There are many decisions to be 
made a t  that time which might ultimately affect 
the reliability and the outcome of an experi- 
ment. One or two experimental designs often 
emerge as logical choices based on the criteria 
of simplicity and also precision. The treatments 
which will provide the information needed on 
the questions under study need to be chosen 
carefully. The comparisons to be made a t  the 
data analysis stage will need to be determined 
at the planning stage in order that the appro- 
priate treatments will be included, that the 
analysis will be straightforward, and that it will 
provide the necessary discrimination among 
important comparisons. 

One must be clear about what is the appro- 
priate experimental unit in an experiment and 
then use randomization for assigning the treat- 
ments to the experimental units. Replication is 
needed for an estimate of experimental error 
and for stabilization of estimates of means. 
Replication in time (growing seasons) and 
space (different locations) is also desirable. 
Local control, if carried out effectively, im- 
proves the precision of experiments. Several 
important experimental designs incorporate 
this device. In addition to the experimental 
design, an appropriate experimental tech- 
nique is necessary. Several ways of improving 
technique were suggested. For variation due to 
exogenous variables which the experimental 
design fails to control, statistical control (co- 
variance) is often useful. 

Plot technique is quite important in field 
experiments. Size and shape of plot to employ 
will often be determined by a number of 
practical considerations regardless of the esti- 
mates of optimal sizes obtained by quantitative 



procedures such as that of Smith (18). One 
such consideration in disease studies is plot 
interference. This problem can be controlled 
most readily by choice of treatments to include 
in the experiment, but there are other tech- 
niques such as use of large square plots, 
separation of plots, and use of systematic 
designs. This author does not recommend use 
of systematic designs because they often cause 
statistical and interpretational problems. 

On-farm research has several important ad- 
vantages, but often precision is lacking. I t  is 
often difficult to design the experiments as a 
network in order that the treatment effects 
may be averaged over a number of environ- 

ments. More work needs to be done to develop 
innovative techniques for designing on-farm 
experiments. 

Greenhouse experiments require the same 
design principles as field experiments. Local 
control is often needed due to drafts, shading 
effects, temperature variation, etc. Greenhouse 
experiments do not have the advantage of plot 
stability that field experiments have because 
fewer plants are usually involved. 

Growth chamber experiments often have 
serious design defects. There often is not a 
good estimate of experimental error for the 
temperature, humidity or daylight treatment 
(the whole-plot treatment). 
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Analysis of data from nematological experi- 
ments should follow general guidelines and 
principles that apply to any experimental data. 
Guidelines for the correct application of statis - 
tical methods are well established and detailed 
in a number of comprehensive textbooks. 
Several texts are particularly oriented toward 
applications in the biological sciences (5,6,14, 
16). Consultation with a statistician, along with 
reference to a comprehensive text on method- 
ology, is essential to ensure correct analysis of 
data. The type of data analysis to be used should 
be considered as early as possible in the design 
of experiments, as better designs may be avail- 
able if considered prior to the experimental 
work. This chapter is not meant to be a com- 
plete treatment of all topics related to analysis 
of nematological data. Rather, it is an intro- 
duction to basic steps of data analysis, a 
description of necessary terms, and an expla- 
nation of specific problems in the analysis of 
data from nematological experiments. 

PRELIMINARY STEPS IN 
DATA ANALYSIS 

Examination of Data 
An examination of the nature and structure 

of recorded information is the first step in data 
analysis. One may discover obvious errors in 
the recording of data and determine the suit- 
ability of certain types of statistical procedures. 
During visual inspection of the data, especially 
when plotted or arranged into frequency tables, 
trends may become apparent that will lead to 
the identification of appropriate methods of 
analysis. 

Type of Data 
Data may be qualitative or quantitative. The 

former represents a system of classification, 
the latter an experimental measurement. Quan- 
titative data may be continuous, assuming all 
possible values within a given range of num- 
bers, or discrete, assuming only certain values. 
Measurements are usually considered to be 
continuous, whereas count data are discrete 
because they may assume only integer values. 

Plotting 
Data including quantitative variables should 

be plotted prior to more involved analyses. 
Where data have been measured as a response 
to another quantitative variable (independent 
variable), they should be plotted versus that 
variable. Where data have been measured in 
response to qualitative or classification treat- 
ments, the data should be arranged by treat- 
ment and plotted on the same axis. Plotting 
data will indicate trends, which may suggest 
appropriate methods of analysis, such as linear 
versus curvilinear regression. It is possible to 
have an apparently good linear regression, as 
measured by an r-squared value, but in fact to 
have a curvilinear relationship in the data 
(Fig. 1). 

Plotting will also indicate the occurrence of 
outliers in a data set. Outliers are data with 
extreme values, completely removed from data 
in similar treatments. A few erroneous data 
points can significantly alter the parameter 
estimates of a regression analysis, resulting in 
an incorrect model (Fig. 2). Outliers are usually 
caused by an accident or unusual situation in 
the experiment. There should be a good bio- 
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Fig. 1. Plot showing a good-fit linear regression, according to the R2 value. However, the wrong model was selec- 
ted. The true relationship is probably quadratic, not linear. The RZ value cannot be relied on as  an indica- 
tion of goodness-of-fit. Data should be plotted, as  shown. A plot of the residuals, after regression analysis, 
would also indicate poor model selection. 

Fig. 2. Plot of regression lines fitted to experimental data, with outliers included (----), and with outliers removed 
(-). Including erroneous data can alter the estimated response model. 



logical or operational reason to believe that a 
data point is an outlier. Known outliers should 
be removed from the data set before any fur- 
ther analyses are attempted. 

Missing D a t a  

Accidents may result in loss of data. Crops 
may be damaged by a factor not related to the 
treatments, inoculum may not be viable, or 
samples may be lost in processing. Missing 
data may not be critical in some types of 
analysis, such as regression analysis. Missing 
data are important, however, when a factorial 
design experiment is analyzed. Data with miss- 
ing values may be analyzed in an unbalanced 
design, but this type of analysis is complex and 
difficult to interpret. It  is recommended that 
the missing data be replaced with a value com- 
puted by an appropriate missing-value formula 
(16; pp. 209,227,389,427) and analyzed as a 
balanced design. 

Standardizat ion 

Standardization is a method by which data 
measured on widely differing scales can be 
converted to a single, common scale with the 
same mean and variance. The need for stan- 
dardization often arises when ecological data 
have been collected. Temperature, humidity, 
rainfall, and soil parameters such as texture, 
fertility, and pH may all be measured for a 
given experiment. There is no common unit of 
measurement in these variables, and scales 
(magnitude of numbers) are largely arbitrary. 
Standardization is not necessary in the applica- 
tion of certain methods, such as regression 
analysis, because regression coefficients com- 
pensate for differing scales of measurement. 
Standardization is usually required for multi- 
variate statistical techniques, such as principal 
component, factor, and canonical variate 
analysis. 

Converting data to percentages is a common 
method of standardization. Yield or nematode 
count data from different growing seasons or 
locations often are converted to percentages 
before analysis, so that treatments may be 
compared across years or locations. This tech- 
nique should be used with caution, since it may 
lead to errors and misinterpretation of results. 
Dividing data from differing years by differing 
denominators will change the variance struc- 
ture and invalidate an analysis of variance. 
Ideally, analyses should be done on actual 

data, with an appropriate partitioning of the 
sums-of-squares to account for effects of dif- 
ferent years and locations. Data may then be 
reported as percentages, with analyses and 
interpretations based on the actual data. 

D a t a  Transformation 

In order to meet assumptions necessary for 
the application of statistical methods, it is 
often necessary to transform data from one 
scale to another by applying a mathematical 
function to the data prior to analysis. Partial 
transformation of a variable or transformation 
of data from different treatments with differing 
transformations is not valid. 

Data transformation is particularly impor- 
tant when the variance among treatments is not 
homogeneous or when variance is a function of 
the mean. A transformation which corrects this 
problem is referred to as a variance-stabilizing 
transformation. A common transformation for 
this purpose is log(x+ 1).  The (+ 1)  allows for 
the transformation of data with zero values. As 
an illustration of the effects of this function, 
the log-transformation was applied to count 
data of Meloidogyne incognita (Kofoid and 
White) Chitwood, producing a more symetri- 
cal, normal-appearing frequency distribution 
(Fig. 3). Log-transformation is also useful to 
remove the dependence of variance on the 
mean. In count data for M. incognita, there is a 
strong linear relationship between the variance, 
and mean, but after transformation the rela- 
tionship appears random (Fig. 4). Removing 
the dependence of variance on the mean is 
essential to the correct application of most 
statistical methods. 

Other transformations have been proposed 
and may be appropriate for certain data. The 
square-root transformation 6 m a y  be appro- 
priate for count data with very low values (less 
than 10 individuals per sample). Two trans- 
formations have been proposed specifically for 
data with a negative binomial distribution (1,6; 
p. 33). The selection and use of any of these 
transformations is strictly up to the judgement 
of the researcher, aided by a statistician. There 
are no guidelines for determining the need for a 
transformation or for selecting a specific trans- 
formation which is appropriate for a given data 
set. Areport on the use of transformations with 
nematological count data (13) concluded that 
the only way to  select a transformation was to 
try several and empirically determine which 
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Fig. 3. Frequency distributions of Meloidogyne incognita count data, showing effect of log-transformation. Un- 
transformed data, A, are highly skewed, whereas after transformation, B, the distribution is more sym- 
metrical, and likely to be more suitable for normal-based statistical methods. 

was most effective. Tests are available to 
assess whether or not a transformation has 
successfully altered the variance structure of 
data (6; p .  109). 

Frequency Distributions 
Count data should be arranged into frequen- 

cy distributions for descriptive analysis. Fre- 
quency distributions will provide information 
on the underlying structure of the population 
being measured and help to determine its 
suitability for analysis by methods based on an 
assumption of the normal distribution. Fre- 
quency distributions are formed by the arrange- 
ment of the data into classes according to  their 

rank. A class represents a range of values 
which occurs in the data. Classes are selected 
a t  equal intervals to  cover the entire range of 
values in the data. Usually the data are arranged 
into 10-20 classes, depending on the range of 
values in the data, and the total number of 
samples. The number of samples that are 
contained in a given class are plotted versus 
the class intervals to  form a frequency distri- 
bution, or histogram. 

The class frequencies can be expressed as 
probabilities, which leads to  the analysis of 
statistical probability distributions. The normal 
distribution, upon which most statistical 
methods are based, is a symmetrical, unimodal 



.o zoo 400 600 eao 

MEAN LOG-MEAN 

Fig. 4. Plots of mean density (number of nematodes/500 cm3 soil) and variance for Meloidogyne incognita counts 
from 15 fields. Untransformed data, A, show a strong relationship between the mean and variance, which is 
unacceptable for the application of analysis of variance techniques. After transformation, B, there is no ap- 
parent relationship, and these data could be used in analysis of variance. 

(one peak) distribution. An examination of the 
frequency distribution of experimental data 
should give an indication as to its symmetry, or 
approximate normality. Data that have very 
asymmetric, or skewed, frequency distributions 
may require transformation before the appli- 
cation of parametric statistical procedures. 
Data that are measurements of continuous 
variables may be expected to have a normal 
distribution. Yield data and environmental 
variables are examples of continuous measure - 
ment data. 

Nematode population counts usually do not 
have normal frequency distributions (2,9,12). 
Nematode counts are highly skewed or asym- 
metric and typically have large variance-to- 
mean ratios. Egg counts, egg-mass indices, and 
gall ratings are usually even more skewed than 
juvenile and adult counts. 

Many nematode population counts can be 
described by a negative-binomial distribution 
(2,7,9,12). The negative binomial is a discrete 
probability distribution which has been fitted 
to many kinds of biological count data (3,17). 
The negative binomial is a positively skewed 
distribution, which has a variance much greater 
than the mean. The negative binomial is de- 
cribed by two parameters: the mean, or 

average of the count data, and an exponential 
parameter k. The relationship between a fre- 
quency histogram for counts of M. incognita 
and a negative-binomial curve is shown in Fig. 
5. The negative-binomial curve is fitted to the 
data by an iterative selection of the parameter 
k .  After a negative-binomial distribution has 
been fitted to nematode counts, k may provide 
information about the population being Sam- 
pled. A smaller value of k indicates that the 
data is less suitable for analysis with parametric 
methods. A smaller value of k may also indi- 
cate that the population is spatially clustered 
(15; p. 40), which means that most of the 
nematodes are occurring in relatively small 
clusters in the area sampled. 

Visual gall and necrosis ratings on plant 
roots are representative of a logarithmic scale. 
The human eye is more sensitive to differ- 
ences at the lower and higher ends of the 
scales, so that visual intervals in the middle of 
the scales are larger than intervals at either 
end. Where a rating scheme of zero (no galls) to 
ten (maximum galling) is used, fewer galls 
would be required to progress from a rating of 0 
to 1 (usually only 2 or 3 galls) than from a rating 
of four to five, where hundreds of galls may be 
involved. Usually, rating intervals are larger in 
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NEGATIVE BINOMIAL 

k ~ 2 . 6  

190  
MEAN NUMBER OF NEMATODES 

Fig. 5. Frequency distribution of Meloidogyne incognita counts showing a negative binomial probability model 
fitted to the data, with mean of 190 nematodes/500 cm-oil, and parameter k of 2.6. 

the middle of visual scales, where differences 
are more difficult to discern, than at either end. 
These uneven rating intervals lead to data 
which are not suitable for normal statistical 
analyses. There are special statistical methods 
available for the analysis of data from rating 
schemes (14; p. 132). 

ANALYSIS AND INTERPRETATION 

Analysis of Variance and Regression 
(Least-Squares Estimation) 

A large portion of nematological research 
has been concerned primarily with hypothesis 
testing. Analysis of variance leading to a test 
for differences among means has been the 
norm. Current trends in statistics, however, 
are toward the estimation of effects, as op- 
posed to simple hypothesis testing (10). Where 
appropriately done, estimation of parameters 
with regression analysis, which leads to the de- 
velopment of a response model, will yield more 
accurate information than analysis of variance ; 
however, the type of data analyzed will deter- 
mine appropriate procedures to be employed. 
Where treatments are qualitative in nature, 
such as different nematicides or cultivars, 
analysis of variance and hypothesis testing are 
the only alternatives. Where treatments are 
quantitative levels of a continuous variable, 
such as different rates of the same nematicide 
or differing temperatures, regression analysis 

is appropriate. 
Consider the analysis of yield versus differ- 

ing rates of a nematicide. Hypothesis testing 
may indicate that one rate performed better 
than another rate, or that all nematicide treat- 
ments performed better than the check. These 
conclusions may not be all that can be gained 
from such an experiment. In regression analy - 
sis, a response model is selected and the 
parameters of that model are estimated (Fig. 6). 
If the model is suitable for the data, additional 
information is available (10). The expected 
yield without a nematicide (intercept), the 
response to increases or decreases in the rate 
of nematicide (slope), and the optimum rate of 
nematicide (maximum) can be obtained from 
parameter estimates. The information gained 
from analysis of variance and regression analy- 
sis are compared in Table 1. The selection of a 
response model will affect experimental design. 
Usually, more data points, or more levels of 
quantitative treatments, are required to com- 
pletely describe the relationships among vari- 
ables. This means more treatments in the 
experimental design, which brings economics 
and feasibility into consideration. The goals of 
the experiment will determine whether the 
additional effort is worthwhile. 

In an experimental design requiring analysis 
of variance, the selection of orthogonal com- 
parisons may increase the information gained 
from hypothesis testing. Orthogonal compari- 



YIELD 
MAXIMUM 

I 
I 
I 
I 
I 
I 

I I 
I 

I 
I 

1 I I 
I I 
1 1  B E S T I R A T E  I 

idN I I 
2 3 

RATE OF NEMATICIDE (kg/ha) 

Fig. 6. Theoretical response model for host yield on rate of nematicide. The intercept will show the expected 
response with no nematicide. The slope will indicate expected yield response for a given increase in the rate 
of nematicide (dY/W. The maximum indicates an optimal rate of nematicide, within the range of values 
used in the experiment. The response curve should never be extended beyond the range of experimental 
data. 

Table 1. Comparison of information gained h m  hypothesis testing and parameter estimation. 

Hypothesis testing (ANOVA, LSD's, tests of means) 
1. Means of treatmenta are/are not different. 
2. A particular treatment mean differs from another. 
3. A particular group of treatment means differs from other groups. 

Parameter estimation (regression, least-squares analysis) 
1. Mathematical model for expected response of dependent variable Geld, number of nematodes, etc.) to differing 

levels of treatment. 
2. Expected response of dependent variable in the absence of treatment (intercept of regression line). 
3. Rate of response to increase or decrease in treatment levels (slope). 
4. Optimum rate of treatment (maximum). 

son allows the researcher to contrast the effect 
of one group of treatments with the effect of 
another group. All cultivars with a certain 
parent or gene for resistance can be compared 
to susceptible cultivars. Nematicides with a 
given mode of action could be compared to 
those with a different mode of activity. It  is es- 
sential that planned comparisons make biologi- 
cal sense to the researcher. The selection of 
appropriate comparisons should be made with 
the assistance of a statistician. 

In any application of variance analysis, it is 

essential that correct error terms be specified 
for each hypothesis to be tested. The use of 
inappropriate error terms has been a common 
mistake in agricultural applications of these 
procedures (11). One cannot assume that a 
general-use computer program will provide a 
correct partitioning of the sums of squares for 
all models which may be involved in an 
analysis. In complex factorial experiments, 
with high levels of sampling error, as often arise 
in nematological research, this problem may be 
critical. Failure to remove sampling and experi- 
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mental error from other effects may mean the 
difference between success and failure in an  
experiment. An excellent discussion of the 
applications of analysis of variance and hy- 
pothesis testing is given by Chew (4). 

Comparison of Means 
Analysis of variance may lead to the conclu- 

sion that there are significant differences among 
the means of treatments. A next logical ques- 
tion is concerned with determining which mean 
is the largest, or  which treatment is the best. 
Many tests for the separation of means have 
been developed for this purpose. Tests com- 
monly available include Fisher's LSD, Student- 
Newman-Keuls' (SNK), Tukey's HSD, Sheffe's, 
and the Waller-Duncan K-ratio test.  One or 
more of these tests would be available with any 
general-use statistical computer program. 

There is continuing controversy among stat- 
isticians over which of these procedures is the 
best for mean comparisons, probably because 
none of the tests is 'best'in every possible way. 
They all have particular strengths and weak- 
nesses in their power and error rates. The 
power of a test  refers to its ability to detect 
significant differences, when they exist. The 
type-I error rate, on the otherhand, is the 
likelihood that a test will show significant dif- 
ferences, when there are none. Usually, these 
opposing characteristics are balanced in the 
selection of a mean separation test.  Two tests 
that are currently in favor, Fisher's LSD and 
the SNK, can be contrasted, in that the LSD 
has more power than the SNK, but it is also 
more likely to suffer from type-I errors (5; p. 
269). The SNK may be the choice of reseachers 
who are conservative and who demand more 
protection from reporting erroneous significant 
differences, while the LSD may be more useful 
in detecting all differences among experimental 
treatments. Another consideration, however, 
is that Fisher's LSD should be protected, 
meaning that it should be applied only where 
the analysis of variance F-test was significant. 
The SNK does not specifically require a sig- 
nificant F-test, as it has other means of protect- 
ing the overall error rate. Of the other tests 
listed, Scheffe's and Tukey's HSD are generally 
more conservative than the LSD or SNK (5; 
p. 269). The Waller-Duncan has a completely 
different approach to error control and cannot 
be compared to other mean-separation tests. 
The selection of an appropriate test and sig- 
nificance testing levels should be made in con- 

sultation with a statistician in the design phase 
of experimentation. Comprehensive descrip - 
tions of the tests listed are available (4, pp. 15- 
24; 5 ,  pp. 262-271). 

Assumptions Necessary for the 
Application of Parametric Statistics 

The use of standard normal-based statistical 
methods generally requires that (6, p. 98) 

1. The data represent samples drawn from 
normally distributed populations, and 

2. The populations to be compared all have 
the same variance and, therefore, that the mean 
and variance be independent. 

Of the two assumptions, the first may be vio- 
lated, and usually is, without serious conse- 
quence (16, p .  168). Violation of the second 
assumption is a serious problem and commonly 
occurs in the analysis of nematode count data. 
Heterogeneity of variance and dependence of 
variance on the mean may lead to the statis- 
tical inference of significant differences, when 
there is in fact no difference among treatments 
(14, p. 276). This error is not desirable for 
scientific work. Tests are available to deter- 
mine whether or not the assumptions are met 
for a particular set of experimental data (5,  p. 
294). 

Analysis of variance is considered a very 
robust statistical procedure. It is relatively 
insensitive to violations of its assumptions and 
will give reliable results in most cases. Unfor- 
tunately, it is impossible to quantify this degree 
of robustness. There is no predetermined 
method to specify the degree to which your 
data can vary from the necessary assumptions 
and still provide reliable statistical inferences. 

When there is doubt about normality, homo- 
geneity of variance, or the dependence of 
variance on the mean, it is recommended that 
analyses be done on actual and transformed 
data. A comparison of the results may show 
differences due to a failure to meet the assump- 
tions of a given analysis. In extreme cases, it is 
recommended that nonparametric procedures 
be used. 

Nonparametric Statistics 
Nonparametric methods for comparisons 

of samples do not require the assumptions 
underlying normal-based statistical methods. 
Specifically, there are not requirements for a 
normal distribution or for homogeneity of var- 
iance. The correct application of nonparametric 



statistics does require, however, that the sam- 
ples be drawn from populations with the same 
probability distributions. This requirement is 
another important reason for looking at the 
frequency distributions of data before analysis. 

Where the assumptions for parametric 
methods have not been met, nonparametric 
methods are more powerful than their normal- 
based counterparts (14, p. 132; 16, p. 534). 
There is a smaller likelihood of making in- 
correct inferences about the data if the appro- 
priate techniques are used. Most available 
nonparametric techniques are for hypothesis 
testing, but there are some simple procedures 
for determination of the relationship between 
two variables. 

There are drawbacks to the use of nonpara- 
metric methods. One problem is that usually 
medians are being compared as opposed to 
means. This approach may not be a drawback 
in a practical sense because the mean is not a 
particularly worthwhile statistic in a highly 
skewed distribution. Another drawback is that 
nonparametric procedures are not available for 
the analysis of complex factorial designs. The 
experimental design of many common nemato- 
logical experiments would preclude the appli- 
cation of nonparametric methods. Some avail- 
able methods and their normal-based counter- 
parts are listed in Table 2. While the current 
selection among these methods is limited, the 
development of robust procedures is receiving 
much attention in statistical research, and 
more suitable methods should soon be available 
to biological researchers (8). 

Interpretation of Results 

Interpretation depends largely on the experi- 
mental design selected. A complete under- 
standing of the design and of the methods 
used in analysis is critical. A statistician should 
be consulted in the interpretive process. Re- 
sults must also be interpreted with regard to 

the biology of an organism. In the collection of 
experimental data related to nematode popula- 
tion indices, time of observation is extremely 
important since the nematode is a living, 
moving, changing organism. Usually, when we 
assess a population, we are taking a thin slice 
out of time and freezing it. We then assume 
that this frozen moment in the population dy- 
namics of the nematode will provide an accur- 
ate assessment of treatment effects. In nemati- 
cide tests, the difference in population levels 
may only be apparent a t  mid-season. Readings 
taken too early or too late will give ambiguous 
results. Population counts should be taken 
several times during a growing season to ensure 
an accurate representation of treatment ef- 
fects. Time, life-cycle stages, and environ- 
mental conditions must all be considered in the 
interpretation of nematological research data. 

Spatial patterns of the nematodes must be 
cdnsidered during interpretation, as well as 
during the experimental design phase. Since 
plant-parasitic nematodes usually occur in 
clusters in a field, it is likely that some experi- 
mental plots will have high numbers of nema- 
todes, whereas others will have very few. This 
large difference in natural inoculum rates can 
cause many problems in experiments for the 
evaluation of nematicides or resistant cultivars. 
Control plots with few nematodes may perform 
as well as treated plots, and some treated plots 
may perform poorly due to very large nematode 
counts. Appropriate randomization in an ex- 
perimental design and the use of a suitable 
number of replications is critical to account for 
these differences. During interpretation of re- 
s u l t s ,  t h e  r e s e a r c h e r  s h o u l d  be a w a r e  of  p l o t s  
which have very high or very low nematode 
counts. 

Meaningful interpretation of results is also 
dependent on the selection of correct error 
terms in analysis of variance and hypothesis 
testing. High sampling errors often occur in 

Table 2. Nonparametric methods, and their parametric equivalents. 

Experimental  design Nonparametr ic  Paramet r ic  

Comparison of two samples Mann- Whitney 

Relationship of two variables Spearman-rank correlation 

One factor, more than two levels Kruskal-Wallace 

Two factors, more than two levels Freidrnan rank-test (no interactions) 

T-Test 

Simple correlation 

One-way ANOVA 

Two-way ANOVA 
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nematological field experiments. These error 
terms must be partitioned appropriately for 
testing of treatment effects. Inspired selection 
of treatment comparisons for orthogonal con- 
trasts can add to the total information gained 
from an experiment. Selection of contrasts 
should be made carefully, however, and all 
comparisons should be planned in advance. 

Data transformations may help to stabilize 
variances and provide a more accurate assess- 
ment of treatments. Data transformation may 
be a liability, however, in the interpretation of 

regression analyses. Working with transformed 
data may disguise the true relationships among 
variables (i.e., change a curvilinear relation- 
ship to a linear type), thereby masking some- 
thing of biological significance (the occur- 
rence of maximum, minimum, or optimum 
levels). In any case where interpretation of 
results does not make good biological sense, a 
careful examination of every phase of the 
experiment and subsequent analyses is neces- 
sary. 
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CHOOSING CHARACTERS 
Characters that vary greatly among popu- 

lations in relation to their variability within 
populations are clearly more useful for sys- 
tematic purposes than are those that show 
lesser variability among populations in pro- 
portion to their variances within populations. 
Similarly, characters that are less affected by 
the environment in which the organisms occur 
usually are more useful than those that are 
highly subject to environmental effects. Analy- 
sis of variance can be used to select characters 
which have such desirable properties. Standard 
computer programs are available that perform 
such analyses and provide estimates of the 

Table 1. Sample data. 

proportion of total variation attributable to 
differences among populations, differences 
among collection sites, and differences among 
years or seasons of the collections. Such pro- 
grams are found in the UCLA Biomed and the 
SAS software packages, at least one of which 
should be available at most major computing 
centers. In simple cases, it often is unnecessary 
to do more than carefully examine your data. 
For example, for only a few populations with 
data collected in only a few years or locations, 
the data (either raw data or means) might look 
like that in Table 1. Clearly, despite being af- 
fected by year-to-year (and/or season-to-season 
and/or location-to-location) sampling, charac- 

Character X 

Taxon A Taxon B Taxon C Average 

Year (or Season or Location) 1 5 
Year (or Season or Location) 2 10 
Year (or Season or Location) 3 7 
Year (or Season or Location) 4 8 

Average 7.5 12.75 17.25 12.5 

Character Y 

Taxon A Taxon B Taxon C Average 

Year (or Season or Location) 1 5 
Year (or Season or Location) 2 12 
Year (or Season or Location) 3 4 

Average 7 10 13 
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ter X is still a useful character effectively 
separating taxa A, B, and C. However, char- 
acter Y is quite unreliable. I t  does not con- 
sistently separate the taxa: a comparison of 
taxon A collected in year 2 compared to taxon 
D in year 1 is more similar than taxon A is to 
itself in years 1 and 2. 

Since the amounts of time, effort, hnd money 
available for any study are limited, the number 
of characters that can be studied is also limited. 
There is little reason to study both members of 
a pair of highly correlated characters when a 
third character with lower correlations is avail- 
able and has an equivalent proportion of its 
variation attributable to differences among 
populations. In most studies, the number of 
available mutually non- (or slightly) correlated 
characters with high proportions of their vari- 
ability attributable to differences among popu- 
lations is large in relation to the amount of time 
available for measurement. Under such circum- 
stances, a choice of which characters to use 
arises. Common sense suggests that the char- 
acters should as much as  possible depict the 
entire organism, not some particular feature 
(Table 2). For best discrimination among 
populations, we would like up2 to be large in 

2 relation to + uy2 + upy + u2. I t  is particu- 
larly important that up2 be large with 

2 respect to upy or we will have little confidence 
in the relative accuracy of the observed popula- 
tion's means. 

MATHEMATICS NEEDED BY 
TAXONOMISTS 

correlated characters does require some knowl- 
edge of basic undergraduate mathematics. 

The use of mathematical techniques in sys- 
tematics has been limited by the general lack of 
mathematical training received by taxonomists. 
I t  seems reasonable to expect that in the future 
almost all students expecting to pursue gradu- 
ate work in any field of science will complete a t  
least a year of calculus and a semester of matrix 
algebra. At present, however, most biologists 
possess little more mathematics than somewhat 
rusty high school algebra. Even that is quite 
sufficient for most currently used procedures 
in numerical taxonomy. This rather fortuitous 
circumstance results from the fact that the 
more complex mathematical procedures usually 
arise due to correlations among the characters 
being utilized. Choice of non-correlated char- 
acters, makes the mathematics much 
less difficult. Thus, a small amount of prelimi- 
nary field work designed to determine which 
characters are essentially uncorrelated with 
other characters can often make up for a gap in 
one's knowledge of higher mathematics. Such 
preliminary studies can often also be used to 
select characters that not only differ from 
population to population, but that also yield 
consistent results from year to year and from 
region to region. 

GROUPING POPULATIONS 
Once the characters have been chosen, the 

populations sampled, and the specimens mea- 
sured, then data are available to use in group- 
ing the ~ o ~ u l a t i o n s .  This Drocess usuallv has - A A 

In addition to making possible comparisons two steps. First, some measure of similarity or 
among large numbers of individuals and popu- dissimilarity between members of each possible 
lations, computers make possible the intelli- pair of populations studied is chosen. The 
gent use of correlated characters. The under- number of possible similarity measures is very 
standing of many of the procedures used for large indeed ( I ) ,  but two general kinds have 

Table 2. Example ANOVA. 
- 

Source d.f. Mean square Expected mean square 

Populations 9 20.2 u 2  + 5upy2 + 30:  + 150; 

Sampling Sites Within Populations 40 5.2 u 2  + 3 u t  

Years 2 10 u 2  + 50,; + 50uyZ 

Populations x Years 18 5 u 2  + 5upy2 

(SitesIPopulations) x Years 80 4 u 2  



been used widely. distance between two taxa i and j is: 

Matching and Correlation Coefficients 
In addition to the familiar product-moment 

correlation coefficient, other measurements of 
agreement between characters are sometimes 
used. These measurements include matching 
coefficients and various types of nonparametric 
procedures, usually resulting in some form of 
nonparametric correlation coefficient. These 
procedures usually result in values ranging 
from 0 for no agreement to + 1  for complete 
agreement (and sometimes -1 for perfect dis- 
agreement). As an example, consider two char- 
acters, say knob length of a nematode and knob 
width of the same nematode, each divided into 
three classes: large,medium, and small (Table 3). 

A total of 53 nematodes are examined. Sup- 
pose, for each, we score it as a one if knob 
length and knob width fall in the same class, 
say small, and zero if they fall in different 
classes, such as small knob length but medium 
knob width. The average score for all 53 nema- 
todes would then be a matching coefficient 
whose possible range would be from zero (for 
no matches) to one (for all 53 matches). 

It is possible to use matching and correla- 
tion coefficients to measure the similarity be- 
tween pairs of taxa as well as between pairs of 
characters. The data for the first taxon are 
treated as theX variable, and the data from the 
second taxon are treated as the Y variable. 
Then the matches betweenX and Yare tallied, 
or the correlation coefficient between X and Y 
is calculated. Details are given by Sneath and 
Sokal(l) ,  but it should be noted that the char- 
acters are often standardized by subtracting 
the character mean and subsequently dividing 
each observation by the standard deviation 
among population means for that character be- 
fore calculating the correlation or matching 
coefficient. 

Distance Measures 
The simplest measure of the square of the 

Where X,, is character k of taxon j .  Usually the 
characters are standardized so that various 
scales of measurement such as millimeters, 
meters, counts, etc. will not be confounded. 
The standardization most commonly used is 
the division of each character by its among- 
taxa standard error. Other standardizations 
also can be employed. 

Such a simple measure of distance works 
quite well for characters that are reasonably 
non-correlated. However, when the value of 
one character can be reasonably predicted on 
the basis of the knowledge of the values of 
some of the other characters, the equation 
results in distances which differ more 
amongst themselves than is justified on the 
basis of the data. Such a situation can be 
avoided if the characters are adjusted or trans- 
formed so that they are not correlated before 
the distances are calculated. The resulting dis- 
tances are called generalized distances. The 
procedures involved require a knowledge of 
matrix algebra and will not be discussed at this 
point. 

For six samples and two characters (X and Y), 
suppose we have the measurements given in 
Table 4. To standardize these scores, we can 
subtract 30 from each value ofX and then divide 
each value by m= 34.9. For Y ,  we subtract 
50 and divide by == 36.2. Thus, our 
standardized scores appear as in Table 5. 
(Actually, due to small rounding errors, the 
means and variances of the standardized scores 
do differ trivially from 0 and 1, respectively.) 
Since the correlation between the sample means 
of X and Y is large (about 0.96), a decision 
should be made as to whether to use just X ,  
just Y,  both X and Y, or neither X nor Y.  In 
practice, we should probably choose either X 

Table 3. Numbers of nematodes with small, medium and large knob widths and knob lengths. 

Small Medium Large Total 

Knob Length 

Knob Width 
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or Y or a new 'character' 2 that combinesx and 
Y in an 'optimal' manner. Any one of the three 
methods should give about the same results. 
For now, we will ignore this problem and cal- 
culate the distances from both characters: 

DZ1,== {-.72 - (0.57)12 + (-0.83 - (0.41))' 
= (0.15)~ + (0.42)~ = 0.0225 + 0.1764 
= 0.20 

Thus D,,, = vT'D'J= 0.45. 

The complete distance table appears in Table 
6. Clearly samples I, 11,111, and IV differ little, 
while V and VI differ from each other as well as 
differing greatly from the other samples. The 
same conclusions are evident from either X or 
Y alone, but the technique can be used for 
many characters at once, where simple inspec- 
tion of the data may not be sufficient for reach- 
ing conclusions. 

CLUSTERING PROCEDURES 

Once measures between taxa similarity or 
distance have been obtained, several techniques 
can be used to group the taxa. The most widely 
used one first groups those taxa that are 
mutually most similar or closest together to 
form groups, then proceeds to group the groups 
together on the same basis, treating remaining 
individual taxa as groups. This process results 
in a tree-like diagram called a dendrogram, 
where the taxa are located at  the branch tips 
and where a pair of branches join together at  
the average distance (or average similarity) 
between all possible pairs of taxa located on 
the two branches; the first member of a pair 
being from one branch, and the second member 
from the other. In the example, the first step 
would be to group samples I and 111, which have 
the smallest distance, 0.14. Second, samples 

Table 4. Sample data for six samples and two characters. 

Sample I I1 111 IV V VI Mean Variance 

Table 5. Standardized data 

Sample I 11 111 IV V VI Mean Variance 

Table 6. Distance table for sample data. 
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I1 and IV would be grouped with their distance 
of 0.19. Then samples V and VI are grouped at 
a distance of 1.34, since they are closer to each 
other than to any other sample. The average 
distance from (I, 111) to (11, IV) is (0.45 + 0.62 + 
0.58 + 0.75)/4 = 0.60, which is much less than 
the distance of either to (V, VI), so (I, 111) and 
(11, IV) are grouped at 0.60. Finally, the average 
distance from (I, 11, 111, IV) to (V, VI) is (2.41 + 
1.99 + 2.52 + 1.38 + 3.29 + 2.91 + 3.39 + 
2.72)/8 = 2.58 which completes the dendrogram 
(Fig. 1). A quick inspection of the data indicates 
that either the use of X alone or Y alone would 
have resulted in a dendrogram of essentially 
the same form. 

Instead of average distances, smallest or 
largest distances between the members of one 
group and those of another can be used for 
clustering. However, the agreement between 
the original table of distances and the dis- 
tances read from the dendrogram obtained is 
much less than is obtained using average dis- 
tances. In this example, using smallest dis- 
tances between members of different groups 
would change the grouping of {I, III) with (11, IV) 
to 0.45 rather than 0.60, and of (I, 11, 111, IV) 
with (V, VI) to 1.38 rather than 2.58, but would 
leave the form of the dendrogram unchanged. 
Using largest distances would result in a den- 
drogram of the same form also, but with (I, 111) 
grouping with (11, IV) at 0.75 and with (I, 11, 111, 
IV) grouping with {V, VI) at 3.39. 

I I I I 
0 I 2 3 

Distance 

Fig. 1. Example of a dendrogram. 

Rather than distances being averaged, the 
means themselves can be averaged after each 
clustering and the distances recomputed. The 
latter technique is called centroid clustering. 
Results generally differ trivially from distance 
averaging. 

Several theoretically appealing alternatives 
to these procedures have been proposed. One 
is to form k groups in such a manner that the 
variation among the within-group distances is 
as small as possible in relation to the among- 
group variation. A second is to find the den- 
drogram for which the dendrogram distances 
fit closest to the actual distances among the 
taxa. Several criteria of closeness of fit could 
be used, but the usual one is least squares 

Min Z (D,, - d,) : 
which is the minimum sum of squares of dif- 
ferences between the distances, D,,, and the 
dendrogram distances, d,. . Neither procedure 
has proven to be practicai in the case of more 
than a few taxa. Good clustering procedures 
are found in the UCLA Biomed and NTS soft- 
ware packages, but not in SAS. 

PRINCIPAL COMPONENTS AND 
THE BIPLOT 

When it is necessary to work with sets of 
highly correlated characters, the simple appli- 
cation of distance equations is often unsatis- 
factory. Calculating distances from several 
highly correlated characters is essentially equi- 
valent to calculating them from a single one of 
the correlated characters and then multiplying 
the distances obtained by an unknown constant. 
When several sets of highly correlated charac- 
ters plus a few relatively uncorrelated ones 
must be dealt with, then the distance equa- 
tions are clearly inappropriate. 

The biplot is a graphical technique that to a 
large extent is based on principal components. 
In Table 5, we have two measurements of each 
of six populations. If we take each measurement 
as representing an axis on a graph, then we may 
use the observations to plot the populations 
(Fig. 2). As a result, we may cluster by physical 
distances. In this case, since the distances on 
this plot are the same as the distances calculated 
earlier, the clustering will be the same. How- 
ever, when more than two characters are pres- 
ent, then we use principal components to come 
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Fig. 2. Sample biplot. 

up with functions of the characters that may act 
to cluster populations. The principal com- 
ponents simply are the new characters obtained 
by transforming the original characters to an 
uncorrelated set. If X and Yare two correlated 
characters, then the W-Z axes define the princi- 
pal components (Fig. 3). An individual nema- 
tode or a taxon mean has values of Wand Z that 
correspond to its values of X and Y. Theoreti- 
cally, these values could be read from a graph 
or calculated arithmetically, but in practice 
computer programs provide them directly. The 

Fig. 3. Sample principal component plot. 

values and singular vectors to approximate the 
Y matrix. We use (h,p,, ~ , p , )  as the coordi- 
nates for the populations and (q,, q2)  as the 
coordinates for the characters, plotting both 
sets of coordinates on the same graph. Popula- 
tions that are near each other have greater 
similarity to  each other than to  populations 
that are further apart. The interaction of the 
plot of the populations and the plot of the char- 
acters gives some information on the nature of 
the differences among the populations. 

computat~onsinvolved require a knowledge of EXAMPLES WITH NEMATODE DATA 
matrix algebra, but an understanding and use 
of the techniaue does not. In the following dendrograms and biplots 

The biplot can be described independently (Figs. 4, 5), several taxa of nematodes were 

of principal components, even though its roots evaluated. %o sets of data were obtained: 

are in principal components. We may consider morphometric and classification. The morpho- 

the data as a set of n characters (morphological metric measurements were : stylet length, knob 

or genetic) on m individuals or populations. A width, knob length, DGO, and excretory pore. 
The classifications were: chromosome num- typical value is represented as y,, i = 1, "' and bers, banding patterns for various enzymes, j= l ,  ... . m, and are organized in a n X m matrix race, and survival on various media. In the Y.  The rows of represent characters and the interests of space, intermediate steps are not columns, individuals or populations, as in the 

example in Table 4. Any matrix, E: can be given. 

written in terms of its singular value decomp- 
sition as 

Y = 2 hapaqb Literature Cited 
The value is called the singular value, and thep 1. Sneath, P.H.A. and R.R. Sokal. 1973. 
and q vectors are the singular column (character) Numerical taxonomy; the principles and 
vector, respectively. The biplot method in- practice of numerical classification. W.H. 
volves using the two largest sets of singular Freeman, San Francisco, Calif. 573 pp. 



ol 
ru 

. . F I R S T  COORDINATE 

Fig. 4. Analysis of nematode populations. A) Dendrogram. B) Biplot. 
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Fig. 5. Analysis of nematode population without male measurements. A) Dendrogram. B) Biplot using classifica- 
tion variables. 
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Models, in any sense of the word, are sim- 
plifications of larger, more complex systems, 
structures, or events. They promote under- 
standing of the form and function of the system 
they represent. The model is a formal state- 
ment of hypothesis of system function or struc - 
ture at  a specified level of resolution. The 
hypothesis is usually developed as equations 
describing the processes and interactions 
within the system. Such formally stated 
hypotheses applied to agricultural pests are 
testable at  the field level and can be reevalu- 
ated and refined based on field observations. 
Ultimately, they can be used as a rational basis 
for management decisions. 

Several types of models are in use in inte- 
grated pest management. Critical point models 
predict crop yield, crop loss or pest densities 
from a single observation of the state of the 
system at a particular time. Multiple-point 
models also make such predictions, but are 
based on monitoring the state of the system at 
a series of times. Such models frequently fall 
into the category of analytical models since 
they consist of one or a group of equations for 
which a closed-form solution is possible. They 
are often correlative rather than explanatory 
since they cannot be sufficiently complex to 
describe biological phenomena realistically. 

Simulation models, whose solution is deter- 
mined by numerical integration techniques, 
are more complex. These models are generally 
mechanistically explanatory at  a level of resolu- 
tion compatible with the objectives of the 
modeling process. Other models of importance 
in integrated pest management fall into the 
category of management decision models. They 
may be extensions of analytical or simulation 

models. They might, for example, predict the re- 
lationship between the intensity of a monitoring 
or sampling process and the associated preci- 
sion of the pest-population estimate. 

Integrated pest management is, in practice, 
effective management of the crop and its asso- 
ciated community. The complexity of this 
process involves the understanding of how in- 
dividual pest populations interact with the 
crop and with each other. Such understanding 
would allow prediction of repercussions through- 
out the system resulting from perturbation of 
one population or of one part of the system. 
The interaction among the individual popula- 
tions is integrated essentially by the plant. The 
effects of this integration from a practical 
standpoint are reflected in yield and quality of 
the crop. A plant model is essential to the 
development of a multiple-pest mechanistic 
model. However, it may not be necessary for 
the simplistic analytical models, based on 
population assessment prior to planting, which 
are frequently used for nematode manage- 
ment. 

TYPES OF MODELS 

Descriptors of Spatial Distribution 
Like many organisms, plant-parasitic nema- 

todes generally exhibit an aggregated distribu- 
tion pattern reflective of such aspects of their 
biology and ecology as feeding habits, food 
sources, and reproductive patterns (Fig. 1). 
Frequently, the distribution pattern is adequate- 
ly described by the negative binomial model, a 
function of the current population mean and its 
index of dispersion (k) (5). Since the index of 
dispersion is a function of the mean and vari- 
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NEMATODES IN 2 0 0 9  SOIL 
Fig. 1 .  Frequency distribution of nematode densities in soil samples from an alfalfa field. [from Goodell and Ferris 

(Is)]. 

ance, it varies with time and population den- Spatial descriptors provide the basis for risk 
sity. Means (T) and variances (s2) of sample assessment associated with population monitor- 
counts can be empirically related by a power ing activities and subsequent strategies in inte- 
function such that s 2  = aTb, where b is an grated pest management. 
index of aggregation for the species (29,30). 
Assuming the stability of such indices, or 
knowledge of the environmental factors which 
influence their magnitude, it is possible to 
calculate the probability of obtaining a specific 
sample population estimate from a population 
of known mean and variance (5). 

Knowledge of population mean and variance 
relationships allows generation of formulae in- 
dicating the number of samples (n) required to 
measure a population with a certain level of 
precision, given a specific population size and 
distributional condition (20,28). The general 
form of such relationships (n = C2(s2/T2)), 
where C is a probability constant provided by 
the standard normal deviate (2 or its t estima- 
tor) and the acceptable proportional deviation 
(d) from the true mean, such that C = t/d. The 
relationship can be used for determining re- 
quired sampling intensity for crop management 
decisions of various costs (lo), or the probable 
deviation associated with the population mean 
estimate given a specific sampling intensity 
(Fig. 2). 

Phenology and Population Models 
Both analytical and simulation forms of 

phenology and population models fall into this 
category. The systems are generally considered 
to be temperature driven, and the rate deter- 
mining or limiting constraints include host 
presence, host quality, moisture availability 
and age-specific responses of the organisms. 

Perhaps the simplest of these mechanistic 
models applicable to pest management are 
phenology models, which predict the timing of 
developmental events. Such events might in- 
clude the appearance of various life stages of 
pest populations, or stages in the growth cycle 
of a crop relative to  prevailing environmental 
conditions. Models a t  this level are useful for 
timing crop protectibn activities, or for the 
timing of monitoring and assessment efforts 
for the detection of pest species. If the ex- 
pected age structure of the population is known 
relative to some starting point such as  planting 
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Fig. 2. Relationship between yield and nematode density indicating confidence bands associated with the damage 
function, economic decision value (y), economic threshold population (P), predictive population interval (PI 
to Pz), and economic decision interval (yl to yz). [from Ferris (lo)]. 

date, and only one or a few life stages of the 
population are being measured by the assess- 
ment technique, the probable true magnitude 
of the whole population can be predicted from 
the sample. Similarly, if the population age- 
and stage-structure can be determined by 
accumulating heat units (11,12,13,14,25,31), it 
may be possible to determine when overwinter- 
ing populations of eggs will hatch, or when a 
population of hatched juveniles in the absence 
of a host will have depleted their food reserves 
sufficiently to be non-infective to a crop (Fig. 3). 

Population models are more complex than 
phenology models. They predict or explain 
not only the timing of events, but also the 
magnitude. A pest population model would 
predict not only occurrence, but also the magni- 
tude of the pest outbreak and, if linked with a 
plant model, the magnitude of the expected 
crop damage. Such models can form a basis for 
economic threshold considerations with greater 
flexibility and responsiveness to environmental 
perturbations than can critical or multiple 
point analytical models. 

The population models, which predict the mag- 
nitude of population changes (either growth or 

decline), are potentially useful from a manage- 
ment standpoint in assessing the expected 
growth of a population under a specific crop or 
sequence of crops. The rate of population de- 
cline given overwintering environmental con- 
ditions may be similarly predictable, allowing 
projection of preplant nematode densities from 
samples taken at various times during the over- 
wintering period and also allowing analysis of 
population changes under specific cropping 
sequences. 

Population models may be of the analytical 
form frequently used in nematology: for ex- 
ample, the relationship between final popula- 
tion and initial population (27). They may 
also be simulation models at various levels 
of complexity (1,6,7,24). Models for root-knot 
nematodes, for example, take into account 
variability associated with single age cohort 
developmental rates as a function of the vari- 
ation in the nematode and the variability 
of the plant-host system (12,13,14). Thus, 
the mean and variance for the number of 
heat units required for egg development of 
Meloidogyne arenaria ( l l ) ,  the number of 
heat units over which a freshly hatched, second- 
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DEGREE DAYS 
Fig. 3. Cumulative number of nematodes (a) and probability of penetration (b) in the vascular region of grape roots 

cv. 'French Colombard' relative to length of exposure (DDIo) to a single age cohort of Meloidogyne arenuria 
juveniles. [from Ferris et al., (13)l. 

stage juvenile is able to penetrate different 
varieties of grape roots, the variance associated 
with this penetration period, and the probabil- 
ity that penetration will occur have been deter- 
mined (13). Similarly, the host dependence of 
the developmental period and its variance (12), 
and the variability in the fecundity period and 
rate of egg production/female (14) have been 
calculated. Survivorship values for each de- 

the pest models in predicting crop growth or 
yield loss. They are a t  a greater level of com- 
plexity than the analytical models and tend to 
have greater variability in their predictiveness. 
They have the advantage, however, of allowing 
multiple pest linkages in a biologically rational 
manner rather than relying on multiple regres- 
sion approaches only valid for the existing data 
set. 

ve lo~menta l  stage have been determined utilization of yield loss models forms the The basis for economic threshold determinations. models of this form requires an interactive 
plant-host model, the appropriate coupling The economic threshold for nematodes can be 

defined as that population of nematodes which structures for the effects of the nematode On will reduce crop value by an amount equivalent the host (33), and the to the c ~ s t  of controlling or managing the effects of the physiological stress level on the 
nematode biology (14) (Fig. 4 & 5). nematode population. At another level of resolu- 

tion, it is that level to which the population 

Yield Loss Models 
Damage-function predictions from popula- 

tion densities are critical to management de- 
cisions (6,18,34,35). Such models may be of 
the typical analytical form, either critical or 
multiple point (2,4,19,27), or they may be simu- 
lation models (1,6,7,24). Simulation models 
generally require a plant model in tandem with 

must be reduced to maximize the difference 
between crop value and management costs (8). 
These determinations usually involve critical- 
point analytical models; however, similar ap- 
plication can be made of simulation models. 
Forward predictions in time are necessary, 
involving projections of expected crop value 
and projections of regional weather conditions. 
The threshold determinations provide a ration- 
al basis for management decision. 



Table 1. Stagespecific development, fecundity, and survivorship data for Meloidogyne arenaria 
on three grape varieties (from 11,12,13,14). 

Nematode  life stage 

Egg Infective J, Parasititic J,/J, Adult  

V a n e  t y  Fa X b PC I d  P e  X f Eg 

French Colombard 176 + 7.5 115 f 58 0.36 532 + 102 1.0 580 + 70 0.81 +_ 0.07 

Carignane 176 + 7.5 113 f 56 0.22 532 f 90 1.0 660 + 60 0.98 + 0.02 
Thompson Seedless 176 + 7.5 73 + 36 0.11 655 + 104 1.0 550 + 60 0.53 + 0.03 

a Mean and standard error of egg development period (DDlo). 
Mean and standard error of probable penetration period (DDlo). 
Proportional survivorship of penetration under unstressed conditions. 
Mean and standard error of development to maturity (DDlo). 
Proportional survivorship of development period under unstressed conditions. 

[ Mean and standard error of egg production period (DD,,). 
6 Mean and standard error of egg production/female/DDlo. 

0 
P ( N / g  ROOT) 

0 v  
PIN 
PIP 

Fig. 4. Coupling structures between plant and nematode based on a metabolic pool concept of plant growth. Supply 
is a function of PAR, temperature, leaf area, photosynthetic efficiency of current leaf age structure, and 
physiological efficiency a s  influenced by current nematode population density. Demand is a function of 
maintenance respiration and the cost of new tissue formation (vegetative or propagative) including growth, 
respiration, and nematode demand, as  a function of nematode-growth rate [adapted from Wang et  al. (33) 
and Ferris et al. (14)]. 
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Fig. 5. Coupling structures between plant and nematode. Effect of plant physiological stress (F) as influenced by 
phenology, metabolite demand priorities and physiological stress on nematode population development (sex 
ratio and egg production rate). [from Ferris et al., (14)l. 

Management Optimization Models 

Models of this type represent the next level 
of organization. Their accuracy and predictive 
reliability is constrained by the resolution and 
error in lower level models on which they are 
based. They provide a framework for optimiza- 
tion of the management process. Among the 
simplest forms are management models predict- 
ing control efficacy for a particular management 
approach based upon environmental conditions. 
Thus, the expected efficacy of a fumigant 
nematicide is influenced by the soil texture and 
pore spaces, and soil moisture and tempera- 
ture, resulting in predictability in the amount 
of nematicide required to obtain an acceptable 
level of control (21,22,23). A higher level of 
organization is to superimpose the control-cost 
model on the nematode-damage function so 
that the amount of control to be invested, in 
order to reduce the nematode population to a 
point at which the difference between the crop 
value and cost of control is a maximum, can be 
determined. This method is an optimization 
approach to the economic threshold, in fact, 
the true economic threshold (8,17), but one dif- 
ficult to achieve with available information due 
to lack of data on control cost functions (Fig. 6). 

Similar control-cost functions can be developed 
for crop-rotation programs where the cost of 
reducing the nematode population to specified 
levels is predictable relative to the reduced 
value obtained by the nonhost crop (3,8,26). 

Management and optimization models can 
be considered in the short and in the long term. 
In the short term, the returns for single growing 
seasons may be optimized by reduction of the 
nematode population to a specific level, but 
the problem may be exacerbated for subse- 
quent crops (2,3,8). However, data generated 
for analytical models of population increase 
during a single growing season on a given host 
crop (2,3) allow prediction from a preplant 
population estimate of the expected crop value 
(or crop loss) and the expected final nematode 
population. Further, data on nematode over- 
wintering survival (2,16,32) allow prediction of 
the expected nematode-population densities 
a t  the start of the following cropping season. 
These relationships allow prediction of expect- 
ed crop yield or value on a series of possible sub- 
sequent crops. Calculations of this type gener- 
ate the possibility of optimizing cropping 
sequences for nematode management over 
multiple years (3). Such approaches are par- 
ticularly appropriate with plant-parasitic nema- 
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Fig. 6. Determination of the economic threshold by 
maximizing the difference (curve E) between 
the nematode damage function (curve A) and 
the control cost function (curve B). The 
economic threshold is the population level at 
which the derivatives of the damage function 
(curve C )  and the control-cost function (curve 
D) interact. [from Ferris (8)]. 

todes, and perhaps with other soilborne patho- 
gens, because of relatively slow reproductive 
and dispersal rates and yield loss predictability 
from simple analytical models. 

The selection of a cropping sequence, of 
course, involves some forecasting of crop values 
over a series of years and an expectation that 
average weather conditions will prevail. How- 
ever, the commencement of a particular crop- 
ping sequence does not lock the user into that 
program should conditions change over the 
period for which the predictions were made. 
The optimal solution may involve reassessment 
of the system through biological or economic 
monitoring at the beginning of each growing 
season and selection of the most profitable 
route from that point forward. Linear program- 
ming techniques are adaptable to this approach. 

SUMMARY AND CONCLUSIONS 

The status of modeling as a basis for inte- 
grated pest management strategies for nema- 
todes is conceptually well advanced. The struc- 
tures of models of nematode distribution, popu- 
lation phenology and development and those 
for yield loss due to nematodes have been de- 
veloped and tested in various crops. Primarily 
these have been analytical models, simple to 
develop and generally useful. Attempts at 
simulation models have been useful in the 
investigation of nematode and plant systems in 
demanding clear hypothesis statements and in 
delineating efficient research approaches. They 
have not yet been implemented in pest manage- 
ment programs. 

Current studies on the required intensity of 
nematode-population assessment relative to 
crop value and to the cost of the anticipated 
management approach (10) indicate that the 
basic approach of measuring anematode popu- 
lation at the beginning of a growing season to 
determine the required management is viable. 
The resolution required is crop and nematode 
specific as well as management-cost specific. F'ur- 
ther, since the expected damage per nematode 
decreases with increased nematode densities 
(3,4,9,19,27), and since fairly large increases in 
nematode density are required to achieve pro- 
portionally much lower increases in crop loss, 
the required precision of population assess- 
ment for management decisions may not be 
cost-prohibitive (10). With root-knot nematodes, 
where the population density can frequently be 
estimated by a gall rating from the previous 
crop, the use of modeling strategies for pre- 
diction in integrated pest management for 
nematodes is especially promising. The basic 
utility of simulation models is in hypothesis 
statement and testing and in the definition of 
priorities. Critical-point analytical models of 
crop loss, nematode increase, and overwinter- 
ing survivorship that have rational and under- 
standable parameters can be developed readily 
and are easily implemented. The biology, mo- 
tility and reproductive patterns of nematodes 
make them an attractive biological system for 
the implementation of quantitative strategies. 
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