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Root Systems of Vegetable Crops: A Brief Introduction

Brian A. Kahn
Department of Horticulture and Landscape Architecture, Oklahoma Stare University, Stithvate~, OK 74078

Peter J. Stoffella
Agricultural Research and Education Center, 1FAS, University of Florida. Fort Proree, FL 33454

Roots have several vital functions in crop plants, including pro-
viding anchorage, absorbing and conducting water and nutrients,
providing a “*sink™" (and sometimes a storage location) for assim-
ifates, and synthesizing certain phytohormones Yet, the statenient
made by Weaver and Bruner in 1927 (5) remains true today: ** The
roots of plants are the least known, least understood, and least
appreciated parts of the plant”™. This ek of understanding can be
attributed to the fact that roots are usually out of sight, and to the
tedious and ditticult nature of root studies in situ.

The acrial environment indirectly influences the root svstem through
the shoot. The soil environment similarly affects the shout through
its influences on the root system. Growers generally can exert more
control over the soil environment than over the aerial environment
(5). Indecd. most cubtural practices directly or indirectly attect the
roof-soil environment (3). Several possible benelits of improve !
Knowledge of vegetable crop ool systems nuay acerue to growers.
Answers to cultural questions such as the best time or method for
applving fertilizer or irrigation water would be based on more direct
evidence. Cuftivars may be selected not only for climatic adapta-
bility but ulso for adaptability 10 specific soil condittons. Efficiencey
of plant arrangements in the ficld can be improved. Intensive cul-
tivation by intereropning or suceession cropping will be favored by
knowledge that roots 1re well-distributed throughout the soil volume

(5). Crops may be selected tor tolerince to high or low levels of

plant nutricnts or other dissolved clements in the soil solution (1),
Losses from lodging may be reduced or eliminated ). Ultimately,
root-centered mathematical models will be developed for computers
that can be used 1o help farmers make costefiective management
decisions (2, 3). The overall result will be inereased vields.,
Considerable progress has been made in root-system rescarch
during the past 2 decades. However, much remains to be done. The
following list of research needs was compiled by Kiepper ¢ al. in
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983 {3): *"More specific information is needed on: phenology of
ot system development relative to shoot development under field
condriions; above- and below-ground environmental effects on root
groww. and death: functional relationships among roots, between
roots and <ol and between roots and shoots under ficid conditions;
genetic variation in root anatomy and rooting patterns: [andj effect
of variability in the landscape, sotl profile, and plant populations
en operation of models of the soil-root system.™* This list was com-
piled for ficld crops. If anything. it is even more applicable to
vegetaole crops, for which even “*baseline™ root data are minimal.

Papers i thiv symposium provide current information on methods
of studying root systems in the field, rhizogenctics of vegetable
crops, root system elfects on lodging of vegetable crops, root sys-
tems in relation to stress tolerance, root-related differences in nu-
trient acquisition efficiency, and mycorrhizae in vegetable crops.
Needs for additional research will be discussed. 1t is hoped this
svimposium will stimular. an increase in the small number of re-
scirch scientists studying root systems of vege.anle crops.
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Methods of Studying Root Systems in the Field

H.M. Taylor
Plant and Soil Science Department, Texas Tech University, Lubbock, TX 79409

Growing plants require photosynthetically active radiation (PAR),
water, 15 to 20 clements (37), and the absence of lethal factors.
Although most of the water and mineral elements used by plants is
absorbed by roots. root systems have been studied in much less
detail than piant tops. Part of this deficiency may be due to the
“out of sight, out of mind™* syndrome, but most of the deficieney
oceurs because root studies usually are much more time-consuming,
more labor-intensive. and more costly than shoot studies, As one
example, several related experiments wete conducted durmg the
1979 growing seasor to obtain insight ivto the reason(s) why nar-
row-row soybeans (Glveine mav L Merr, *Wayne™) outvield soy-
beans grown in conventional meter-wide rows (2, 13, 16, 17, 21,
22, 25, 34). Muck more data were collected above-ground than
below the soil surface. but the above-ground measurements required
only about one-half as much labor as the below-ground measure-
ments.

Root studies are often so tedious and time-consuming thet one
should use the simplest possible procedure that will turnish the
desired information. A simple spade slice through the plow layer
into the subsoil may be sufficient to detect a pressure pan (plow
sole) (Fig. 1) or nematodes. Several spade slices can be observed
ina few minutes at very little cost. Often, however, a more quan-
titative answer is required than is possible with a spade. This paper
describes techniques requiring greater intensity of effort than use of
aspade. Bochm (5) and Schuurman and Goedewaagen (29) provide
greater details on roct study methods than is possible in this short
articlz.

DESTRUCTIVE METHODS

Excavations

General architecture of the root systein and extent of rooted vol-
ume of soil can be determined by excavating the entire root sysiem
or a segment of it. A trench s first dug around the plant. A support
is provided for the plant top. Soil is removed from around the roots
by using needles, air, or water pressure. The location and extent of
the root system can be drawn on « plastic sheet, photographed. or
mounted (Fig. 2). This technique may be the only feasible one in
a racky or gravelly soii or it the rooted volume of soil is not sym-
metrical. Many small roots are lost during excavation, and the tech-
nigue is time-consuming, Preston (20) estimated that one person
needs 5 weeks 1o excavate, measure, and record the root system of
a 15-year-old pine tree. Rogers and Booth (24) caleulated that about
00 tens of soil was removed in excavating the root system of 4
mature fruit tree. Weaver (41) and Weaver and Bruner (42) used
this technique in many of their investigations.,

Monoliths

The monolith method requires removal of a soil block and sep-
aration of roots contained in that block. Sometimes a trench is dug
for access to the profile. Blocks oi soil are removed from succes-
sively deeper layers until the bottom of the root zone is reached.
Each block is soaked in water and soil is washed through i« mesh
grid leaving the roots. Alternatively, some type of container is foreed
into the soil deep enough to enclose the deepest ronts. The container
is pulled from the soil and cither the menolith is cut into depth
increments or small rods are forced horizontally through the soil.
Soil is then washed from the roots.

Nclson and Allmaras (18) mechanized the monolith method.
Trenches are dug around 2 soil block, leaving it free-standing in
place. A steel and plywood frame, containing predrilled holes in
the plywood, is lowered around the free-standing block. The frame
is constructed to tighten against the block as it is lifted from the
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Fig. 1. Avtitle spade is used 1o determine effects of soil cracking on cowpea
(Vigna wnguiculats L) root development.

hole (Fig. 3). Small rads are driven horizontally through the soil,
using the predrilled pattern of holes. The soil block is submerged
in water, usually overnight. Soil is then washed away, leaving the
root system held in place by the network of rods, The root system
is cut into segmenis, cach representing the roots found in a specific
volume of soil. Roots are weighed or their length is measured using
iechniques discussed later.

Sivakemar et al. (30) collected soybean roots that floated free
during washing. Some of these roots belonged to plants with tops
outside the space enclosed by the frame. These roots were cut by
the trencher. Other roots were cut by the small rods during insertion
and others were broken during the washing process. Lengths of
these loose roats were from 5% to 12% of the total length in the
soil block. In addition, short segments of dead roots (last year's or
this vear's roots)) usually float away during washing: this removal
reduces sumple cleanup time. Bochm et al. (0) estimated labor
requirements for one framed morolith to a 1.8-m depth at 1560 min
(Table 1.

Cores

Core mcethads involve removing eylindrical core samples from
the soil profile and washing the soil tfrom the roots. Cores are

Fig. 2. Parts of the intertwined root systems of 2 soybean [Glveine max
(1..) Merr. | plants are exposed by washing away the upper layers of Ida
silt toam soib,
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Freo 3 The dramed monolith method of Nefson and Afharas oSy s useld
o extract o sorl bloes fiom a sorl pronide

usually extracted at various depths i the profele. at various pre-
deternuned distances trom the phint bases. and mosome predeter
mined tme seaquence. 1 depth of extraction s 1. cores often
are tuken with o hand sampler. but deeper cores trequently regure
amachie diven awmpler Volume of cores often s much smaller
than that of monaofths. Bochm 031 sugeests that at feast S cores be
taken at cach location (o compensate tor the smaller core wolunie
Tune required tooextract the core trom the sotl i only shout 26
min. This time s short when compared to the 2 non requined 1o
wish out the roots and clean the sample of debiis The core break
technigue ¢3) eliminates the wash and clean requirement The son
cote s grsped tirmady in both hands and foree s apphied sach o
way as to break the core near some predetermined positton g

Table o Comparative mlornanon tor S oot samphing methods

Time required tor vanous steps

Frg o Asoil core is broken to count the number of roots protruding from
the broken faces.

). Roats that project outward trom either broken surtace are counted.
This procedure provides a measure of relative rooting intensity (i.c..
cm rools per em® horizontal surfacey. If o rooting density value
(i.e.. em roots per em® soil) is desired, one must obtiin a known
volume of soil from the core. making sure that both faces are in-
cluded in that volume. The roots are then washed trom the soil and
their lengths determined. A relationstup is then devetoped between
number of roots protruding from the faces and root length density.
Core-break techniques are impractical o stony, gravelly, or low-
coherence satls, or o sait containing roots =2 mm in diuneter.

Trench profile method

In this method (h. a0 TO0-cm-wid2 soil profile wall is smoothed
with a spade and sharp bludes. Roots extending from the prepared
wall are cut oft with scissors. A fine spray of water at about 0.3
MPaos used to washaway oS- thick Laver of soil from the wall.
Atramed grid s placed against the wall and voot tength within cach
square: grid s estimated (Fig. 50 Koephe (14) found the trench
protite method consistently gave values about A8 to 305 of those
determined from a core method (77 =+ 088 % 129 unexplained
varntionm. A conversion factor should be determined for each soil
and plant combination it true quantitative vilues are aceded.

NONDESTRUCTIVE METHODS

Minirhizotrons

In 1037, Bates (1) proposed the idea that roots could be observed
through the walls of clear evlinders inserted into the soil profile.

Plot area Samphing s
destioved”  dest uctive of

Literature

Method tning m- rools? cilation
One framed monolith - g a hole GOy rend] hole €200,
to 1. 8- depth insert tods and place monohth m
soakinge tank (90 wash sanl from - R
: 5 Yes [§}
root system 801, cut ront system
into subsamples (901, clean debris,
obtain toot feneth and mass (640
One core (washed) Fabe core (30 wash roots from
. . v ] N N
to F.8-m deprh core (1200 clean e hn: 11200, 5 Yes 6
estimiate oot length ¢1200, obtiun
dry swerght tom)
One core (vore-breast Take core 130y, break core and 5 Yes 5
to 1.8-m depth count raots at core faces €3 - ’ i
One trench pronile Dig pit 230 smooth protile
\\»1I“ (901, wash and serape sol 5 Yes 4
trom wall (60}, estimite root
length (60, refitl hole (20,
One mimrhizotion Insert TV Gunent, count roots on 0.5 No 27, 38

monitor, remove TV camera (30)
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in luyer of soil is washed and scraped from the prepared f:
o an Ida silt loam soil profile. A square grid dety) is then placed on the
soil face to allow root location and numbers to be determined in the trench
profile method.

Several moditications have been added since then, The light bulb
light source (3) has been replaced by fiber opties (28). The vertically
oricnted tubes have been replaced by wibes angled from 307 (38) w
457 (28) from the vertical. The mirror that reflects the root image
has been replaced by a borescope (27) or by a television camera
(38) lowered into the eylinder. The television image is viewed on
a monitor or recorded on tape.

These changes have drastically improved quality of the minirhi-
zotron results. With the clear vertical tube and mirror techniyue,
roots that followed the soil-tube intertace and images of roots that
were located deeper than 1 mwere ditficult o distinguish from
other soil features. A television camera, using tubes 307 10 437 =y
vertical, transmits sharp, clear images of roots Tocated at least 3 m
deep. The roots no longer follow the upper soil-tube interfuce. but

Fig. 6. A television camera is ready to be lowered into @ minirhizotron
tube to record roots at the soil-tube interface (38).
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may still follow the lower interface if the soil has been smeared
during installation of the tubes.

‘Two experienced people can install one reinirhizotron cylinder in
about 30 min. These cylinders remain in the soil between measure-
ments. Two experienced people car estimate root length density in
another 10 to 15 min per eylinder. The equipment to read the root
concentration is lightweight and portable, so it can be carried in a
backpack (39 (Fig. 6),

Rhizotrons

Rhizotrons are covered underground cellars of walkways with
clear windows on one or both sides (Fig. 7). Soil that contains roots
is located behind cach window. These rhizotrons can be simple
covered pits containing one glass or clear plastic wall, or they may
be Jarge installations containing many square meters of viewing
sust e, Their specific design depends on the research questions te
be asked. Rluzotron desyns have been published by Fordham (7).
Freeman and Smart (8), Glover (9), Hilton et al. {10), Huxley and
Turk 112, Rogers (23), Soileau etal. (31), Taylor (32} and Taylor
and illatt (35,

Rhizotrons have several acvantages over other root study meth-
ads. Successive meacurements are made on the same plants each
time and estimates of root growth can be made rapidly. These ad-
vantages also are true for minirhizotrons, struments and sensors
can be installed casily in rhizotrons to meastire soil conditions and,
i some mstallations, the rooted volume of soil s hydraulically
isolated (33).

Rhizotrons also have several disudvantages-—one is the cost. The
Auburn rhizotron cost about $40,000 when constructed in 1969,
Comparithle cost would be about ST00,000 in 1985 for a well-
designed and well-constructed facility. The less versatile Ames rhi-
zotron (353 cost about 520,000 in 1973, For most rhizotrons. the
acrial environment is differemt from ficld conditions. Rhizotrons
require continual maintenance, but are available for many experi-
ments so they are cost effective only it a lirge number of scientists
are located near the facibity. Rhizotron construction techniques, their

Fig. 7. The Ames, lowa rhizotron, Top () exterior Bottom (b) interior.
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operation, and types of experiments to be conducted in them have
been reviewed (11, 35).

OTHER CONSIDERATIONS

Measuring root concentration

Many rescarchers report their results in terms of root mass den-
sity, (i.c., grams of root per cm? of soil). In those cases, debris is
cleancd from the root mass, which is then oven-dried and weighed.
This procedure is simple and is sufficicntly accurate for many pur-
poses. To increase accuracy, the samples can be ashed after initial
weighing so mass of mineral soil clinging to the roots can be sub-
tracted.

Most models of root uptake of water and fons require estimates
of root length density (centimeters of root per ecm?® of soil). These
estimates, when made on root samples washed from soil, usually
arc based on the line intercept method of Newman (19) because
direct measurement is too tedious and inaccurate. Roots are spread
over a flat surface of arca (A), then set of randomly placed straight
lines of total length (H) is superimposed on the root sample. The
number of intersections (N) between the roots and random lines is
determined, from which root length in the sample (R) is determined
by the formula: R = w NA/2H,

In Newman's original technique, the straight lines are provided
by hairlines in a microscope eyepiece. Newman's technique has
been modified by Marsh (15), who superimposed a square grid
rather than the eyepicee hairlines. Tennant (36) established the prac-
ticality of a square grid concept and Rowse and Philips (26) de-
scribed an instrument for automating the root-intersection counts.
Other root length determination instruments have been developed
by Henstridge (LaTrobe Univ., Bundoora, Victoria. Australia),
Commonwealth Aircraft, Port Melbourne, Australia (Fig. 8), and
by Voorhees ct al. (40).

Choosing a method

Root growth and root system architecture studies are so tedious
and time-consuming that one should choose the casiest and simplest
method that will provide the desired information. All systems where
roots are separated from the soil by washing are time-consuming
because of the necessity of cleaning debris from the sample. In
addition, any of the root-washing techniques is destructive of that
part of the soil-root system. For that reason, the minirhizotron
technique is being pursued vigorously. D.R. Upchurch (Agricultural
Rescarch Scrvice, USDA, Lubbock. Texas) has developed a theo-
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retical basis for determining root length density from the propor-
tionate number of roots striking 2 parallel strips on slanted
minirhizotron tubes. In some soils, a nonrepresentative soil layer is
created at the tube—soil interface by smearing the soil as a hole is
dug for the tube. If the problem of smeared soil (with its altered
rooting probabilitics) can be solved, the minirhizotron would be the
first choice for a fictd technique. In the meantime, my laboratory
will continue to use the soil monolith and core break techniques.
All other methods, in any event, will have to be colibrated against
some technique involving washing roots from known volumes of
soil.

A final caution

A final word of caution seems appropriate. Most workzrs will
conduct whole-plant experiments rather than merely studying root
systems as such. Experimental variation will be much greater for
roots than for tops. I am asked frequently **How many samples
should I take?'"; my facctious answer is usually **more’’. Several
years ago, an ARG statistician (C.K. Graham) and 1 decided to find
out how many samples would be required to determine, within 10%
error, the true root length density of corn (Zea mays L.) growing
in Ida silt foam soil of western lowa. Our answer, never published,
was about 40 when the sample volume was 168 cm?. The Ida silt
loam soil developed on a thick loess deposit and is about as uniform
asoil as one will find. Few, if any, rescarchers will tike 40 samples
to represent one point in space and time. One should be prepared
to accept greater sample-to-sample variation in root than in shoot
studics. As pointed out by Bochm et al. (6), considerable variation
also will occur if methods are changed during the study.
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BACKGROUND

Plants exist as integrations of their many parts and processes.
Each part is conditioned by a distinct colicetion of genes that interact
and integrate with the genes that condition other plant parts or
processes (44). Root characteristics are conditioned by about 30%
of the plant genome, and one-third of these (10% of the total)
condition only root characteristics (39, This level of control for a
single plant organ is in azrecment with that of other plant organs
(25) and implies that root characteristics are as amenable to penetic
manipulation as the characteristics of any other plant organ or tissue.
Root characteristics are not normally emphasized in plant breeding
programs because of the difficulty in observing them in situ, rather
than because of a reduced potential for improvement. The level of
genetic control described (39) should allow the development of
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isogenic root mutants that have moditied physiological and devel-
opmental controls to be used for precise experimentation. Data de-
rived from experimentation with these isogenic root mutants would
provide a sound basis for developing and testing hypotheses leading.,
ultimately, to genetic improvement of vegetable reot systems,

In most plant species, only 10-20% of mature plant biomass
consists of oot tissue. Some vegetables. such as beet and carrot,
are exceptions, Their extensive primary roots develop prior to flow-
cring. In the plant kingdom as a whole, however, root mass is
generally only a fraction of total plant bioinass. The root : shoot
biomass ratio changes during ontogeny, generally becoming less as
the plant approaches flowering, and stbilizing after Nowering (40).
Gencetic variations in the rate of change in biomass ratio as well as
final ratio have been demonstrated in nonvegetables (40), and a
cursory observation of developing vegetable cultivars (.., differing

HortSCIENCE, Vou, 2H4), AvcusT 1986


http:grov,.lh
http:rhizot.on

carrot cultivars) affords the same conclusion for vegetables. Root
shoot ratios are not controlled solely by genotype. Culture of plants
in nutrient cultures with differing, though nonlimiting, amounts of
N and other inorganic nutrients gives rise to plants with differing
root : shoot biomass tatios (14, 15).

With the exception of CO-, roots are responsible for virtually all
autrient uptake. There has been some demonstration that mineral
nutrients can be acquired through the leaves (21), but this is an
atypical phenomenon. Roots, through their genetic makeup and/or
environment. exert control over whole-plant growth and develop-
ment by controlling all non-CO, nutrieat uptake. The cffect of en-
vironmental parameters on nutrient uptake and translocation within
the plant (sce ref. 12 for a review of temiperature effects) is one
aspeet of indireet control over whaole-plant processes by the root
system (11, I8, 28). There is, however, increasing evidence that
root environment and/or genotype have a direct effect on plant de-
velopment and metabolism. Root genotype can dramatically affect
or even effect shoot development (39). On the other hand, root
gascous environment can effect changes in uet C assimilation rate
(2, 3). Soil temperatare and mwisture content can also dramatically
alter photosynthests (51 and overall erap growth (1), It is not known
if these different environmenta. characteristics obtain their effects
through the same physiological pathways, but it is clear that roots
exert a measurement of control over C assimifation and whole-plant
growth and development.

Finally, the presence of significant amounts of genic duplication
in most crop plants is a constraint to the study of genetic control
of roots and their effect on the shoot. Even those crop plants con-
sidered to he diploid (e.g., cern) have significant amounts of genic
duplicatioin other than that commonly associated primarily with pol-
yploidy ¢41). Rescarch with ciecirophoresis and molecular tech-
niques his contirmed this conclusion with several vegetables as well
as other plant species 4, §9). The presence of significant amounts
of duplication (about 8045 Hf the **single copy™ DNA in corn and
soybean and 604 in pea) severely reduces the likelihood of ever
discovering a specilic recessive mutant in these species. For ex-
ample, there i+ less than a 200 chance of ever finding a corn root
mutant that is parailel to the dee (latera] rootless) mutant of tomato.
The genes are present, but there is an 809 chance that they are
duplicated. and therefore this recessive characteristic will be masked
by the dominant normal duplicate alleles. Tomato has been esti-
mated to contuin only 204 geaic duplication (4). This low amount
of genic duplication and the extensive genetic rescarch already es-
tablished with tomato make it an ideal genetic tool to study the
nature of genetic control over roots. Pea, with only 604 duplication
{(41). is the next most usetul species.

CLASSICAL MORPHOLOGY AND DEVELOPMENT

Obscrvational «<tudies with roots have been published for at least
200 years (22, 24, 27, 33}, Several excellent recent reviews and
texts summarize much of these data and other aspects of roots not
covered in this symposium (13, 29, 34, 35). During the past 80
years, there has been an attempt to standardize descriptions of roots
so that indeviduals can clearly understnd which part of the root
system is being discussed. Terms like primary, secondary, and ter-
tiary arc generally used to deseribe the branching pattern relation-
ship of individual roots or groups of routs to the stem. These are
very general terms and provide no insight into the nature of the root
itself. In plant anatomy texts (see ref. 13 for an example), 3 types
of root characterized by anatomical and developmental differences
are discussed: tap root or radicle (the root that is of embryonic origin
and constitutes the pole of the embryo opposite to the shoot apex):;
lateral roots (those roots that arise from pre-cxisting roots and de-
velop from the pericycle layer): and adventitious roots (those roots
that arise from nonroot tissues or nonpericyclic tissues in older
roots).

In addition to the classical types of root, there are frequent ref-
erences 1o other “types”: seminal, transient, proteoid, stress, and
Sgrenzwirzeln™ [translated from German as “basal root”™ or
“boundary root” (36)}, to name only a few. The first of these,
seminal roots. is deseribed by Esau as first appearing in the embryo
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of some monocots (especially the grasses), but also appearing later
in the development of the seedling (13). In most corn cultivars, the
radicle degencrates during the development of the embryo and the
first root to emerge is one of the seminal roots acting as a replace-
ment for the radicle. Transient, proteoid, and stress roots are nor-
mally considered to be cnvironmentally induced morphological
variants ol lateral roots, while basal roots have been termed adven-
titious. Relationships between the classical 3 types of root, and
seminal roots and basal roots will be discussed in the next section.

Developmental

A brief genetic study described by Zobel (39) clarifies the inter-
relationships of some of the various types of root. A double ho-
mozygole (dgr/dgt: roiro) was developed from a hybridization between
a recessive tomato root mutant that does not develop lateral roots
[lateralless, genetic name diageorropica (dygr)] and another recessive
mutant that does not develop adventitious roots {adventitiousless,
genetic name rosetie (ro)]. Assuming only 3 types of root, hypo-
thetically the double homozygote should have had only a tap root.
The resulting double homozygote had up to a dozen roots originat-
ing in the hypocotyl and upper portion of the tap root. Zobel con-
cluded that. based on genetic criteria, there are 4 types of root:
radicle, latera!, wdventitious, and **basal’* (39). In unpublished re-
scarch, Zobel has demonstrated that basal roots eriginate from the
pericyele of the jower hypocotyl and upper tap root. Basal roots
cleurly are not adventitious in anatomical origin, nor lateral or ad-
ventitious in genetic control of their initiation.

In the definitive study on grenzwiirzeln (basal roots;, Weinhold
(36) describes basal roots as arising acropetally (toward the shoot
apex) from the germinating seedling, while lateral roots arise bas-
ipetally (toward the radicle apex). Weinhold demonstrated this pat-
tern in dicots as well as monocots. This description of basal roots
is clearly that of the seminal roots in monocots and hypocotyl ad-
ventittous roots in dicots (9). In a series of experiments that were
designed to test the cffect of several growth-modifying compounds
[9-Lydroxy-fluorenol-9-carbonic acid-butyl ester (9-OR), 2-chloro-
fluorenol-9-carbonic acid-methyl ester (2-CH). benzimidazol (B1),
N-(phenylmethyD- 1-purin-6-amine (BA), and 1H-indole-3-ucetic
acid (IAA)! on root growth and devetopment, it was found that 3
compounds (IAA, BL. and BA) inhibited or strongly suppressed all
root growth. One compound (2-CH) had no effect on the tap root
but inhibited both basal and lateral root growth, and the other com-
pound (9-OH) only inhibited lateral root growth (20). Thus, there
re distinet physiological differences between roots of different or-
1gin. Therefore, based on physiotogical response, anatomical char-
acteristies of initiation, and genetic control of initiation, there are
clearly J different types of root (tap, lateral, basal, and adventi-
tious:. To understand whole plant root systems adequately, future
root stidies must take these differences into account when inves-
tigating root function, growth, or development (30-32).

Morphological

Lateral roots exist throughoat the root system of both monocots
and dicots as branches from primary or secondary roots. Large
lateral roots are frequently parent roots to the small feeder lateral
roots. In dicotyledonous plants, large laterals develop secondary
thickening and torm a part of the permanent root system structure.
Branching laterally from the large lateral, basal, and adventitious
roots in both monacots and dicots are the small feeder lateral roots.
With diwmeters n the </0.5-7 mm range., feeder roots provide much
of the extensive surface arca of 4 root system, but only a small
purtion of the total root biomass. As mentioned previously, there
appear to be many norphotypes of lateral roots (stress, proteoid,
transient, cte.). In the Graminae, feeder lateral roots are the pre-
dominant root type, branching oft of basal and adventitious roots
to produce a dense mat of rootlets in the plow layer (sweet corn
provides an excellent example of this 1y pe of root system in vege-
tables). In dicotyledonous plants. the root system tends to grow
deeper into the soil, with less dense matting near the surface.

Under stress conditions, greater numbers of feeder lateral (stress)
roats develop in tomato than under optimum conditions (29). These
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stress-related roots are restricted to the plow layer and can casily
be observed with minimum excavation. In a given environment,
cultivars differ in number of stress roots that develop. Cultivar
differences in the quantity of stress roots suggest a fairly strong
genetic—environment interaction. In fact, stimulation of feeder lat-
cral roots has been suggested as a simple test for environmental
adaptiveness of different tomato cultivars (39). Although small feeder
lateral roots are mentioncd in relation to most plant species (stress
roots, transient roots, fibrous roots, ete.), the observation that they
are absent on high-yielding, well-adapted tomatoes (39), suggests
that they are not necessary for optimum growth and tunction of the
root system in environments to which the cultivars are optimally
adapted.

Iitferences between small feeder lateral roots and the large Tateral
roots that develop secondary thickening are not sufficient to classity
them as a different type of root at this time. As with basal roots,
further study may eventually demonstrate that they are i distinet
type of root. In the interim, root studies should very caretully doc-
ument the developmental and morphological nature of the roots
being studied. Data acquired without adequate descriptions may
lcad to erroncous conclusions by being compared to roots with
distinetly different developmental and physiotogical characteristics.
For example, Byrne and Aung (9) adequately described the “rad-
ventitious™ hypocoty] roots they studied, allowing the conclusions
they developed to be correctly applied to basal roots,

Environmental impact on roots, and the resulting interaction with
the genotype, require statistical techniques that are capable of sep-

arating additive from muluplicative cettects. Standard analysis of

variance (ANOVA) and lincar regression technigues are designed
to treat additive effects rather than the multiplicative eftects more
typical of interactions, As o result, multiplicative effects are not
observed, and many significant interactions between the envivon-
ment and root growth and development are overlooked. Treatment
of roots as a single clss in experiments is similar to pooling data
from leaf, petiole, and stem to determine the function of the shoot.
Multivariate techniques allow the separation of roots into classes of
different types tollowed by statistical analysis on the separate clasaes
as well as the pooled data (16). Some multivariate technigues also
handic multiplicative effeet in least-squares fashion. A hvbrid sta-
tistical package that uses the best of both the additive procedures
and the multiplicative procedures (17) should produce new insights
into the genetic nature of vegetable root systems.,

A significant obstruction to detailed study of intact root systems
always has been the inability to observe the roots nondestructively.
Acroponics, first developed in 1942 (103, has been updated (43) to
provide long-term growing conditions tor intact plants where the
roots are bathed in w nutrient (23) mist of controllable density. This
culture technique allows nondestructive observation ot intact root
systems of all types of plants, even those sensitive to the relative
anacrobiosis ot highly acrated hydroponics. By manipulation of
gines, temperature, and mist density within the acroponics tank.,
studies involving very precise environmental-genotype interactions
are possible.

Physiological

Genes that controi the root svstem can have their effect cither
directly or indirectly. Of the 304 of the genome that conditions
rooting characteristics, only one-third affect the root system ulone.
A case in point is the diageorropica mutant of tomato. This mutant
is without lateral roots (lteralless), but it also has a distinet di-
ageotropic shoot habit. Root characteristics are conditioned by the
shoot genotype. Grafting studies have shown that 4 normal shoot
will normalize the root phenotype and, in addition, treatment of the
shoot of intact mutant plants with Tow concentrations of cthylene
gas will also normalize the roots (38), The laterabless characteristic
is o side effect of the genetice lesion rather than the primary eftect.

i roos mutants that condition effects thin are the reverse of
thoy of diagectropica demonstrate an effeet roots geaerally have
on the shoot. The bushy root {bre) mutant of tomato is characterized
by large numbers of roots developing from the basal portion of the
hypocotyl and tap root and a smadl weak shoot. This mutant is
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characterized physiologically by extensive starch deposition in the
basal portion of the shoot and root (37). If the mutant shoot is
grafted onto normal roots, the shoot grows normally, while if a
normal shoot is grafted onto the mutant roots, the normal shoot
takes on the characteristics of a mutant shoot (37). In this instance,
the genetic lesion is in the roots, and the shoot characteristics are
secondary effects of the mutation.

The 2nd root mutant, dwart root (this term is used here in a
descriptive sense, since it has not been cleared as a name by the
tomato genetics nomenclature committee) presents a variation on
the phienomenon of root control of shoot growth (39). Although the
roots of this mutant are dwarfed under all conditions of culture,
high nutrient levels in hydroponics result in a normal shoot rather
than the dwarfed shoot typical of a soil-grown mutant, If nutrient
tevels are reduced to =25% of recommended levels (23), the shoot
takes on o dwarf-like appearance. The bushy roor and dwarf root
mutants mimic, in tomatoes, dwarfing root stocks of fruit trees. The
dwarf root mutant presents a developmental pattern that may be of
significant use in commercial tomato production where water is
expensive, or in greenhouse production using thin-film hydropon-
ies. The small root system is ideal (for example) for culture under
drip irrigation, where water use must be kept to a minimum. The
use of highty enriched nutrients will vield normal shoot and fruit
development, while root development will be kept to a minimum.

POTENTIAL FOR THE FUTURE

Others i this symposium  discuss roots in relation to several
different characteristies. The desire for improvea aatrient uptake.
salt tolerance, drought resistance, ete., all require genetic manip-
wlation of the root system to achicve their end. There is, however,
little knowledge about the genetic control of reot growth, devel-
opment, and tunction. Several reasons for this paucity of infor-
mation have been advanced here, such as difficulty of study,
confounding of results by pooling ditferent root types, inadequate
statistical procedures, and the presence of extensive genic dupli-
cation in most crops. These problems have not prevented significant
advances, and the potential for the future is great (42).

The inherent spatial variability of the soil gives rise to many
microenvironments. It data taken from roots grown in these mi-
crocnvironments w2 pooled, as is likely with normal experimental
plot designs, the effeet of these differences will be masked or
swamped, concealing potentiatly significant relationships. Soil sci-
enee has adopted a group of statistical procedures (called isarithmic
mapping) that are capable of treating this microenvironmental var-
iability in a consistent fashion (6-8). Adoption of some of these
procedures for field root research will lead to signiticant advances
i knowledge of root growth and development and its interaction
with the environment. Vegetable breeding that emphasizes root
characteristics would benefit from the use of isarithmic mapping
procedures.

SUMMARY

The conclusion that there are <4, rather than 3, distinet type: of
root leads to the question: Do we really know how many types of
root there are in a typical vegetable? With the current paucity of
physiological, anatomical, and genetic knowledge of roots, it would
be foolish to answer this question in the affirmative. Future root
studics, whether they be physiological, anatomical, or genetic, must
include detailed descriptions of the morphological characteristics of
the routs being used and their relationship to the intact root system.
Many past studies have been carried out by pooling physiologically
and/or morphologically distinct root types. This pooling leads to
data of questionable use at best and invalid or inaccurate conclusions
at worst,

It has been shown here that, as with the dwarf ront mutant, there
is potentiad for development of root mutants that will improve the
efficiency of vegetable production under normal as well as less-
than-optimam or novel conditions. Use of the dwarf root mutant in
drip or thin film agriculture is only one example of the potential
for commercial agriculture. For example, a hypothesis that limiting
the numbers of r1oots on wheat plants will increase yields under
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stored soil water conditions has been tested successfully (26). Imag-
ination, not genetics, is the only restriction to using plants with
modified roots to improve conmercial vegetable culture.

Roots arc poorly studied primarily because of their physical lo-
cation and growth habit. Since 30% of the genomie conditions root
characteristics, a moderate portion of the **plant’” genome remains
essentially unknown. Although most crop species have extensive
genic duplication, reducing the availability of recessive mutants, 2
vegetables (tomato and pea) have low enough levels of duplication
to allow induction of root mutants for development of isogenic lines.
These isogenic lines then can be used to study the basic processes
in which roots affect and cffect plant growth and development.,
Much greater advances in the knowledge of rhizogenetics of veg-
ctables will be possible if hybrid statistical packages, isarithmic
mapping *echniques, and aeroponic culture techniques are coupled
with thesc isogenic lines.
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Lodging may be defined as **the state of permanent displacement
of stems from their upright position”” (31). Diverse factors are known
to bring avout lodging. Plants may be inherently weak and suscep-
tinle to lodging due to such traits as a low stem lignin content (4,
49) or a small root system (31, 40, 45). Plants may ve weakened
cuc to damage by insects or pathogens (24, 31). Cultaral practices
can increase lodging through increased plant populations (13, 31,
54), high fertilization rates (31 5S4y, irrigation (31, 54), or damage
from cultivation (18). Both stem lodging and root lodging may
occur. In stem fodging, the plant bends over or breaks at any point
along its stem. In root lodging, straight and intact stems lean over
from the ground level due to a disturbed or an inherently weak root
system (31).

Lodging investigations have been conducted primarily on ficld
crops. especially those of the fumily Gramineae, reflecting both the
morphotogy of the plants and the carly development of mechanical
harvesters for them. The continued interest in mechanical narvesting
of vegetable crops, combined with a growing recognition of phys-
iological yield losses resulting from lodging (even in hand-harvested
crops), leads to a consideration of lodging in vegetable crops. This
paper reviews the subject of lodging in vegetuble crops with em-
phasis on the role of the root system in crop anchorage. As much
of the rescarch on root lodging has been conducied on agronomic
crops, these crops also will be referred to where appropriate.

Relation of root mass to root lodging

Genotypes with inherently furge oot systems have been associ-
ated with reduced lodging in maize (Zea mays L.y (45). paprika
peppers (Capsicum annuum 1.y (17), and dry heans (Phaseolus
vidgarts 1. (40). This association also has been found in several
agronomic crops, such as tobacco (Nicotiana tabaciom 1.y (2), oats
(Avena sativa L.y (30), wheat (Triticum aestivum 1..) (52), soybeans
[Glyeine max (L) Merniti] (15, 51), and alfalfa (Medicago sativa
L.y (48). Uprooting resistance, the amount of force (kg) required
to excavate an individual plant, has been used by rescarchers as an
indirect method of evatuating the size of root systems. Significant
positive correlations between uprooting resistance and root size have
been reported in several crops, including maize (8, 20y, dry heans
(40, 42), and oats (7, 36). Direct positive correlations between
uprooting resistance and lodging resistance were reported in maize
(12) and black beans (40).

‘The association between increased total root mass and root lodg-
ing resistance may be better understood if the total root system s
partitioned into its morphological components. Descriptions of veg-
ctuble crop root systems were developed as carly as 1927 by Weaver
and Bruner (50). Tanaka (43, 44) classified legume crops into al-
falfa, vetch (Vicia spp.), and intermediate (sovbeau) root devel-
opmental types based on their elongation, branching, and thickening,
Zobel (58) divided tomato root systems into 4 rout types based on
anatomical and genetic criteria; adventitious roots, basal roots, lat-
eral roots, and radicle (taproot).

Resistance to root lodging may he associated with o particular
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root morphological characteristic. Stoffella et al. (41) attributed the
erect plant type of 4 black-seeded dry bean breeding lines to larger
basal roots as compared to 2 standard more prostrate cultivars,
Sechler (36) reported that lodging-resisiie: oat strains had longer
rootcrowns, larger culm and root diameters, and lower shoot : root
ratios than lodging-susceptible strains. Lodging-resistant genotypes
of wheat (30), oats (1), and barley (Hordeum vudgare L.) (14)
were found to have a wide root-spreading angle. A short basal
internode length with a large number of prop roots was proposed
to be associated with lodging resistance in maize (53). These find-
ings suggest that individual root mass components may be respon-
sible for the exhibited lodging resistance in cultivars of certain crops.
It may be more efficient to screen and select germplasm for a spe-
cific root characteristic than for a large total root system,

Lodging in specific vegetable crops

Lodging, whether attributed to the stem or to the 1oots, has been
studied in relatively few vegetable crops. Following are summaries
of lodging rescarch on 6 vegetables.

Peas (Pisum sativum L.). Samarin (33) studied factors affecting
lodging resistance in all the annual Pisum species, including 10
cultivars of P, sativion and 3 mutants. A 2nd study (34) compared
5 Pisum species with Cicer arictiman L. and a species of Lathyrus.
The main factors conditioning lodging susceptibility in pea proved
to be low content of mechanical tissue at internodes S to 6 and
vigorous development of the upper part of the plant. Interspecific
differences were observed.

Kaatz and Gritton (16) compared yield and height responses of
5 pea cultivars that were artificially supported or allowed to lodge
naturally. Lffective support treatments increased shelled pea yields
an average of 8%, due primarily to improved light penetration into
the plant canopy. Supported plants were taller than unsupported
plants during the latter part of the scason, when most shading of
lower leaves would oceur. Unsupported plants sometimes lodged to
half their original height. The authors stated that, while some of
the shorter and carlier pea cultivars were less prone to lodging,
none stood perfectly erect.

Stem lodging appears to be the primary type of lodging in peas.
Some modern pea cultivars now possess the afila gene, which causes
tendrils to be produced rather than leaflets. Plants oi such cultivars
lock together and become more self-supporting, casing mechanical
harvest (3).

Potatoes (Solanum tuberosum L.). Large seed picees, close spac-
ing. irrigation, and high fertilizer rates may increase potato yields
cither through increased leat cover or by maintaining leaf cover for
longer times, but these practices also result in increased stem lodg-
ing (54). In a study with artificial lodging and support of *Pentland
Crown’ (54), lodging decreased radiation intereeption and tuber
growth. However, these effects were partially offset by compen-
satory haulm ¢vine) growth when lodging occurred carly in the
season, and the greatest yield loss was about 8%. Compensatory
haulm growth did not follow late lodging, but as leaf areas were
dlready declining, the yield loss was even smaller. Thus, lodging
had litle cffect on this cultivar, which produces large haulms and
has a long growing scason. The authors suggested that lodging
might be a problem with carlier cultivars or those with small haulms
(55).
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Tomatoes (Lycopersicon esculentum Mill.). Adelana (1) found
that lodging in tomato was positively correlated with plant height,
leaf area per plant. number of branches per plant, and fruit vield.
Tall, indeterminate cu'tivars were vulnerable to wind-induced lodg-
ing due to heavy branching and the production of fruit trusses high
in the plant profile. However, indeterminate cultivars also tended
to produce more fruits than determinate cultivars. Staking was use-
ful to prevent lodging and maximize yields, but was expensive,
Adelana (1) suggested breeding for increased vields on shorter plants.

Maize (Zea mays L.). Almost all of the lodging research on this
crop has been conducted on field corn. However, sweet corn be-
fongs to the sume species, so results may be applicable.

Inan carly report, a lodging resistant inbred strain of * Yellow
Dent” maize had more main roots and lateral roots per plant, a
greater total length of lateral roots, and a greater UProoting resis-
tance than a loaging-susceptible strain (12,

Wilson (53) stated that extensive development of prop roots and
a short fength of the 3 most basal internodes were IPOrtan: aspeets
of maize lodging resistance.

Phosphorus and K increased maize root anchorage to o greater
degree than did N in deficient soils (29). In addition. the amount
and distribution of raintall had more influence on maize lodging
than wind velocity. The greatest Jodging oceurred when raintall was
accompanied by high winds, Root lodging was much more common
than stem lodging in this study (29).

Hall (10) siudied selted lines of maize and their F, hybrids.
Correlation coefficieats showed littie or no relationship between the
amount of todging and car height, length of underground stem, stalk
cross-section, stalk disease, size of brace roats, number of suckers.
and ear weight. Significant negative correlations were obtained be-
tween the amount of lodging and the depth, width, and volume of
the root clump; the length and angle of brace roots; and pressure
required for uprooting for the selfed lines. It was concluded that
lodging was determined by a complex of characters and these char-
acters were inherited separately,

Craig (8) observed that mass selection for root strength (in terms
ol upraoting resistance) seemed 1o be a practical means of increasing
root strength and root lodging resistance in maize populations hav-
g sutticient variability for this trait. Selection for root strength did
not affect yield of the maize synthetic,

Thompson (45) extracted maize root clumps e the il with «
potato digger. Significant negative correlations were obtained be-
tween roat clump size and root, stalk, and total Todging.

Nuss and Zuber (20) grew maize in sand cultures and evaluated
roots at 28 and 35 davs after planting. Total oot weight, oot
volume. and weight of nodal roots were positively correlated with
root clump weight and root pulling resistance of mature plants under
ficld conditions, while the pereentage of seminal roots was negi-
tively correlated with these 2 field measurements.

‘Thompson (46) used recurrent selection in 2 maize svatheties for
lodging susceptibility and resistance. As the pereentage of cerect
plants increased, stem tissue became stronger and denser, the rind
thickened and became more resistant to puncture, roots proliferated.
and grain yield decreased. However, a subsequent study (47) showed
that the yield reduction was minimized in hybrid combination with
unrelated testers. In the 1972 study (46). stem lodging accounted
for 9% of the total lodging in the cross of the original syntheties.
Little change oceurred for root lodging resistance until stalk strength
was improved.,

Potassium  fertilization reduced stem lodging of maize in one
study (22). The main henefit of K was said to be maintenance of
the stalk tissuc.

Zuber and Kang (59) reported that stalk lodging causes an annual
yield loss of 5-256 in United States™ field corn. Stalk strength was
eviluated by the stalk-crushing and rind-puncture techniques. High
stalk crushing strength was associated with an increased lignin con-
tent of the rind and with reduced stalk lodging. They stated that
maize hybrids in the 1970s had 2 to 3 times preater stalk strength
than strains grown in the 1940s.

In a Nigerian study, lodging in nuize was positively correlated
with plant height, car height, and tength of the hasal internode. and
negatively correlated with yield. Earliness, stem diameter, and feaf
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arca were not related to lodging. Stem lodging was more commron
than root lodging (32).

Inoue and Okabe (13) found that, in lines of maize grown at
88,800 plants per ha and sown in carly June or at 44,000 plants per
ha and sown in mid-May, root lodging was 2.5 times more frequent
with the high density~late planting combination. Low temperature
and dry conditions during early growth and heavy rainfall at or soon
after tasseling were thought to be related to root lodging.

Root lodging was positively correlated with stalk rot rating and
negatively correlated with stalk strength per arca and rind strength
it study of a maize synthetic subjected to recurrent selection for
stalk quality (24). Many stalk-rotting organisms enter the plant through
the roots, which helps explain the positive association between stalk
and root quality (38). These results contrast with those of Mohamad
(25, who found that 4 cycles of selection for high stalk crushing
strength decreased resistance to root lodging.

In summary, it appears that root lodging received more attention
than stem lodging in the decades before the development of hybrid
maize. The nodal or brace roots seem 1o be most important in
conterring root-lodging resistance through their contribution to a
deep. spreading, voluminous root clump. Stem lodging is a primary
concern today. Although maize breeders have greatly improved stem
lodging resistance, their gains have been partially offset by in-
creased fertilization and higher plant populations (59). Interrela-
tionships between root and stem lodging in maize are not clear-cut.
Colbert ¢t al. (6) have stated that the simultancous selection for
maximum yield and stalk and root lodging resistance by maize
breeders has resulted in v favorable partitioning of the available
photosynthate into the car, stalk, and roots. A disproportionate pos-
itive emphasis on any one of these 3 components seems to produce
4 negative response in the other 2. They suggested this dilemma
may be solved i the amount of photosynthate produced per plant
can be increased,

Peppers (Capsicum annuum L.). Observations have shown that
lodging often is a problem i pepper ficlds. Some of the specialty
types. such as paprika, are mechanically harvested. and there is
interest in development of a mechanical bell pepper harvester (19).
Tall. upright plants are important for mechanical harvest of peppers
(19). but little information is available on lodging differences in
this crop.

Kahn 17y compared 3 lodging-resistant and 3 lodging-susceptible
papriki pepper lines. Root lodging was more common than stem
lodging in this study. On the average, lodging-resistant plants had
farge stem diameters at soil Tevel, greater total root weights, and
lower shoot @ root ratios than lodging-susceptible plants but did not
ditfer from lodging-susceptible plants in shoot weight, number of
narketable red pods, and cellulose and jignin content in the low-
ermost 8 em of central axis stem tissue. Thus, a thick stem and
large root system relatise to the above-ground parts seemed to ex-
plain the lodging resistance of the upright lines.

Dry beans (Phascolus vulgaris L), Erect bean plants with pods
high off the ground at maturity dry more rapidly. which can result
i fower harvest losses and improved seed quality (35). Stoffella et
al Dy found 4 blackseeded dry bean breeding lines lodged less
than 2 cultivars. The difference can be pronounced, as shown in
Fig. 1. The lines were found to have larger total root masses., greater
uprooting resistance, lower shoot : root ratios, and greater seed
vields than the 2 cultivars under field conditions. Lodging generally
began after the seed initiation stage and progressed until final har-
vest. Root weight during full pod fill and lodging were negatively
correlated,

Stoffelta ctal (4D also partitioned the root systems of the 6 bean
genotypes. Basal roots comprised the bulk of the total root mass
under field conditions. The 4 upright lines had grester stem, hy-
pocotyl, and taproot diameters than the 2 cultivars. These traits
provided the plants with a4 solid base of support and may have
allowed a greater portion of photosynthates to be translocated to the
root system. Genotypes did not differ for basal root number in the
ficld, but basal root diameters and weights were highest in the 4
upright lines. Apparently, basal root thickening, rather than an in-
crease in number, provided greater lodging resistance. Most root
parameters increased up to the seed initiation stage., followed by a
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Fig. 1. Plants of the biack-seeded dry bean cultivar *Black Turtle Soup’
(foreground) and the breeding line “70001° (background) at harvest near
Aurora, N.Y. Note the upright habit of *70001" and the lodging suscep-
tibility of *Black Turtle Soup’.

significant decrease or no further increase at the tull pod fill stage.
Thus, root senescence may have begun before physiological ma-
turity . which could contribute to lodging betore harvest. Root svs-
tems at the full pod il stage are llustrated in Fig, 2,

Root weight, shoot weight, and shoot : root ratio of black beans
decreased linearly as between-row spacing decreased trom 76 to 61
to 46 cm in ene study (18). However. lodging ratings and seed yield
were not significantly aftected.

Barriers to maximum yield attributed to plant lodging

Yield fosses attributed to plant fodging may result from physio-
logical. physical. or mechanicul harvesting barriers. Examples are
given in Table 1

Itis well-documented that lodging causes physiological vield re-
ductions. An important cause for this may be reduced carbohydrate
levels due to decreased livht interception by lodged plants (15, 16,
23, 54 Lodging also exposes fruits or seeds o bare soil, making
cleaning more difticult and promoting attack by pathogens. insects,
or slugs ). vhe reduced air circulation in a ledged canopy may
also promote discase (16). Thus lodging is a concern even in crops
that are not mechanically harvested.

SUMMARY

‘The capability to support or anchor the above ground shoot prop-
erly is a vital function of the root svstem, Root lodging can be a
major yield barrier - certain vegetable and wgronomic crops. An
upright plant habit s desirable tor cise of mechanical harvesting

Table 1.

Litetature

cited

Barriers Results from plant Jodging Crops

Physiological  Reduction i frut or seed Barley v, 37
vield when comparing lodged  Dry beans 3, 39

pliats with erect plants of ity 28

the same genotypes Peas 16

Potatocs 54

Soyvbeans 15, 23, 57
Wheat 20, 32
Physical Reduced air cireulation Peas 16
and inereased exposure of Tomatoes |
fruits or seeds to bare
soil, promoting attach by
pathogens, inseets, or
slugs
Mechanical Inability of @ machine o Dry beans 40
harvesting harvest all of marketable Maize 56
truits or seeds Peas 16
Peppers 17
Soybeans 21, 27, 57
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Fig. 2. Root systems of 4 black-seeded dry bean breeding lines (1700017,
700027, 700037, and *70004%) and 2 cultivars (*Black Turtle Soup’-BTS
and Strain 39°-CAL39) excavated from the field at the full pod fill growth
stage. The breeding lines are greater in totad root mass, basal root diameter
and weight, and lodging resistance than the cultivars.

and to reduce or avoid physical and physiological yield losses.
Significant gains have been made in the development of lodging-
resistant cultivars, Future rescarch needs to be directed toward a
fundamental as well as an applied approach to redueing root lodg-
ing. There is considerable information on root lodging for several
agronomic crops. Additional research is needed on the relationship
of root systems to lodging and yield reduction in many vegetable
crops.
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Root Systems in Relation to Stress Tolerance

D.E. Miller
Irrigated Agriculture Rescarch and Extension Center, Agricultural Research Service, U.S. Department of
Ayctculture, .0, Box 30, Prosser, WA 99350-0030

Roots anchar the plant in the soil, absorb and transiocate water
and nutrients, synthesize and transport growth regulators and other
organic compounds, provide a sink for carbohydrates from the shoots,
and in some species act as storage organs. Most reseirch on roots
has dealt with their role in absorption. Root characteristics that
affect the area of absorbing surface are important, i.c.. root length
density, number and type of root hairs, and mycorrhizal refations.
With nutricnta that diffuse slowly in the soil. such as P and K. rout
density is especially important. Factors thai reduce root growth may
injure the plant by reducing the volume and intensity of soil explo-
ration. Fortunately, plants produce more roots than are needed for
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normal growth—insurance that the plant can survive stresses, pur-
chased at a cost of the increased photosynthate and other materials
required for the extra root production.

The root environment is seldom optimum for extersive. effective
growth. Adverse conditions include deficient water and Q. defi-
cient or imbalanced nutrients, non-optimum soil temperatures, me-
chanical impedance, adverse chemical environment, and pathogen
and insect problems. Most o these factors interact.

Canopy conditions that limit photosynthesis reduce shoot growth
and Hmit assimilate translocation to the roots, thus reducing root
growth. 1l oot growth declines due to stress, the supply of water
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and nutrients .0 the shoot is reduced, with subsequent reduced shoot
growth. Thus, stress originativg in cither the shoots or roots affeets
the rest of the plant (10, 36).

Roots synthesize hormones such as ethylene, cytokinins, gibber-
cllins, and abscisic acid. These affect root @ shoot ratios, leaf se-
nescence and abscission, root initiation and branching, root
permeability, and stomatal behavior (35). Root stresses affect plant
reaction to discase and may predispose the host tissue to pathogen
invasion (40).

Root systems in response to 4 stresses (water, Oa, mechanical
impedance, and temperature} will be discussed in this review. Stresses
due to nutricnts (5, 48, 83), toxic compounds (1, 71), salinity (34),
and pathogens (31, 58) are discussed in recent reviews,

WATER STRESS

Probably the most common plant stress is lack of water (35, 39,
69. 96, 97). Water is needed as @) a constituent of protoplasm; b)
an essential reagent in photosynthesis and in hydrolytic processes
such as conversion of sturches to sugar; ¢) a solvent in which salts
and gases enter and move through the plant; and d) an essential
factor in maintaining turgidity tor growth, form. and position of
shoots and opening of stomata (46). Many species show decreased
root growth as soil water potential (W) decreases (88).

Muost water absorbed is transported through the plant and lost to
transpiratisg. I transpirtion exceeds intake, internal water stress
develops quickly and physiological activities are adversely altected.
Continued failure to replace transpired water will result in death
from dehydration,

Mcchanisms have evolved in higher piants that favor survival and
growth with inadequate or irregular water supplies. These mecha-
nisms have been classified as drought-escape, avoidance, and tol-
crance (51, 52, (9).

Drought-escape. Plants are able to complete their life cyele dur-
ing periods when water is availuble. Short fife cycles are charae-
teristic.

Drought-avoidance. Plants are able to maintain a favorable water
status by increasing water uptake or decreasing water loss in the
presence of high evaporative demand. fnasmuch as drought is an
environmental condition, the plants do not actually avoid it but
rather avoid the low tissue water potentials associated with drought.

Drought-tolerance. Plants are able to maintain turger pressure
and near normal functions despite low .. The term drought-resis-
tance is used to include both avoidance and tolerance,

Drought-avoidance

Maintaining a water supply. Some species avoid or reduce drought
damage by continued expansion of the root system into moist soil,
For most species of interest, this provides only supplemental water
that may be minimal for survival. It the soil water content is low
cnough that flow to the roots is negligible, avaifable water also will
be quite low. Water needed to sustain active transpiration cannot
be supplied by root expansion only (Y7). The benefit of deep root
systems in reducing water stress with limited water has been doc-
uniented by sewveral studies (42, 82),

Many plants can develop compensating roots in favorable soil
zones when normal root growth is restricted elsewhere. Roots usu-
ally proliferate in moist soil, cspecially near the surface, partly
because moist soil ofters low resistance to root expansion and atlows
for a steep water gradient into expanding root cells. Root @ shoot
ratios usually increase with water stress (35, 63) as plant response
mechanisms increase the water supply relative to demand. Jordan
(39) reported regulating systems within young seedlings wltered the
flow of sced reserves among expanding organs so that as W, de-
creased roots grew relatively taster than the shoots. Sorghum (Sorghum
bicolor 1.} cultivars have been selected for differences in root :
shoot ratios with the idea that plants with higher ratios should be
more drovght resistant (82).

aereased root resistance to water {low may reduce rates of water
absorption carly in a scason so that more would be available at later
critical growth stages (39, 86). Reduced root penetration rates of
soybeans (Glyeine max L) may be beneficial (86). If root growth

964

were slowed so that maximum depth was achicved in about 100
days, water use would be effectively deferred until the critical mat-
iration time.

An extensive root system is not neeessary for optimum plant
growth if a plant can obtain adequate water and nutrients from a
restricted zone. The lick of response to subsoiling in the coastal
plains states (70) in years with adequate rainfall shows this. We
have found little response to subsoiling a restrictive sand soil when
we irrigated daily but did find a benefit when the irrigation interval
wis extended to 4 or 5 days (38). With trickle irrigation, roots grow
in clusters in the moist soil around the emitters and thrive as long
as nutrients are also supplied (33). However, crops with restricted
root systems are vulnerable to water stress should rainfall or an
irrigation system fail. Deep root systems reduce this possibility.

Reducing water loss. Some plants reduce water loss through re-
duced leaf expansion, leaf curling, and leaf orientation to minimize
radiation interception. leaf shedding. radiation reflection, and in-
creased water-flow resistance through the plant. Closing of stomata
is © common mechanism to reduce water demand. This closing also
results in restricted CO, dittusion into the leaves. reduced photo-
synthesis, and reduced evaporative cooling.

Drought-tolerance

Water uptake 1s a passive process with water flowing into the
root down a water potential gradient from the soil, into and through
the root and shoot, and into the atmosphere (35). The capacity to
develop low osmotic potentials (W) and thus maintain turgor is
essential to survival and growth when W is low. Cary (16) observed
thut drought-tolerant plants can grow and exchange air with the
atmosphere even with very low YW Ruf et al, (74) showed that
species vary in the degree of adaptation to low W, In both crested
wheatgrass [Agropyron desertorum (Fisch.y Schult.] and potatoes
(Solanwum tberosium 1.0, W decreased as W decreased, but wheat-
grass Wo was always about 0.7 MPa lower than that in potatoes.
Top growth in both species was reduced much more than root growth
as W decreased. Tomatoes (Lyveopersicon esculentum Mill.) have
an adaptive feature for osmotic adjustment during water stress (85).
Raden (69) indicated a limit of about 0.5-0.7 MPa osmotic adjust-
ment, but some plants can adjust to much lower values,

With the exception of escaping water stress by rapid maturation,
increased rooting volume and turgor maintenance are the only
processes that allow plants to withstard drought without a reduction
in photosynthesis and crop growth (96).

OXYGEN STRESS

Roots require O, for respiration, water and mineral absorption,
and other metabolic activities. The O, used by roots is replaced
largely by molecular ditfusion between soil air and the above-ground
atmosphere (43). Oxygen diffuses through the soil in air-filled pore
spaces to the water films surrounding roots and then through these
films into the roots. Carbon dioxide and other volatile compounds
given off by the root follow the reverse route. Inasmuch as diffusion
of O, through water is only about 10 as fast as through air, water
within soil pores or covering a root surface often determines the
acration status. Although low O, contents in the rhizosphere will
reduce root growth (84), recent literature has focused on oxygen
ditfusion rate (ODR) as a better measure of soil acration, Large,
air-filled pores are much more effective in Oa diffusion than small
pores (21, 76). Moist aggregates can have anacrobic zones within
them, duc to water interfering with diffusion, when air between
aggregates contains adequate O,. Although soil compaction reduces
total porosity and pore size, compact dry soil is rarely poorly aer-
ated. Only when many of the air passages become blocked with
walcr do acration problems oceur, and such blockage is more likely
in compact than in loose soil (21,

Grable and Siemer (29) showed that ODR approached 0 at about
10-12% air-filled porosities. They also demonstrated the combined
cffect of soil water and compaction in reducing air porosity (Fig.
1). There is much evidence that ODR values of about 0.20
pgeem *min ' are needed for normal growth (25, 80, 81). Pro-
longed periods of low ODR are unusual unless the soil is kept wet,
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Fig. 1. Influence of soil bulk density and soil water potential on air-filled
porosity of a silty clay loam (redrawn from 29).

but short periods of low ODR that occrr after rain or irrigation can
be detrimental. Temporary low ODR aficeted growth of peas (Pisum
sativiam 1..), tomatoes, sugarbeets (Beta vulgaris L.), and corn (Zea
mays L.} (26). Peas were severely injured by 24 hr of Jow ODR
Just prior to blossom. Tomato growth was reduced 50% by low
ODR in carly growth stages.

Increased air porosities are needed to maintam an adequate ODR
when respiration rates are high (29, 62). Soil microflora represent
an important O, sink comparable in magnitude 9 a crop (9). Low
ODR is more detrimental to plant growth at high than at low root
temperatures, probably because respiration increases with temper-
ature (49, 50).

Internal aeration

Roots obtain most of their O, from the soil air, but O, can diffuse
through the shoots to the roots of some species in amounts sutticicat
to prolong life. Oxygen diffusion through pea radicles in Oa-free

air allowed 20% of normal elongation rates (23). The models of

Luxmoore et al. (53) for sweet corn indicate that internal acration
was 34% of the total in well-acrated il and 42% in Q,-deficient
soil. Sunflower (Helianthus annus 1) tolerates low aeration be-
cause of internal oxygen diffusion (104). In this latter rescarch,
flooding caused less damage to corn, sunflower, and wheat (7riti-
cum aestivam L.) than to barley (Hordeum vulgare 1.) and tomato,
and this reduced damage was associated with the large increase in
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Fig. 2. Root porosity of 5 species as affected by flooding induced low soil

oxygen. Bars within a species with different letters are significantly dif-
ferent at P = 0.05 (adapted from 104),
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root porosity of the first 3 species under flooding conditions com-
parcd with normal acration (Fig. 2).

Adventitious roots

Development of adventitious roots in some crops is related to
plant tolerance of excess soil water, i.c., low C». Such roots de-
velopea by comn after one day of flooding were short and porous
enough to allow significant O, movement from the shoots to the
root meristems (102). Development of adventitious roots in zones
favorable to growth is beneficial to plants but it requires expenditure
of C resources and may result in reduced top growth (78). Adven-
titious root formation and increased root porosity are temporary
plunt responses that aid recovery from waterlogging, but most crop
plants will soon perish under such conditions. Internal gas transfer
is probably a survival mechanism at best, and does aot supply
adequate root oxygen for most crop species.

Toxic materials produced under low 0,

When roots are deprived of O, respiration becomes anacrobic,
and organic compounds are produced that may be toxic (76, ref.
20 cited in 78). Stresses other than low Oy may result in production
of some of these compounds (44). For example, ethylene production
is a general response of plant tissues to environmental stress, in-
cluding deficient water (35).

Probably the most-studied compound associated with poor soil
acration is cthylene, a naturally occurring plant hormone. it is pro-
duced in low-0O conditions by plant roots, shoots, und soil micro-
organisms. Precursers of cthylene may be produced in anacrobic
roots and transported to the shoots for conversion to cthylene (8).
Ethylene suppresses potato tuber initiqtion and increases wber res-
piration rates (18), and encourages adventitious rooting of tomato,
sunflower, and corn (14). 1t affects germination and root growth at
concentrations << ppm (77). Concentrations of 1-20 ppm have
been measured in water-logged soil (37). The intluence of cthylene
on root growth of cereals is illustrated by Table 1. Differences
among species in sensitivity to cthylene are correlated to sensitiv-
itics to excess soil water (77). In addition to toxic organic com-
pounds that result from anacrobic respiration, toxic inorganic products
also may be fonned (14).

Acration and root disease

Low suil O, may cause conditions conducive to root diseases
such as the attracting and stimulating effect of C lost from roots on
soil pathogens (78). Smucker and Erickson (79) observed rapid
growth of Fusarium solani {. sp. pisi (F.R. Jones) Snyd. & Hans.
on pea roots in a N atmosphere. This rapid growth apparently was
due to the C compounds exuded by the roots. With the low root
energy accompanying low soil Q,, nutrients can be lost from the
roots into the soil (14), further encouraging microbiological activity
in the rhizosphere.

We found that poor acration markedly aggravated injury to beans
(Phaseolus vulgaris 1..) caused by Fusarim solani . sp. phaseoli
(Burk.) Snyd. & Hans.. but bean growth was not affected by tem-
porary low O, levels in fusarium-free soil (55, 56). This injury
aggravation may have been due to low Os-induced root exudates
that stimulated the pathogen activity, as suggested by Smucker and
Erickson (79). Low soil O, predisposed bean roots to attack by

Table 1. Effect of ethylene concentration on root
extension of 3 crops (77).

Root extension

Ethylene (%c of control)
(ppm) Barley’ Rye Ricet
0.5 57 81 105
1.0 42 72 90
10.0 20 62 75
100.0 15 61 7

‘Hordeum vulgare L.
YSecale cereale L.
*Oryza saiiva L..
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Fusarium solani . sp. pisi, which is normally not pathogenic to
beans (57).

Low soil O, and soil compaciion

Root growth rates are affected more by low soil O, and soil
compaction occurring together than separately (75, 84) and O, re-
quircments for root penetration of a compact soil are higher than
for a loose soil. As shown by Fig. 3, roots do not penetrate very
dense soil, regardless of soil O, levels. They can easily penctrate
loase soil, even with low O levels. Both O5 levels and compaction
affect root growth when they are at intermediate levels. Impedance
duc to soil compaction results in compressed root cells. reducing
internal porosity and increasing root diameter (12), thus reducing
the O3 supply to internal root cells. The combined reduction of O,
supply ana increased O, demand could result in anoxic conditions
carlier than if cither condition were absent (75).

Compact subsoils may restrict water movement out of the surface
soil following a rain or irrigation and thus cause temporary poor
acration, as is illustrated tor a Charity Clay in Table 2. If 0.35
pgeem min s ken as a critical level, O, was deficient for 2,
S, and about 7 days in the deep-chiseled, plowed, and comp et
soils, respectively.

STRESS DUE TO MECHANICAL IMPEDANCE

Root clongation rates =12 em per day have been observed (94),
and many tine roots and rootlets develop daily. These absorb water
and nutrients for a few days. then die and disintegrate, and we
replaced by new roots (95). Rapid growth takes plice as new cells
are formed and clongate in the root tips. As a root grows through
the soil, it must pass through a pore that is larger than it is or it
must enfarge a smaller pore (103). Root cell expansion can he
reduced or stopped either by the failure to adjust osmotically to the
lowering W of a drying soil and to absorb the water needed for
expansion, or by the failure to develop enough hydrostatic pressure
within the cell to overcome the resistance of the soil matrix.

Reduced rooting volume is the main detrimental effect of soil
compaction except for quality factors such as the shape of roots or
tubers. Rooting volume has little significance as long as the water
and nutrient needs are met. Inasmuch as nutrients can usually be
supplied from a small soil volume, reduced water supply is likely
to be the most serious effect of reduced root volume (70, 87, 94,
especially when the crop is dependent on stored soil water for an
extended period. With modern irrigation and chemigation tech-
niques, the root volume is only important to physically support the
crop because adequate water and nutrients can be absorbed under
almost optimum conditions. Deep root systems may be undesirable
with frequent irrigation and fertilization because of the extra demand
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Fig. 3. Cotton taproot penetration into soil as affected by soil bulk density
and soil oxygen content (redrawn from 84),
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Table 2. Cxygen diffusion rates (ODR) in a clay
soil as affected by tillage and time af*.r a 7-cm
rain on 27 July (25).

ODR (pg-em *:min-—1)

Deep-chiseled

Date (50 cm) Plowed  Compact
28 July 0.32 0.29 0.18
29 July 0.34 0.30 0.15
30 July 0.40 0.31 0.22
1 Aug. 03 0.35 0.31

on photosynthate supply for the extra root growth (64). Plants with
a restricted root system are vulnerable to water stress should the
water supply be temporarily curtailed. A shallow root system is also
exposed to the extreme temperature changes in the surface soil.
Two commonly used indices of the soils® resistance to root growth
are bulk density and strength (17).

Bulk density

Some general bulk densities (Mg-m ) that will impede root growth:
in moist soil are 1.55 for clay loams, 1.65 for silt loams, 1.80 for
sandy loams, and 1.85 for loamy fine sands (7). However, me-
chunical impedance is a function of both bulk density and water
content and the concept of 4 critical bulk density for root penetration
is not acceptable (7, 63). A density that restricts root growth at a
low water content may offer negligible impedance if the soil is wet.
Coarse-iextured soils have much higher bulk densities and lower
porosities than fine-textured soils, and a bulk density representing
low impedance in o sund would completely restrict root growth in
a clay loam.

Thin, restrictive layers often occur in otherwise unrestrictive soil,
Comp and Lund (12) found a compacted taffic pan of 1.9 Mg-m-?
at the 18 to 19 cm depth in a Norfolk sandy loam. Very thin layers
in i silt toam in the Columbia Basin of Washington restricted potato
roots (73). These layers probably would be overlooked by usual
bulk density sampling. Although bulk densitics provide a measure
of compaction for a given soil, they are not good indices of root
penetration resistance for that soil.

Soil strength

‘The capability of roots to penetrate a soil is related to the soil's
resistance to deformation—referred to as mechanical impedance or
soil strength. This characteristic is commonly measured as the force
required to press a penetrometer into the soil (22). Various types
of penctrometers have been used, ranging from needles that ap-
proach root size (66) to those that are several centimeters in di-
ameter, with blunt or pointed tips. A lubricated penetrometer that
exudes polymers from the tip has been used (93). The American
Society of Agricultural Engineers has adopted design and use stan-
dards to help reduce the confusion duc to the variation in penetro-
meters (3).

Soil strength is the critical value in determining root penetration
and is dominated by bulk density and water content. This is illus-
trated by the results of Taylor and co-workers (90, 92). Cotton
(Gossypitm hirsutum L.) root penetration into Amarillo fine sandy
loam was lincarly related to soil strength regardiess of whether it
was due to high bulk density or low water content (Fig. 4). Roots
did not penctrate a soil in which penetrometer resistance was more
than 3 MPa. The soil strength-root penctration relation was similar
for 4 soils ranging in texture from loamy fine sand to loam (92).
Soil strength increases with decreasing water content much more
rapidly at high than at low bulk densities (13).

Some workers have criticized the use of rigid soil probes to char-
acterize the resistance of soil to root pencetration (30). Penetrometers
are much larger than roots, are rigid and unable to find zones of
weikness, and penetrate into the soil mueh faster than roots (17,
Regardless of the theoretical deficiencies. penetrometer measure-
ments do give a useful measure of soil strength. 1t is recommendc !
that soil water and bulk density samples also be taken to help in-
terpret the penetrometer results (17).
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Fig. 4. Root penetration into Amarillo fine sandy loam soil as influenced

by soil strength. Soil strenpth was varied through combinations of soil
bulk density and water content (redrawn from 90).

Effects of compaction on plant growth

Many studies have shown crop yields to decrease as soil strength
increases. Examples are cotton (13), sorghum (91), sugarbeets (89),
and potatoes (11, 27). Large roots and tubers must displace con-
siderable volumes of soil in order to expand to full size and this
expansion is against the surrounding soil resistance. Flocker et al,
(27) reported @ 30% decrease in potato vields due to compaction,
while tomatoes were unaffected. Reductions are often attributed 1o
water stress, in turn caused by soil compaction-reduced root vol-
ume.

Soil compaction is le.. likcly to reduce yields of perennials than
annuals (7, 88) because roots of perennials have an opportunity to
grow through old root channels or through layers at times of the
year when strength is reduced. Some plants seem to be able to
penetrate and disrupt hard soil, i.e., alfalfa (Medicago sativa 1..)
and sweet clover (Melilotus alba Medik) (7). Bahia grass (Paspalum
notatum Flugge) penetrated soil layers that excluded cotton roots
and cotton following the Bahia grass had increased rooting to at
least 60 cm compared to where the grass had not been grown (scz
24 cited in ref. 7).

Compensatory growth may occur whenever a portion of the root
system is inhibited (41). Roots that are restricted by hard soil usually
show increased branching and density in less-restrictive zones, As
cited previously, this compensatory growth represents an increased
demand for photosynthaie in root production.

Interactions

As indicated previously, if high soil strength results from soil
compaction, porosity and pore sizes have been reduced also. 1f a
compact soil is also wet, there may be poor acration.

Higher corn yiclds were obtained from rows between traveled
furrows than from between nontraveled ones (98). This difference

s attributed to compaction due to travel, which increased water
content and accelerated P diffusion to the roots. With P fertilization,
the effect disappeared.

Cotton tap root growth was evaluated under various combinations
of soil strength, temperature, and aluminum activity (65). Any of
the 3 variables exerted the greatest effect when the other 2 were at
optimum. When any variable was near a critical point, the other
variables had only a slight effect on the elongation rate.

Work conducted in the coastal plains of the southeastern United
States (sce ref. 70) has shown that the major benefit in increasing
root depth through disrupting a hard subsoil layer was an increased
volume of soil to supply water during dry periods. As shown in
Table 3 (38), potato tuber yield was not affected by subsoiling with
daily sprinkler irrigation. When the irrigation interval was extended
0 4 to 5 days, subsoiling improved yield and grade compared to
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Table 3. Yield and percentage of No. ! ‘Russet
Burbank® tubers as affected by subsoiling and
irrigation interval on Quincy sand (38).

Irrigation interval
Daily 4 to 5 days
Not S§ S§§° Not S§ §§*

Total yicld, 55.8 56.5 50.0*% 58.6%
(Mg-ha-1)
No. 1 yicld, 42,9 46.3* 17.0* 35.3*

(MghaY)

Percentage no. | 77.0 82.0% 34.0% 60.0*

“8S = subsoiled to depth of 85 cm.

*Significantly different from daily, not SS at P =
0.05.

not subsoiling. It is probable that deeper rooting due to subsoiling
would reduce severity of temporary water stress in case of an irri-
gation system failure,

A hard soil layer aggravates fusarium root rot of beans, especially
when soil water is marginal. In tow-strength soil infested with F.
solani £, sp. phaseoli, bean roots can penetrate decper than the
Fusarium infestation, so that healthy roots can absorb water and
nutrients and partially compensate for the ineffective diseased roots
near the surface. Water and nutrient absorption may be inadequate
to sustain growth if rooting is restricted to infested s: .1 (54),

RCOT TEMPERATURE STRESS

Temperature is a major factor in determining adaptation of var-
ious plant species to given locations. Most phystological functions
are controlled to some extent by temperature-dependent mecha-
nisms. All root functions are highly temperature-dependent. Soil
temperature influences plant growth indirectly through its effect on
nutrient availability and residue accomposition and directly through
its effect on seed germination, scedling emergence, and root tem-
perature. A number of excellent reviews of soil temperature and
plant growth have been written (19, 59, 60. 72, 99).

Only the etfects of low soil temperatures oa plant performance
will be discussed here. Langridie (47) reviewed general physiolog-
ical responses to high temperatures.

Much of the rescarch related to root zone temperatures has been
conducted under controlled conditions so as to define optimum ranges.
A generalized root growth—temperature response curve for temper-
ate zone crops is given in Fig, 5. Root growth is low at about 5°C,
and increases nearly lincarly with increased temperature up to a
maximum at about 25°. Further increases in root zone temperature
cause rapid decline in root production. However, there is much
variation among species and cultivars as to optimum root zone tem-
peratures, as illustrated by the following values selected from re-
views of Nielsen (59) and Voorhees et al. (99): Beans (Phascolus
vidgaris L.y 28°; potato (Solanam tuberosum L.) 20° to 23° com
(Zea mays L.} 25° to 30° squash (Cucurbita sp.) 27° onion (Allium

1.0

0.6

0.2

RELATIVE ROOT DRY WEIGHT

o 1 L L 1 1 1 t 1
10 20 30 40

ROOT ENVIRONMENT TEMPERATURE, °C

Fig. 5. Generalized root growth resporse curve to root zones lemperatures
(redrawn from 99).
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Fig. 6. Shoot and root weights of 23-day-old corn seedlings as influenced
by 1°C increment changes in soil temperature (redrawn from 100).

cepa L) 187 to 22% sugarbeet (Beta valgaris L) 20° to 24° pea
(Pisum sativiem 1) 187 to 22°% and tomato (Lycopersicon esculen-
tum Milly 26° to 34°. Cool-season crops are generally less sensitive
to Jow soil teraperatures than warm-season crops (45).

Optimum soil temperatures for maximum root growth are gen-
crally lower than the optimum soil temperature for maximum shoot
growth. Optimum soil te:aperatures usually are highest at germi-
nation and decrease with time. For example, tumips (Brassica rapa
L) have an optimum root temperature of 27°C in the spring and
19° in the fall (4). The optimum reot temperature for top growth
of sugarheets progressively decreases from 20° at 6 weeks after
emergence to 23° at 13 weeks (68). Similar shifts have been shown
in corn (2) and barley (67). Temperatures in the field are never
constant but vary diurnally, scasonally, and with depth. Thus, it is
difficult to use plant responses to constant temperatures (o estintte
responses in the field except in a general way. Some crops grow
better with fluctuating than with constant root temperatures {e.g.,
peas (32) and corn (101)].

The sensitivity of shoot and root growth of corn to soil temper-
ature changes is iHlustrated in Fig. 6. Total scedling weight markedly
increased as temperature increased from 12° to 26°C, and then de-
ereased with higher temperatures. Roots inereased less rapidly than
the shoots, so that the root : shoot ratio deereased up to about 33°.
Such results indicate that at high temperatures, a relatively small
root system can take up and transport adequate water and nutrients
for vigorous growth,

Effeet of low temperatures on root functions

Root morphology. Cell division is more rapid st optimum root
temperatures but for a shorter time than at cooler temperatures, and
root cell maturation is delayed by cool temperatures (59). Root
branching increases with resulting increased root—soil contact as
root temperature increases. The normal decrease in temperature with
soil depth during the growth scason encourages root branching near
the surface (28).

Root temperature also affects the growth and anatomy of shoots.
This effect is to be expected because of the root’s influence on
nutrient and water uptake and production of growth regulators and
other organic compounds.

Water uptake. It has been known for many years that low root
temperatures reduce water and nutrient uptake (59). Root temper-
atures can be low without a concurrent reduction in atmospheric
demand for water, which results in water stress in the shoots. Some
of the reasons for low water absorption by cold roots are: a) retar-
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dation of root elongation, thus reducing cxploitation of new soil
water supplics; b) decrcased movement of soil water to roots; ¢)
decreased root permeability to water; d) increased viscosity of root
cell protoplasm; ¢) increased viscosity of water; and f) decreased
metabolism, in turn affecting the permeability of root membranes.
The principal cause of reduced water uptake is the combined effects
of reduced membrane permeability and increased viscosity of water
and protoplasm (45).

The rate of change of root temperature may be . important as
the absolute temperature. Nielsen et al. (61) found that cooling com
roots from 20° to 5°C in 3 hr caused permanent shoot wilting.
Similar observations were made with kidney beans. Sunflower and
tomato recovered from such treatment (6).

Nutrient uptake. Because of the large influence of soil tempera-
ture on root growth and density, uptake of nutrients of low mobility
(such as P) is reduced by low roct temperatures (60). Uptake of
mobile nutrients (such as N and S) is much less affected by root
tewperatures than relatively immobile ones. Soil temperature also
affects plant nutrition indireetly through influencing the rate of re-
lease of nutrients from inorganic and organic forms, the synthesis
of nutrients into complex organic compounds, and their transport
to the shoots.

The detrimental effects of low soil temperatures on plant growth
are complex (60) and are due to a combination of reduced water
and nutrient uptake. reduced nutrient assimitation and transport of
the products, and reduced production and transport of growth reg-
ulators required by shoms and/or roots. Because root growth is
reduced by low temperatures, root capacity to act as a sink for
carbohydrates produced in the shoots also is reduced.

SUMMARY

Roots absorb and translocate water and nutrients, synthesize and
transport organic compounds, are a sink for carbohydrates, aad
support the plant. These functions are affected by stresses to which
the roots nuy be subjected-—inadequate or excess water, deficient
Oa. deficient or imbalanced nutrients, adverse temperatures, me-
chanical impedance. toxic chemicals, and attack by pathogens and
insects. Many of these fuctors interact, and an adverse condition in
any one factor may aftect the plant response to several other factors.
Higher plants have mechanisms to cope with the various stresses.
These mechanisms include such things as an expanding root system,
change in root @ shoot ratio, development of additional adventitious
roots and internal pore space, stomata opening control, adjustment
of W, and changes in morphology. Most of these adaptations allow
plant survival under adverse conditions, but vield or quality is re-
duced compared to what would oceur under optimam conditions.
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Variabihiy within the plant Kingdom tor nutricnt acquisttion and
use refleets differences in root morphology and differences in meeh-
anisms that cither wd 0 prevent ion movement into the root. This
variability implies genee varanee, vet tew genctic studies have
been completed Methous of studving acquisition and their appli-
cation to genetie rescarch and interpretation are presented tor K,
Ca, and P

The means by which plants acquire and use essential mineral
clemenis trom the soib e complex. Many ditferent interactive
arocesses are imvolved Difterent organs, tissees, cells, and celtular
components are used. A sigmbicont amount of vagiation exists, both
within and among species Although cortam processes of mineral
nutrition are common o many species of plants, this variation re-
flects genctic differences that may be used both i the des clopment
of Tow-input cultivins and in studies of comparative processes by
which mineral element acquisition and use oceur. This paper st
marizes methodology . mterpretation, and use of information derived
from studies intended o dentity intraspecific, phenotvpie ditter
ences 10 plant grow Gy under stress Tevels dow) of essential elemenis.
Emphasis wil' be placed on genetic interprettion of ditterences in
ot systems sissockated with acquisition and use of UK, and Ca,

Toassume that roots acquire™ mineral element nateicots from
the sail mphes that movement of these mitrients trom the thizo
sphere it the root is the entire story of acquisition. But acyuisition
may mvolve myeorrhizae, root hans, and proton pumps. Transpr
ation, energy sources. and growth regulators cach anpat on the
amount and rate of natrient acquisition and intermal movement within
plants. Rescareh on acquisition and ase needs to recognize these
complexitios

SOURCES OF PHENGTYPIC VARIATION

Plant vanability in acquisition and u.w of essential elements i
common (b, 12). Species evolving inan environment fow in one
or more of the essentia. clements will reflect recombimation of JUSTICN
that enhance various wspects of acquisition and use of these margimal
resources. Among self-polhnating cconomie species, weedy rela
tives would be prime sources of genetic viniation. Landracos se
lected ter produce tood in soils of fimited fertilization are also excellent
sourees. Among cross-pollinating species. genetic variation is often
masked; here inbred stiains developed artificiully may prove very
usetul (S-11).

IDENTIFYING PHENOTYPIC VARIABILITY

The methad of assaying germplasm must be determined caretully
Assays should be accurate and repeatable. More important. the as-
siay should be meaningtul.

Growing planis i deficient soil is proferred by some who want
touse the isoates for developing low-input cultivars. Soils deficient
KL Poand Cacare not casily found in agricultural arcas of devl-
oped countries. Liven il found, research workers mist recognize the
iack ol aniformity and reproducibiity of assays on naturid soil sites.
Acration, compaction, and moisture are important variables m ad-
dition ta the non-vnitorm distributicn of the clement under study.

"Professor.
*Research Assistint.
JAssistant Professor,

HorrSciencr, Vor. 21d), Avaust 1986

Environmental variables limit the opportunity to find unique indi-
vidual plant phenotypes on element-deficient soils with precision,

Solution-culture assays

The most uniform assay medium is a solution culture that con-
tinuously bathes the roc.s of plants. Solution cultures can be adapted
readity to single-plant evaluations, The use of acrated solution cul-
tures for growing plaats has been highly standardized. However.,
maintaining an clement at a concentration approximating soil so-
lution concentiation is difficult. Likewise, the pil will change rap-
wWly i solution coltures and may not be uniform between individual
cultures.,

Solution-culture techniques seldom diseriminate differences in
dequisition: of an-clement. Stain differences i acquisition have
been found only for Ca (7) ont or the 4 elements studied in solution
cultures iour program. I clements ate wainicined at a fow con-
centration., continuous bubbling of the culture over plant roots makes
the himited element far mo.c available than desired aod differences
i growth due to low-minerl stress difficult to identify. In contrast,
it minimal level of the clement is provided at the beyinning of
the growth period (without subsequent teplenishment of the ele-
menv b or much of the element will be absorbed and growth will
continue only until all of the element is used. This pattern of ac-
quisition and use with a “bateh™ culture is not comprrable to de-
ficieney-stress under tield conditions, where the amount of the nutrient
avaituble for absorption will continue to be marginal tiroughout the
lite of the plant.

Phe bateh-solution culture technigue permits full recovery of root
systems and does diseriminate differences in conversion of the ab-
sarbed stressed element into dey matter. Differences in partitioning
growth and jon distribution can be measured with precision.

Pt asolates varying in response to low-clement environment
should be studied eventually in an clement-deficient field in order
toaceept or reject the solution culture as o meaningful medium for
scicening. The solution culture technigue can then be used as an
assay of phenotypre variahility,

Ditterences i response o tomatoes (o low-Ca stress have been
meisired using aosolution culture (7). Tomatoes were grown in 2
lters of Hoaglind's solution modified to contain S ppm Ca. The
PH was 1.7 acthe start of the experiment. Differences among plant
strains were foand in capacity to remove Ca from the solution (36-
RO total dry weight (1,35 3,63 gy and CaliR tmilligrams of dry
matter praduced per nilligram of Ca absorbed by the phnty. Six
tamilies were ereared. and genetic analvees were made without dit-
ticnlty.

MEASURING DIFFERENCES IN ROOT GROWTII AND
NUTRIENT ACQUISITION UNDER MINERAL
ELEMENT STRESS

Solution-culture measurement of beans grown undes low-P stress

Differences in dry matter production of beans grown in a Hoag-
land’s solution modified o a Jow-P level have been identified (13)
and shown to be highly heritable (51, The amount of ;oot prowth,
as well as the propogtion of total dry matter allocated to roots also
varied (Table 1) and was highly heritable among the bean strains
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Table 1.

Variation in dry weight of tops, roots, and total plants and shoot : root ratio among 6 bean lines when grown at low P
(3 mp per plant) and adequate P (31 myg per plant) (5).

Low P Adequate P

Shout Root Total Shoot : Shoaot Root Total Shoot ;
dry wt dry wit dry wt root dry wt dry wt dry wit root

Line (1) () (1) ratio (p) (1) (L) ritiv
3 0.72 o .55 a 1.27 a 1.31 1.O8 a 0.58 a .66 a [.86
9 1.OS b 040 a 1.51 ab 228 3.03b 0.72a RIVANY 4.21
O 1.07b 0.82 a 150 b 2.00 RICKE] 076 ab 4.9 b 4.51
12 [RE 047 a L.00 be 2.40 RVA 0.90 b 4.27 b 374
| 1.2% be 0.55a 1.76 ¢ 2.24 3.33b 0.04 2 397 b 5.20
1l 148 ¢ 103 h 25014 P 423 ¢ 148 ¢ ST 2.860

Mean separation within columns by Duncan’s multiple range test, 54 level

(5. 10, PE2COO02 (Line TH produced nearly 10045 more dry matter
of roots when grown under low-P stress than the other 3 lines tested.
Alower shoot @ root ratio was Chiaracteristic of PL206GG2 also when
grown under an adequate Plevel ¢able i

PL 206002 appears to be aunigue penotype when measared in
solution culture media. Families created by hybndizing PE 206002
to other bean strans demonstrated penctic recombuation for P-use
citiciency. Two of 20 plnts exceeded the mean of the cfticient
parent ¢+ 1 sy tor root dry weight i the populiation derived by
backerossing the Fyoto the efficient parent. Three of the 35 |,
progeny simlarly exceeded PE2060G2 (Table 230 Broad sense her-
wabthty values (Hyo) o 7940 5y andicate the veetulness ol the
procedure i identifving useful varation controlling root growth
ustieg solution culture echnigue

I order to evaluate, under tield conditions, the genetic varaton
measured nosolution calture, the nest step was o introduce the
genes for extensive root development under Postress into cultivars
adapted to our area PL 206002 s o Late-lowerig, Lrge-seeded
bean poorly adapted to bean production in Wisconsin. The penes
tor P efficiency an the exotic PE 206002 were transterred o the
adapted cultivar Sanilae by o madified backeross breeding methad,
Testng near-isogenic lines tor pectormanee separately i solution
culture and under tield conditions wie performed in order to obtain
dat on the correlstion of responses to P stiess i the Taboratory and
ncan agriculturatly related prowth sitnanon

Solution culture measurement of tomatoes grown under low-Ca
stress

Two hnes wath simifar CaliR values ditfered from 3600 to 814
in absorbed Cao Reciprocid gratts between these 2 lines clearly
showed difterences in acquisttion to be conteolled by the plant top
and transpiration differences were not the control mechanism s
might be suspected tor an element presumed to move passively trom
ront to shoot. Subsequent ettorts, however, showed that other fac-
tors, g, ashght inerease in pH or anincrease 1 Ca coneentrition
of the solution cubture to 16 ppm without changing the total Ciin
the medium treduce culture from 2 liters 1o 1 liten) changed the
measured plant responses completely. The basis of selecting notr-
tonal variants using solution colture muost be studied with wreat
care, and interpretation of the data must be made caretully,

Assay for P acquisition in sand culture
Movement of P on particulan of the nutrients arriving at root

surfaces is diffusion-fimited. An ideal medium for determining strain

Table 2.

Freguency distribution of oot dry we

ditferences in P oacquisition would use a particle to which the ion
to be studied can be adsorbed and Later released i a autrient culture.,
The laaded™ particle would be mixed with sand, and plants would
be grown in the well-acrated medium. Limitation in growth cither
would retlect difterential ability to acquire the diftusion-limited ion,
a difterence i internal use of the jon, or both. Resins have been
prapased as carriers (4). Resing specitic for most of the essential
clements for plant growth are avaitable. Tn asimilar wav, a system
using activated alumina as a carrter tor absorbed P ohas been de-
veloped ch The sand- alumina system has heen used successfully
‘omeisure difterences i acquisition and use of P by tomatoes (2).

Transfer of **large root™ trait from PI 206002 to *Sanilac’

Ancinbred-backeross method ¢ breeding was used 1o transter the
benefical root growth in PY 206002 1o an adapted cultivar ¢ Sani-
lac™). I thes method, - plants of the fiest backeross (F; X *San-
ilac ") were backerossed to " Sanilac” 1o give rise to 44 BC, progeny.
cach of whnch was self-pollinated for 2 generations using single-
seedd deseent, which provided 4 BCLS | progeny. Each of these
progeny would be 87,59 *Sanilae” and 12.5% donor (P1 206002)
germphisme. Each line would be about 974 homozyeous. The 12.5%
donor germplasm s adequate to ensure ocejonal tinster of de-
sired genes 1o the recurrent parent. The 87.5% recurrent parent
germplasm ensures the generad similarity of all Tines to *Sanilac”,
including adaptation. The 974 homozygosity ensures o homoge-
neots response of plants within cach line.

Ficld and solution culture testing of BC,S, and BC,S; progeny

The 44 Tines derived from the inbred-backeross program tested
i solution culture confirmed the similarity of cach line to *Sanilac’
for morphological traits and tflowering dates. As expected, some of
the derived lines performed poorly in solution culture for total dry
matter production and total root dry matter production. However,
asmall group (3-3) approached the PE206002 parent for total plant
dry matter and root dry matter.

The same - lines also were grown on a Plano silt loam soil with
22 hgeha oot PoBray 1 otest). Several lines that had large root
systems i solution culture wlso had high total dry weight at R
date on which 507 of plants had at least one flower). The larger
root system and higher PER tmilligrams of dry matter produced per
milligram of P absorbed by the plant) identified in solution culture
were assoctated with increased Pouptake in i soil marginally defi-
cient of P,

tht (@) tor populations derived from the cross of Lines F1and o; plants grown with 3 mg P per plant (5.
) lor po i 4O, ! g rpery

Root dry wt

.. ~ v
Pedipree 025 035 045 055 065 075 085 095 1o5S 115 128 N Mean s (4)
Nowplans per elass midpoint

Hitky 3 6 O 15 0.%75 0101 1154

oM 2 s 1 4 s (1432 0098 22.69

ky ! 2 S O ! IS 0.577 0.099 17.16

I 1 | 2 Y 4 2 1 | 20 0.531 0179 KRR

6 7 | 4 | i S S | 1 20 0.505 0.160 31068

F, 4 4 7 7 10 9 Y 2 | | | 55 0.553 0.218 19.78
‘E o= efficient; ML = moderately inelficient.
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Table 3.

Genetic recombination for enhinced vegetative dry weights in Fy and BC progenies. All

plants grown under stress level for single clement.

Proportion of segregants’

No of exceeding better parent by
Element Crop tamilies 105 50%
K Bean 6 0 0
K Tomato 6 | 0
Ca Tomato? [ 7 0.2
p Bean 15 N i
P Tomato? I 15 6

‘(Mean of better parent + sE) ¥ 110 and = 1
YRefleets acquisition ang use.

Sand-alumina as a culture medium for measuring differences
in P acquisition and differences in root length of tomatoes under
low-P stress

A sand medium o which activated aluming loaded with P has
been added provides a range of stable, reproducible P concentrations
for plant cultures (0. The Towest P levels compare fuvorably to
concentrations found in soils. Dittusion of Pt root surfaces appears
to be the primary factor limiting P availability in this systenn as in
soils.

Tomato strains tested at Tow Pin the sand alunima svstem varied
by 73 in the amount of vegetative growth 2). Strans ditfered in
) total Pruptake and by Pase within plants atter absorption. Total
P uptake wis assoctatad with differences in wtal oot length. s
expected. and the P uptake rate per unit of root lenpth At highet
levels of P these same strains did not ditter i vegetative prowth
and P acquisition,

In - subsequent experiment concerned with the inheritance of P
acquisition and growth 2 tomato lines, 55 (P11O02886) and 214 (P
126409), varied by about 1004 in dry matter production. with line
55 beig more cfficient «3). The Iy showed signiticant heterosis
(1124 abave the midparent mean). Individuals in the BC of the |
to the cfticient parent exceeded the midparent mean by 1304 to
200% . Broad sense heritability ranged between 0.6 and 0.7 for
shoot dry weight. Root fength difterences correlated with total growth.,
Puptake. as milligrams per plant, ranged from about 2 mg tor line
214 dnetticent parent) o sbout 6 mg for line 33, 68 myg i the |y
and 7-9 mg in the backeross of the By o line 53, Twa exeeptional
BCPy plants acquired 13.95 mg and 15,63 mg I under low-P stress.,
compared 1o 1940 me ‘or mean of 2 parents grown wiih adequate
P Increased oot dengtl twhich eabunced P acquisttion), an in-
creased uptake per unit of root, and i high efticiency in internal P
se were assoctided with superior pertormance ur 'er P-limiting
conditions.

POTENTIAL GENETIC RECOMBINATION FOR ROOT
GROWTIH CONTRIBUTING TO ENHANCED ACQUISI-
TION AND USE BY PLANTS GROWING UNDER LOW-NU-
TRIENT STRESS

Dati obtitined in o series of studies on K, P, and Ca uptike and
use indicate that genetic recombinants exist that are superior to the
best of the parents isolated from exotic material (Table 3). More
potential progress was found in the studies on Caand P than on K.,
Segregants exceeding the better parent by 105 would be extremely

HowrrScieNnce, Vo, 21(4), Aucust 1986

S04 respectively.

valuable; Ly 50%., totally unanticipated. The apparent case of re-
covering recombinants for P uptake and use is particularly signifi-
cant. Root extension difterences in tomatoes and beans are not only
expressed morphologically; the P uptake capacity of these recom-
binants from low-P soil and sund--alumina provides new biological
materials for research on the processes by which P moves from the
soil into the plant. Certainly brecders should heed the sand—alumina
system as & useful method for selecting uniquely efficient root sys-
tems.
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Vesicular-Arbuscular Mycorrhizae in Vegetable Crops

J. Creighton Miller, Jr.!, Sriyani Rajapakse?, and Randall K. Garber?
Department of Horticultural Science. Texas A&M University, College Station, TX 77843

Mycorrhiza refers to a mutualistic, symbiotic relationship formed
between tungi (Gr. mukes)y and living roots (Gr. rhiza) of higher
plants. These associations are prevalent among most plant species
and have been observed in most vegetables exeept the Cruciferae
and Chenopodiaceae. In tact, some vegetables do not appear to
grow or develop normally without mycorrhizace. In addition to their
wide distribution in the plant kingdom, these nonpathogenic rela-
tionships are geographically ubiquitous. Thus, the mycorrhizal con-
dition is the rule, as both host plant and fungus specificity is minimal
and usually not observed.

Interactions between host plant and fungus are complex and -
clude reciprocal relationships. The host plant supplies carbohydrites
to the mycorrhizal fungi, while benefitting from the tungal vela-
tionship primarily through enhanced uptake of immobile. inorganic
nutricnts. Secondary benefits of the myeorrhizal relationship also
can include increased resistance to diseases, drought, and salinity
and enhanced N fivation in legames.

HISTORY AND CLASSIFICATION O MYCORRIIIZAE
History

Frank first deseribed mycorrhizal retationships about 100 vears
ago, but it is only during the past 20 vears that horticulturists have
begun o understand and appreciate their importance, especially in
vegetable crops. Even betore Frank coined the term ““mycorrhiza,”
it was known that nucroorganisms docluding tungi) lived in asso-
ciation with plant roots (rhizosphere population). Rescarch interest
o mycorthizae started with pine rees atter morphologically difter-
ent, biturcate, short roors were observed. Early work was conducted
almost exclusively by mycologists, who acquired an interest in the
identification and chssification of different types of mycorrhizae
and the various endophytes involved. Modern my corrhizal rescarcn
began in the 19505 however, intensive research on mycorrhizae
was not conducted until the 19005, with major activity from 1970
to the present. Onee different responses to inoculation with mycor-
rhizal fungi were observed, rescarch interest shifted to the physio-
logiead basis for these respouses and other detailed studie .

Classification of mycorrhizace

Orieinally, myeorrhizae were prouped inte ceto-, endo-, and ce-
tendomycorrhizac, based on the type of fungus -root structures tormed
(0). In cctomycorthizae, the fungus torms a structure (ealled a
mantle or sheathy that encloses the rootlet. Hyphae also penetrate
between root cells to form an tereellulir network known as the
Hartig net. There is no mtraceltular penetration. In eniomyeorrhi-
zac, there are no discernible morphological changes in the external
root structure ol the host. A fungal mantle is not present, but hyphae
enter root cortical cells without causing visible damage to the in-
vaded root. Ectendomyceorrhizie exhibit characteristics of both ecto-
and endomveorthizae.

This orginal breakdown emphasized only fungal penctration of
the host cetls and formation of various tangal structures. A recent
classification by Har' v and Smith (41 stresses these factors, as
well as the host and endophyte invalved. They deseribed 7 types
of mycorrhizae, namely vesseulin arbascular, ecto-L cctendo-, ar-
butoid, cricoid, monatropoid, and orchid. Each mycorrhiza forms
adifferent type or combination of strectures, Vesicular-arbuscular
mycorrhizie (VAN are the only type observed in vegetables. VAM
have all the charactenistics described for endomycorrhizae in the
carlier classification.

Texas agricubtural experiment tation technieal article 21428,
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THE VA MYCORRIIZAL SYMBLOSIS

Vesicular-arbuscular mycorrhizae refers to those mycorrhizal as-
sociations formed with fungi in the family Endogonaccae. Vesi-
cular-arbuscular mycorrhizal fungi are aseptate phycomycetes, The
fungt cannot be cultured on synthetic media, so they must be mul-
tiplied in association with a host plant.

Vesicular-arbuscular mycorrhizal fungi produce structures known
as vesicles and arbuscules. in addition to hyphae and spores. Ar-
buscules are intracellular, haustoria-like structures that develop by
repeated, dichotomous branching of hyphae. Arbuscules can be seen
with a light microscope and are short-lived: varying tfrom one to 3
weeks. They can form very soon atter the roots become colonized.
Vesicles are sac-like, usually terminal swellings at the tip of hyphac,
They are primarily storage organs of the fungus and contain lipid
droplets. Usnatly, vesicles torm after arbuscules and become more
numerous us the plants mature,

Hyphoo of VAN fungi can be formed both within the root and
externally. These hyphae mediate the transfer of mineral nutrients
and other material trom the soil o the host plant. Hyphae have a
very large surface o volume ratio and thus constitute an extra,
elficient. well-distributed absorbing surface. Vesicular-arbuscular
mycorrhizal fungi also produce morphologically distinet, resting
spores i the soil that can be recovered using wet-sieving tech-
nigues.,

PEANT RESPONSE TO COLONIZATION
Phosphorus

Phosphorus uptake and growth. The carliest studics of VAM of
vegetables crops were those examining growth response and nutrient
uptike in inoculated plants compared to noninoculated controls. A
majority of these studies were done with onions, since onions were
known to be highly dependent on mycorrhizal fungi for normal
growth and development. Hayman and Mosse (46) compared the
responses ol onions to VAN and to phosphate in 10 sterilized, P-
deficient soils in o pot experiment. Mycorrhizal plants grew as well
in 3 soils. inone they grew better. and in 6 worse than those given
phosphate. However, in 8 of 10 soils, mycorrhizal plants possessed
signiticantly higher shoot dry weights than control plants receiving
neither phosphate nor mycorrhizal inoculum, Mosse et al. (64) found
that dry weight of onjon plants was significantly increased by my-
corrhizal infection in 3 British soils tested. Rhodes and Gerdemann
(86) found omon plants inoculated with Glonres fuscicudatum (Thaxter
sensu Gerd.) Gerdemann & Trappe had significantly greater mean
heights and mean dry weights than noninocalated control plants,
Ten weeks after transplanting, *P-lubeled phosphate solution was
mjected into cach individual growth chamber at the midsoil level.
Clants were harvested 3 davs fater, dried, and assayed for radio-
activity. Root segments of mycorrhizal plants contained high levels
of “P. Uptake of 2P by mycorrhizal plants was greatest about 3
to 6 cin from the 1oot surface. Leat segments of mycorrhizal plants
also contained relatively high levels of radioactivity, indicating 2P
had been released rapidly to the mycorrhizal host and translocated
to erial portions of the plant. Gray and Gerdemann (37) also added
lubeied phosphoric acid solution to pots containing 110-day-old on-
1on plants. After 43 hr, there was significantly greater radioactivity
in tops and roots of mycorrhizal plants than in those of nonmycor-
thizal plants. Relatively high levels of radioictivity in uninfected
segments ol mycorrhizal roots suggested phosphate had moved from
the mycorrhizae into portions of the uninfected root systetn, Mosse
{61) conducted an experiment in which 0, 0.2, 0.5, 1.0, or 1.5 ¢
monocaicium phosphate [CatH,PO,),] per kg of soil was added to
mycorrhizal and nonmycorrhizal onion plants in 4 sterilized soils.
Mycorrhizal plants in all soils without added phosphate were several
times larger than nonmycorrhizal piants. Nonmycorrhizal plants
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reached dry weights comparable to mycorrhizal plants when 0.5 or
1.0 g of Ca(H,PO,), was added to cach pot. Daft und Nicholson
(26) examined the effect of different amounts and times of appli-

cation of potassium dihydrogen phosphate (KH2PO,) on growth of

mycorrhizal maize in sund. Nonmycorrhizal plants grew as well as
mycorrhizal plants at all levels of KH.PO, added, but without it
less growth occurred. Gerdemann (34) also obtained similar results
when comparing mycorrhizal and nonmycorrhizal corn scedlings.
Gaunt (33) determined dry weights of onion and tomato plants in-
oculated with a mixture of Glomuys microcarpuny Tul, & Tul. and
G. mosseae (Nichol. & Gerd.) Gerdemann & Trappe spores were
significantly greater than the nonmycorrhizal controls in a range of
sterilized soil-vermiculite mixtures. He found no signiticant ditfer-
ences between dry weights when moculum was pelleted onto the
seed or added to the soil.

Sanni (97) determined that 80-day-old cowpea plants that had
been inoculated with Gigaspora gilmorei Trappe & Gerdemann had
significantly greater amounts of P in both roots and shoots than did
noninoculated control plants. Dry weight of inoculated plants at
harvest was higher than that of control plants; however, differences
were not significant. Sanni obtained similar results with 1 -day-
old tomato seedlings and S9-day-old maize plants, respectively,
moculated with Gigaspora coralloidea Trappe . Gerdemann and Ho
and G, giganzea (Nichol. & Gerd.) Gerdemann & Trappe. Raja-
pakse and Miller (%0) observed increased shoot P percentages in 2
cowpea cultivars inoculated wWith Glomus mosseae or G. fascicu-
lanon and Rhizobiwm than in plants inoculated with Rhizobium alone.

Yost and Fox (107) discerned that the growth rate of cowpea
plants in P-deficient soils without myeorrhizae wis one-half o~ less
than that of mycorthizal plants. Phosphorus sceumulation rates were
highly correlated with plant growth rates, and increased I? uptuke
very likely contributed to inereased growth.

Mycorrhizal researchers agree that increases in plant growth ab-
served in myeorrhizal plants are due primarily to improved uptake
of P. Pereentige of increase in concentration is usually the Trgest
in mycorrhizal plants: similar growth responses can. however, be
obtained by supplying soluble P to nonmycorrhizal plants. “This
theory is further supported by the fact that response 1o VAN col-
onization is minimal or absent at high soil P levels.

Source of P used. Several studies have suggested that myvcorrhizal
plants are capable of solubilizing and using unavailable forms of P
in the sotl. Daft and Nicholson (23) found that mycorrhizal tomatoes
responded quite well to small additions of relatively insoluble bone
meal. Only when 16 times as much bone meal was piven to non-
mycorrhizal plants did their growth and P uptake approach that of
mycorrhmzal plants.

Murdoch cCal. t65) demonstrated that myeorrhizal maize plants
were larger and had higher P eontents than nonmycorrhizal plants
when P sources of low availability, such as rock phosphate, were
added to the soil. Mycorrhizal and nonmycorrhizal plants grew equally
well when supplied with readily available P, Jackson ot al, (52)
also found that mycorrhizal maize plants responded markedly to
addition of rock phosphate. Similar results hav: been obtained with
a variety of host plants, usually in soils of Tow pH. Results such as
these promoted the theory that mycorthizae have the capability of
absorbing normally insoluble P thiough the presence of phosphate
enzymes on mycorrhizal surfaces. Mosse (61) and Mosse et al. (64
realized that the solubility of rack phosphate increases consideribly
in acid soils and conducted similar experiments with onion and
mitize seedlings. They found uptake and use of added rock phos-
phate was greatly increased in acid soils by myeorrhizal coloniza-
tion. Rock phosphate remained unavailuble, however, to both
mycorrhizal and nonmycorrhizal plants in alkaline or neutral soils.
There was little indication in the latter experiments that VAM in-
oculation increased solubility or improved phosphate availability,
Mycorrhizal colonization. however, did improve use of available
P.

Hayman and Mosse (47) tested the concept that mycorrhizae might
use organic forms of phosphate. They determined that most of the
organic phosphates tested were equally available to mycorrhizal and
nonmycorrhizal onion plants, although the P content was guite often
higher in mycorrhizal plants,
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Sanders and Tinker (96) labeled soils low in available P with 2P
and then measured specific activities (ratios of labeled to unlabeled
P of the soil solution and of onion roots with and without mycor-
rhizal colonization. Specific activities of the mycorrhizal and non-
mycorrhizal roots, as well as of the surrounding soil, were similar,
indicating that similar sources of P were used. Mycorrhizal plants,
however, demonstrated P influx rates 3 to 16 times greater, indi-
cating the same source of P was used, but there was increased
cfticiency of uptake in the mycorrhizal system. Experimental results
of Powell (78) confirmed those of Sanders and Tinker (96). The
former also concluded that mycorrhizal and nonmycorrhizal onion
plants absorbed P from the same or similarly labeled fractions of
soil P Owusu-Bennoah and Wild (72) also determined specific
activities of P absorbed by mycorrhizal and nonmycorrhizal onion
and lettuce plants were about the same., although mycorrhizal plants
absorbed a larger quantity of P. They concluded that mycorrhizal
plants did not significantly increase the size of the labile pool of
soil phosphate.

Contradictory results were reported by Swaminathan and Verma
(1051, who found P absorbed by mycorrhizal potato plants did in-
deed have alower specific activity than that absorbed by nonmy-
corrhizal plants. Researchers generally agree that VAM plants use
the same sources of soil Pas do nonmycorrhizal plants. Nonethe-
fess, results are conflicting and the evidence is not conclusive.

Mechanismy responsible for increasing P uptake. Several studies
were undertaken to clarity how VAM fungi increase the efficiency
of P uptake. Rhodes and Gerdemann (86) reported that uptake of
“P by mycorrhizal onion plants was greatest at injection points
about 3-6 ¢m from the root surtace, Radioactivity generally was
not detected in oot segments of nonmycorrhizal plants adjacent to
any of the tracer injection points. Hattingh et al. (42) determined
that onion roots inoculated with Glomus mosseae and 6. Jascicu-
fanion had considerably higher uptakes of P introduced 27 mm
away from the root surface than did roots of nonmycorrhizal plants.
Diflusion could not account for the increased uptake, as its ceffect
was found to extend only 7.5 mm from the point of injection and
the nonmycorrhizal root surface was a minimum of 15 mm away.
Fhese results suggest the existence of an active transport mechanism
m the fungus, which extends beyond the immediate vicinity of the
root surface. When hyphae growing from the mycorrhizae were
severed. P uptake between mycorrhizal and nonmycorrhizal plants
differed only slightly. This observation supports the hypothesis that
fungal hyphae do play an active role in P uptake.

Cress et al. (21 determined increased absorption of P by my-
corthizal tomato roots in the higher concentration range of P (=30
pa KHLPO, ) appeared to be related mainly to an increased number
of absorbing sites contribured by the added fungal surface area.
However, the increased number of absorbing sites did not appear
to be aomajor tactor in increased absorption in the lower concen-
trition range of P -220 pae KHLPOL). The mereased absorption
rate observed was due primarily to increased absorption site affinity,
as indicated by the lower K,,, value for mycorehizae. Splittstoesser
(104) supports this conclusion and states that mycorrhizal fungi have
an absorption K, for P that is 10 times lower than that observed in
most plant roots,

Results of research conducted to date indicate that mycorrhizae
can increase uptake of P by hyphal extension (which greatly in-
creases the number of absorption sites) and also by increased affinity
for available soil . Thus, mycorrhizae allow far more efficient
absorption of P trom low-concentration pools in the soil.

Physiological pathways involved in the myeorrhizal symbiosis.
In the Tate 19705, emphasis began to shift from studies concerning
mycorrhizal effects on growth and nutrient uptake to studics whose
objective was 1o identify physiological pathways involved in the
mycorrhizal symbiosis. The first type of experiments to be discussed
are those that identified physiological mechanisms involved in the
transfer of P from fungal hyphac into the host root and to determine
the form of P transferred.

Cox ctal. (19 found that onion roots colonized by Glomus mos-
seae had fungal vacuoles containing metachromatic lead-staining
budies that appeared o be polyphosphate granules. Callow et al.
(1-4) later conlirmed that polyphosphates comprise at lewst 40% of
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the total P present in the fungal component of the mycorrhizal onion
root, Parish et al. (75) determined that polyphosphates accumulate
rapidly in the external hyphae and later also appear in the internal
mycclium of colonized roots when phosphate is applied to phos-
phate-starved mycorrhizal plants. These resuls were substantiated
by others who also found thut mycorrhizal fungi accumulate P in
the vacuoles in the form of polyphosphates (19, 104, 106).

Movement of inoreante Pin fungal hyphae ltas been shown to
oceur at rates 10 time - taster than it does in plant roots (36). This
suggests the presence of an active transport mechonism. Sanders
and Tinker (96) derived theoretical phosphate translocation rates in
hyphace of Glomus mosseae, and Person and Tinker (76) and Cooper
and Tinker (17) subsequently measured phosphate translocation rates
directly. Their results indicated that phosphate translocation does
oceur at high rates ranging from 0.1 10 3.8 < 10 " mol-em =+ ',
All of these investivators concluded that phosphate “ranslocation
within hyphae of Glomus mosseae is driven by metabolically de-
pendentactive processes. The most aceeptable hy pothesis to explain
rapid phosphate translocation in VA myeorrhizal fungi is sl that
of Tinker (106), who proposed that the transport mechanism s
cyclosis, plus bulk flow, with loading and unloading ol poly phos-
phates into vacuoles as the method of varving P eoncentration of
the streaming protoplasm,

Capaccio and Callow ¢15) and Cox ot al. (19) demonstrated that
polyphosphate activity is only associated with internal mycelia and
that polyphosphate granules disappear from vacuoles in the fine
arbuseular branches. ‘This finding suggests unfoading of polyphos-
phates from VAM fungi oceurs within host plant cells. Unloading
ol polyphosphate could be a rate-limiting step - the phosphate
nutrition ot mycorrhizal plants and its retention in the tungal tissue
may contribute to the greater P concentrations sometimes found in
roots of mycorrhizal plants. Results of several studies (10, 90, 103)
indicate that the prefecential site tor phosphate transter from tungus
1o host plant is across the living intertace in the intracelular arbus-
cules. Cox and Tinker (18) found evidence indicating that phosphate
released by the funpus into the interfacial matrix is actively trans-
purted across the host plasmalemma. ATPasc activities hound by
this membrane are specitically concentrated around the fine, living
arbuscular hyphie (39).

Biochemical studies of VAM tungi have shown that they have
the enzymes necessary for polyphosphate synthesis and degradation,
The accumulation of polyphosphates in VAN roots transferred from
phosphate-deficient conditions to a sufficient phosphate supply is
accompanied by large increases in polyphosphite Kinase activity
(15). suggesting that this enzyme is inducible in VAM systems,
The necessity tor induction of this enzyme to prime the phosphate
transport system in the fungal hyphae could explain the initial lag
period in phosphate transport observed in many translocation ex-
periments.

Discovery ol another enzyme, alkaline phosphatase, by Gianin-
azzi-Pearson and Gianinazzi (35, 30), has spearheaded a 2nd arca
of physiological studies, notably those involved in identitying phys-
iological mechanisims responsible for P inhibition of mycorrhizal
colonization. These rescarchers have shown that activity of this
mycorrhizac-specitic phosphatiase (MSP) is closely linked to the
development of both the mycorrhizal colonization and the colonized
host plant. Enzyme concentration reached @ maximum when the
colonized root length was 50% and conained only well-developed
arbuscles. Maximum MSP activity also coincided with the begin-
ning of plant growth stimulation due to mycorrhizal formation. Onee
the initial growth response had oceurred, the level of mycorrhizal
colonization reached a muximum and then remained constant s it
followed root development. The close correlation between MSP
activity, the morphological and physiological stage of the coloni-
zation, and the mycorrhizal growth response suggest that MSP may
be involved in the assimilation of P in the mycarrhiza) system.

Orthophosphate ions inhibited MSP activity and thus, fina) prod-
uct formation. This inhibition could be of great importance when
considering the implication of the enzyme's activity. Soil solutions
of P typically range from 2 > 10 “mto 1 < 10 7 M (9). MSP
activity was greatest at these concentrations, but it became markedly
inhibited in the presence of increasing phosphate concentrations
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from added fertilizers. The observations of Gluninazzi-Pearson and
Gianinazzi (35, 36) indicated that inhibition of mycorrhizal-specific
alkaline phosphate by high concentrations of P in plant roots is one
possible explenation for inhibition of mycorrhizal colonization. Other
theories, however, do exist. It is known that plants grown under
low phosphate conditions demonstrate an incrcase in permeability
of the cell membranes due to deereased phospholipid content and
the resulting irregular distribution pattern of available phospholipids
within the membrane structure. Ratnayake ct al. (85) have hypoth-
esized that the much greater leakage of sugars and amino acids
oceurring from this type of root might stimulate the growth of fun-
gus and the development of mycorrhizal colonization, Increased P
nutrition usually reduces membrane permeability, which would cur-
tail exudation of these substances from plant roots. However, ex-
udation of sugars and amino acids from plant roots can also stimulate
erowth of bacteria and fungi other than VAM fungi.

Other clements

VAM have also been implicated in increased uptake of elements
other than phosphorus. Ames et al. (1) determined celery plants
inoculated with: Glomus mosseae derived significantly more SN
from organic and inorganic sources of M than did nonmycorrhizal
plants. An average of 25% of N enriched ammonium sulfite
[(NH 50, ) appeared in mycorrhizal plants over a 30-day period.
Control plants accumulated an average of only 3.4% during the
same time period. Rhodes and Gerdemann (86-88) demonstrated
that VAM hyphae were involved in transfer of radioactive sulfur to
plant roots when it was injected 4.5 cm from the root surface.
Rhodes and Gerdemann (89) proved that phosphate fertilization, as
well s mycorrhizal colonization, increased S and Ca uptake from
the soil. They suggested that improved phosphate nutrition mediated
by mycorrhizal colonization was the most likely explanation of their
results. Very fittle work has been done on the uptake of nutrients
other thun P in vegetable crops: however, 2 micronutrients, Zn and
Cu, have been found consistently at increased concentritions in
mycorrhizal plants in general.

Carbohydrate physiology

Several studies conducted on VAM deal with the carbohydrate
physiology of the symbiosis. This topic has not been studied in
great detail, but there is clear experimental evidence that the C
requirements of VAM fungi are supplied by the host plant. Snell-
grove et al. {103) used MC-labeling techniques 1o investigate C
distribution and use in mycorrhizal and nonmycorrhizal leek plants.
Glomus mosseae calonized 60% to 70% of the root length and
resulted inabout 7% more of the total fixed C being translocated
from the shuots to roots as compared to nonmycorrhizal plants. This
additional trunslocated € could be accounted for by increased root
respiration rates and increased loss of C in the form of root exudates
to the soil THe resalts of Pang and Paul (74) agree closely with
those of Snellgron = et al. 1103). They measured the photosynthetic
incorporation of "CO, into Vicia faba plants inoculated with VAM
fungi. Roots of mycorrhizal plants respired 30 of the incorporated
MCO,. while nonmycorrhizal plants respired only 18%. The work
of Bevege et al. (8) and of Cox et al. (20) also indicated that there
is rapid translocation of photosynthates to root systems of mycor-
rhizat plants. They have shown by autoradiography that photosyn-
thate passes into both intracellular fungat structures and hyphae
outside roats.

Cooper and Losel ¢16) determined that mycorrhizal onion roots
contained sigrificantly more total lipids than nonmycorrhizal roots
and propused that host plant photosynthates were largely incorpo-
rated into the lipid fraction of mycorrhizal roots. They suggested
that a significant lipid sink is necessary fov the growth of fungal
hyphae. and Jater confirmed their hypothesis by proving mycorrhi-
zab onion roots incorporated significantly more "*C from photosyn-
thate into lipids thun did nonmycorrhizal roots (57).

Nitrogen fixation

The importance of P nutrition in efficient N, fixation has long
been recognized. The Na fixation process is dependent on adenosine
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triphosphate (ATP) as an energy source. Phosphorus, a3 u major
constituent of ATP, is an essential element required for biological
N, fixation.

The great majority of studies concerning the effect of VAM on
biological N, fixation have involved forage legumes rather than
vegelable or grain legumes. Nonetheless, the results from these
studies are strikingly similar. Daft and EI-Giahmi (22) found that
colonization of ™ :nch bean with mycorrhizal fungi and Rhizobium
compared with Rhizobion alone resulted in increased growth, no-
dulation, rates of N5 fixation, !eghemoglobin, P, and total protein
content. Application of soluble phosphate to nonmycorrhizal plants
duplicated the effects of mycorrhizal colonization. Mapjunath and
Bagyaraj (58) found that cowpea and pigeon pea inoculated with
ooth Rhiizobium and Glomus fuscicrndation possessed greater shoot,
root, and nodule dry weights, as well as higher N and I contents
of shoots, roots, and noduies than did plants inoculated with either

organism alone. Islam and Ayanaba (51) found that inoculation of

the cowpea *Pale Green® with Glomus macrocarpum Tal, & Tul.
var. macrocarpun resulted in increased nodulation and N, fixation,
Rajapakse and Miller (83) studied the effects of inoculation with
Glomus mosseae, G. fasciculatum, and Rhizobium on plant growth
and N, fixation variables using 2 different cowpea cultivars, “Brown
Crowder® and “Bush Purple Hult™. Inoculation with mycorrhizal
fungi significantly increesed the percentage of colonized roots and
putnt heights while root length was decreased. Interaction between
VAM eolonization and cowpea genotype was significant for nitro-
genase activity. Inoculation with G fusciculaton increased nitro-
genase activity of “Brown Crowder’ compared with the
nonmycorrhizal control, whereas . mosseae reduced the activity
and neither fungi affected nitrogenase activity or *Bush Purple Hull",
Nodute number and weight were not affected by inoculation with
VAM fungi. In this study. increased nitrogenise activity was not
attributed direetly to P concentration of raots or shoots.

Although mycorrhizal colonization generally has been found to
increase Ny fixation rates and plant growth, one study clearly in-
dicated inoculation of vegetable legumes with VAM and Rhizobiun
does not always result in a favorable plant response. Bethlenfalvay
etal. (7) indicated that bean plants (Phaseolus vilearis 1., cv Dwarf)
moculated with both Rhizobium and VAM demonstrated a depres-
ston in growth. as compared to noninoculated controls, when .
majority of the days during the growing scason were overcast. Col-
onization of nodulated host plants by VAM fungi resulted in sig-
nificantly smaller nodule numbers. nodule dry weights, and shoot
weights. Increased demand for carbohydrates by both VAM and
Rhizobium could not be met when photosynthetic efficiency was
reduced by low light intensity,

Disease resistance

Interactions between VAM and plant discase in vegetable crops
have received only minimal experimental consideration: therefore,
this discussion will also include findings where other horticultural
ar agronomic crops have been used, Most reports in the literature
indicate that colonization by VA mycorrhizal fungi reduces the se-
verity of plant discase, particulurly diseases caused by soil-borne
pathogens,

Mycorrhizal ¢nion roots have been shown 1o be less susceptible
to pink root disease caused by Pyrenochaeta terrestris (Hans. ) Gor-
ena, Walker and Larson (6, 92). Only the mycorrhizal segments of
the root system were more resistant to the pathogen. Safir (92) found
farger amounts of reducing sugars in mycorrhizal plants and sug-
gested this as a possible explanation for decreased root infection in
onion by Pyrenochacta terrestris.

Dehne and Schonbeck (30 found that prior colonization by Glo-
s mosseae reduced damage to tomato plants by Fusariim OXYS-
porum Schiet. £, sp. Ivcopersicac (Sace.) Snyd. and Hans. The
number of yellow leaves and the amount of clectrolvte leakage from
leaf and stem tissues were reduced in mycorrhizal plants. Sikora
and Schanbeck (102) found that colonization of tomato plant roots
by G. mosscae sipnificantly reduced the number of nematode larvae
(Meloidogyne ‘neognita Kofoid & White) that developed into adults,
They also determined that carrot root colonization by G. mosseae
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suppressed the population of the nematode Meloidogyne hapla for
up to 18 weeks.

Kellam and Schenck (53) studied the development of VAM and
a root-knot nematode on soybean plants. At the end of the growing
scason, the presence of Glomus macrocarpum on soybean roots
significantly increased seed yield and significantly reduced the num-
ber of Meloidogyne incognita galls. Paget (73) abserved that root
colonization of strawberry plants by Cvylindrocarpon destructans
(Zins.) Schol., a mild pathogen of strawberry, was greatly reduced
and plants demonstrated less stunting when roots were also colo-
nized by Glomus fasciculatum. Schenck et al. (98) reported that
prior root colonization by Gigaspora margarita or Glomus macro-
carpum rteduced e damage caused by Phytophthora parasitica
Dast. to 2 citrus rootstocks, Carrizo citrange and sour orange.

Schonbeck i, Dehne (99) found cotton plants colonized with
Glomus mosseae and nonmycorrhizal cotton plants were colonized
with Thiclaviopsis busicola (Berk, and Br.) Ferraris to the same
degree. Shoot weights of mycorrhizal plants were significantly preater
than nonmycorrhizal plants, although root weights did not differ
significantly. Mycorthizal plants tolerated infection by T. busicola
better than nonmycorrhizal planti. Baltruschat and Schénbeck 4
reported that the chlamydospore production of 7', basicola was neg-
atively correlated with mycorrhizal colonization of tobacco and al-
falfa roots. Reduction in chiamydospore production was attributed
te high levels oi free amino acids in the roots, notably arginine and
citruiline. The addition of synthetic arginine to nonmycorrhizal root
extracts inhibited chlamydospore production on agar, confirming its
prohibitive effect.

Sonie reports, however., indicate no difference or even an inere ise
in discase severity when plant roots are nonmycorrhizal. Baath and
Hayman (3) found no difference in the severity of verticillium wilt
or the subsequent decrease in plant growth between mycorrhizal
and nonmycorrhizal tomato plants.

Menge et al. (60) found that prior root colonization of Citrus
sinensis (L.) Osbeck “Pincapple’ by Glomus fasciculatum provided
no - protection against root infection by Phytophthora parasitica.
Plants colonized by the mycorrhizal fungus alone had a 3-fold in-
crease in plant height and a 65% increase n drv weight compared
to nonmycorrhizal plants, but these benefits were negated by infec-
tion with the pathogen, Ross (91) was the first 1o report a4 VA
mycorrhizal fungus (Glomus macrocarpum var. Leosporns.) that
increased the severity of a plant discase. Nearly 90% of the sus-
ceptible soybean plants with VAM demonstrated internal stem dis-
coloration symptoms of phytophthora root rot (7. megasperma Drechs,
var. sojae Hildeb.), while 20% of the nonmycorrhizal plants de-
veloped these symptoms. Davis et al. (27) discovered that cotton
plants colonized by Glomus fusciculatiom had a higher incidence of
verticillium wilt than did nonmycorrhizal plants,

Schinbeck and Schinzer (101) inoculated mycorrhizal (Glomuy
mosseae) and nonmycorrhizal tobacco plants with tobacco mosaic
virus. They observed an increase in the number of lesions on leaves
of mycorrhizal plants. Daft and Okusanya (24) discovered that the
multiplication rate of the aucuba mosaic virus was highly correlated
with the percentage of colonization of tomato roots by Glomus
tmacrocarpum var. veosporus. Greater colonization by the fungal
endophyte always aceelerated multiplication of the virus. Viral dis-
eises seem to be particularly enhanced by the mycorrhizal sym-
biosis. L'sperimental evidence indicates increased virulence and
enhanced reproductive rate of a virus may be due to the improved
nutrient status of mycorrhizal plants. Llectron microscupy has re-
vealed tobacco mosaic virus was intensively concentrated in cells
that contained arbuscular stages with rather fine branches (100),
indicating that the accumulation of virus particles was favored in
regions of high phosphate metabolism and high concentrations of
nucleic acids and proteins,

Interactions among symbiont-pathogen—host combinations ap-
pear complex and seem to vary with cach combination. Nonethe-
less, generalizations can be made from research results of the past
2 decades. Discases caused by soil-borne fungi can be influenced
by the formation of mycorrhizac in the root system. In general,
mycorrhizal plants suffer less damage and the incidence of disease
is decreased or pathogen development is inhibited (29). The reta:-
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dation of pathogen development in the root system is restricted to
the site of mycorrhizal establishment, This retardation of pathogen
development may be due to VA mycorrhizal fungi physically lim-
iting the number of available colonization sites in the roots.

VA miycorrhizal fungi are also known to alter host plant physi-
ology. Mycorrhizal roots are more lignified than nonmycorrhizal
roots (28). This effect may be responsible for the restriction of the
endophyte to the root cortex. ‘The same mechanism of resistaice
may be effective against parasitic soil-borne organisms invading tne
host root. Host plants contain chitinolytic enyzmies that successivy '
degrade aging arbuscules of the endophyte. These enzymes could
be effective against fungal pathogens as well. Host plant physiology
can also be altered to produce substances inhibiiory to sporulation
or development of pathogens. This particular ftect can be dem-
onstrated in the case of sporulation of Thielaviopsis basicola on
mycorrhizal roots, which was inhibited by high levels of arginine
(4). In addition, the accumulation of reducing sugars in mycorrhizat
roots may inhibit root infection by Pyrenochacta terrestris (92).

liproved nutrition of mycorrhizal plants usually enbances plant
development and vigor, This increase in plant vigor may lead to
discase escape or to higher tolerance toward soil-borne pathogens
in some instances. However, improved nutrition of mycorrhizal
plants in nutrient-deficient soils often enhances vulnerability ol those
plants to shoot and leal pathogens. The general rule **what is good
for the plant is also good for the pathogen™ is applicable under
these circumstances. From this point of view, vigorous mycorrhizal
plants should be more susceptible to shoot and leaf pathogens than
less-healthy nonmycorrhizal plants.

Itis important to note that the effectiveness of VAM in combating
soil pathogens is also dependent on the virulenee of the pathogen.
Highly virulent pathogens or inereased inoculum levels of less vir-
ulent pathogens tend to deercase the positive influcnee of the my-
corrhizal symbiosis (31). Increased resistanee, when it oceurs, requires
optimum conditions for the development of the mycorrhizal sym-
biosis before the attack of the pathogen.

Plant water status

Very little rescarch has been conducted coneerning the water
relations of plants colonized by VAM fungi, but the limited research
completed is encouraging. Satir et al. (93), working with mycor-

rhizal and nonmycorrhizal soybeuns, found that the prescnce of

mycorrhizae formed with Glonus mosseae decrcased the plants’
resistance to water transport considerably compared to nonmycor-
rhizal controls. In a subsequent study (94), they confirmed de-
creases in resistance to water transport of about 40% in mycorrhizal
soybeans compared to the nonmycorrhizal contrels. Differences in
resistance to water transport were found to oceur in the roots, but
there were no significant differences in stem and leal resistance
between mycorrhizal and nonmycorrhizal plants. Addition of nu-
trients to nonmycorrhizal plants growing in low nutrient-status soils
lowered the resistance to water transport to the same jevel as my-
corrhizal plants, suggesting lowered resistance in mscorrhizal plants
was duce to enhanced nutrient status brought about by the fungus.
Olson et al. (70) determined that P uptake is greatly reduced in
plants subject to drought due to slower diffusion of P through the
soil and impaired root uptake capacity. In addition to its dircct erfect
on plant growth. water stress indirectly affects plant growth through
repressed P onutrition. Nelsen and Safir (67) found that mycorrhizal
onion plants had higher leat water potentials, leaf transpiration rates,
hydraulic conductivitics, and lower Ieal resistances than did non-
mycorrhizal plants grown under low soil P conditions. All 4 param-
cters were not different from those of mycorrhizal plants when
nonmycorrhizal controls were grown under high soil P conditions.
Bolgiano ct al. (11) found that colonization of onion plants in-
oculated with Glomus etunicatum Becker & Gerdemann decreased
more sharply with increasing P levels in irrigated plots than it did
in nonirrigated plots. Colonization remained high in nonirrigated
onions but decreased exponentially with increasing extractable P
concentrations in irrigated onion plants. These results substantiated
a previous report that claimed mycorrhizal dependency of onions
increased under drought scress (60). Yield of nonirrigated onion
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plants at lower levels of added P exceeded that of irrigated onion
plants receiving the same P levels, indicating the effectiveness of
VAM in increasing P uptake. Maximum yicld and high colonization
occurred simultancously in nonirrigated treatments, but irrigation
significantly decreased mean colonization rates. Much higher soil
P levels and irrigation were required to exceed yields of the highly
colonized nonirrigated treatments. They concluded that the mag-
nitude of the effect of mycorrhizal fungi on the water relations of
the host is most likely a function of improved P nutrition, rather
than water stress alone.

FACTORS AFFECTING ROOT COLONIZATION AND
PLANT GROWTH RESPONSE
Host variability

Plant response in terms of root colonization and growth varies
considerably from host to host, indicating (hat the host plant plays
an important role in the VAM symbiosis.

Interspecific. Some vegetables do not form mycorrhizae when
inoculated with VAM fungi (e.g.. Cruciterae and Chenopodiaccae)
(Fig. 1). Chemical inhibition and intrinsic resistance of the epider-
mis and cortex have been attributed to the lack of mycorrhizae
formation in these plants, However, most vegetable species do form
mycorrhizae.

Interspecific variability has been observed among those vegeta-
bles that form mycorrhizae. Onion are found to be much more
responsize to noculation with VAM fungi than other vegetables.
Yost and Fox (107) reported that cowpea is more dependent on
mycorrhizal association than soybean.

Harley and Smith (41), inferring from the results of Baylis (5),
reported that, generally, plants with thick, unbranched roots and
few root hairs (e.g., citrus and onions) are more dependent on
mycarrhizae than those with finely branched roots with numerous
long root hairs, Long root hairs and well-branched root systems of
Cruciferac may be a reason for the lack of mycorrhizac in this
tamily.

Intraspecific. Recent evidence indicates that considerable varia-
bility exists amony cultivars in their response to the same mycor-
rhizel endophiyte and among the responses of the same cultivar to
ditferent mycorrhizal endophytes. Ollivier et al. (69) reported that
G. mosseae and G iy Gilmore stimulated the growth of 2 cowpe:
cultivars, while G. epigaeten Daniels & Trappe gave a positive
growth eftece with only one cultivar, 58-185. Infection levels were
lower and growth effects less with G. epigaenm than with other
VAM fungi. Rajapakse and Miller (83) inoculated 2 cowpea cul-
tivars with GG. mosseae, G. fasciculamum, and Rhizobinwm. Influence
of inoculation with VAM fungi on shoot dry weight and nitrogenase
activity was dependent on the species of fungi as well as the host
cultivar. *Brown Crowder' showed a significant increase in shoot
dry weight and nitrogenase activity when inoculated with G. fay-
cictlarum, while *Bush Purple Hull” did not show a significant
response to cither VAM tungi in terms of shoot dry weight or
nitrogenase activity. Therefore, it appears that the *Brown Crowder’
and G. fasciculatum host endophyte combination is preferable to
the other combinations.

Rajapakse and Miller (81) conducted an experiment to study the
Aariation in mycorrhizal colonization with time. ‘Brown Crowder’
had a significamly higher pereentage of root colonization than *Bush
Purple Hull' 4 weceks after inoculation: however, the developmental
pattern for hyphae, vesicles, and arbuscules was not significantly
different between the 2 cowpea cultivars or the 2 VAM fungi used.
In u subscquent investigation, they screened 19 cowpea cultivars
under ficld conditions with 3 soil treatments (82). Treatments in-
cluded fumigation with methyl bromide, inoculation with G. fas-
cicwlazum after fumigation, and no fumigation or inoculation.
Fumigation reduced dry matter in shoots, leaf growth, nodule weight,
and nitrogenase activity in most cultivars. Cowpea cultivars showed
a differential response to inoculation with VAM fungi. A number
ol cultivars showed a response to natural inoculation, but only a
few benefitted from inoculation with G. fuscicularum after fumi-
gation. Percentage of and intensity of root colonization at harvest
were not significantly affected by cultivar. Total mycorrhizal root
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length (percentage of infection X root length) was different between
cultivars. This measure appears to be more appropriate than per-
centage of root colonization for selecting cultivars that show an
inoculation response to VAM fungi.

Powell ct al. (79) determined that indigenous mycorrhizal fungi
increased P uptake and plant growth of onion cultivars *Takai Top
Keeper' (TTK) and *White Barletta® (WB), but failed to do so in
‘Pukekohe Longkeeper' (PKL) or ‘Dragon Eye' (DE). In separate
experiments, PLK, TTK. and WB were grown in unsterilized native
soils and inoculated with Glomus sp.. Gigaspora margarita Becker
& Hall, F4, F20, NP9 (VA mycorrhizal fungal selections from field
s0ils), or the indigenous mycorrhizal fungi. Inoculation with Glo-
muy sp. significantly increased bulb weights and P uptake in all 3
cultivars. Gigaspora margarita significantly increased bulb dry
weights and I uptake in TTK. but was far less elfective with PLK
and WB. Endophytes F4 and F20 increased bulb dry weights and
P uptake in TTK, but were less effective with WB, and demon-
strated no significant increases in bulb yields or P upiake in PLK.
NPY depressed bulb yield and P uptake in PLK and WIB, while it
increased bulb ield by 675 and P uptake by 57% in TTK.

Highly sigmificant fungal inoculant—cultivar interactions were ob-
served in these onion experiments. Inoculation with different fungal
endophytes resulted in almost identical levels of colonization in host
plant roots within specific cultivars. However, significant differ-
ences in plant growth response and nutrient uptake were observed.
There were also clear cases of identical VAM endophytes heavily
colonizing plant roots and significantly increasing plant growth and
nutrition in a particular cultivar and not in another. Even though
the same fungal species from the same pure culture was used, low
plant growth response was associated with very little or no colo-
nization of host plant roots. Significant differences in plant growth
response and nutrient uptake, despite nearly identical root coloni-
zation levels, also have been found among cultivars inoculated with
identical mycorrhizal fungi from the same pure culture.

Many physiological mechunisms, each governed by specific genes,
arc responsible for the successful interaction of fungi and plant
roots. Undoubtedly, differences in the genetic makeup of host plants
and of the different fungal endophytes involved are a component
of the variability in plant growth responses observed. Plant hos's
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(Somo vegetables
eg. Onion)

Types of host response to mycorrhizal inoculation, including nonmycorrhizal or mycorrhizal (based on colonization), nonbeneficial or beneficial

(based on plant or physiological response), and responsive or dependent (based on soil P level),

and mycorrhizal fungi with synergistic genes should result in the
greatest stimulation of plant growth.

Ualike the legumz-Rhizobium symbiosis, there is no evidence
supporting a well-defined host specificity for VA mycoirhizae,
Nonetheless, the genotype of both symbionts has been knovn to
influence the degree of root colonization and growth Tesponsc.
Therefore, host preference, in contrast to host specificity, usually
is observed in the VAM symbiosis. In addition, other differences
between the legume~VAM and the legume-Rhizobitm symbioscs
have been observed (Table 1).

Endophyte variabitity

Once it was discovered that mycorrhizal fungi are present in most
soils and colonization by these fungi is the rule rather than the
exception, experiments were designed to compare the cffectiveness
of introduced isolates of mycorrhizal fungi with those indigenous
to native soils. This work was necessary to determine if ficld in-
oculation using selected species of mycorrhizal fungi was feasible.

Mosse and Hayman (63) investigated the effect of inoculation
with G. mosseae on growth of onion scedlings in 4 different soils.
Soil treatinents consisted of sterilization to eliminate indigenous
mycorrhiz - fungi and nonsterilization. Dry shoot weights of pre-
viously inoculated transplants harvested after 11 weeks of growth
averaged 4.85, 4.58, 1.87, and 24 times greater than plants colo-
nized by indigenous mycorrhizal fungi in cach of the 4 soils tested.
Average shoot dry weights of sced-inoculated plants harvested after
11 weeks of growth were 3 times greater than those of plants col-
onized by indigenous mycorrhizal fungi in 3 of the 4 soils tested.
In one soil, however, shoot dry weight of plants colonized by in-
digenous mycorrhizal fungi was 1.7 times greater than shoot d.y
weight of plants inoculated with G. mosseae.

Owusu-Bennoah and Mosse (71) found clear differences in growth
batween onion scedlings inocultated with cither Glomus caledonicum
(Nichol. & Gerd.) Trappe & Gerdemann or a mixture of Glomus
endophytes und noninoculated onion plants grown in the ficld as
carly as 4 weeks after emergence. At harvest, it was found that
inoculation with the mixture of Glomus specics improved growth
by 77% (shoot dry weights) and inoculation with G. caledonicum
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Table 1. Comparison of the vesicular-arbusculaar mycorrhizal symbiosis and the legume-Rhizobium
symbiosis,
VAM Legume-Rhizobium

Fungi + plant
No broad specificity

Fungi-obligate
symbionts
Inoculum peoduction outside the host not
possible

Cunnot fix aunospheric N; but helps the
process through improved P nutrition

Five genera involved,
(e.g., Acaulospora, Entrophospora,
Gigaspora, Glomus, Sclerocystis)

No special structures formed by host

Bacteria -+ plant

Specific (cross-
inoculation groups)

Bacteria-facultative

symbionts

Inoculum production
outside the host
feasible

Fix atmospheric N

Two genera involved
(Bradvrhizobium and
Rhizobitum)

Highly visible structure
formed by the host
(nodules)

improved growth 6 times over plants infected by indigenous my-
corrhizal fungi despite the fact these noninoculated plants were well-
colonized. Pereentage of colonization was less, however, than in
inoculated plants. QOwusu-Bennoah and Wild (72) determined th::
42-day-old onion plants that nad been inoculated with Glomus mos-
seae possessed significantly higher total plant dry weights than did
noninoculated scedlings in either steritized or unsterilized treatments
of 3 separate soils. Improved growth was always associated with o
significanily higher rate of colonization than that of noninoculated
scedlings colonized with indigenous endophytes.

Results with lettuce plants were more variable. 1n 2 soils, inoc-
ulation with G. mosyeae resulted in significantly higher plant dry
weights than did colonization by indivenous mycorrhizal fungi. in-
oculation in the 3rd soil did not sign antly increase plant weights
compired to noninoculated controls in either sterilized or unsteril-
ized soils. Mycorrhizal colonization was absent or very low in all
trecatments,

Plenchette et al. (77) inoculated leck plants with 4 different spe-
cies of mycorrhizal fungi and asparagus plants with 2 different
mycorrhizal endophytes. Leck and asparagus plants were harvested
4.5 and 3.5 months after initial establishments, respectively. Re-
gardless of the mycorrhizal strain used, all of the inoculated plants
exhibited growth superior to that of the control plants. Roots of
control plants were not colonized by indigenous mycorrhizal fungi
in any of the control treatments. Dry weight of leek tops and stem
diameters was significantly increased by all species of VAM fungi
used; however, G. epigacum and G. monosporum Gerdemann &
Trappe were more effective than G. macrocarpum or Gigaspora
calospora (Nichol. & Gerd.) Gerdemann & Trappe. The dry weight
of asparagus tops and roots was significantly increased by Glomus
epigacum and G. monosporum, but there were no significant dif-
ferences between the 2 fungi. Significant correlations were found
between the magnitude of colonization and shoot dry weight for
both leck and asparagus.

Husey ct al. (49) found similar results with asparagus inoculated
with Glomus versiforme (Karsten) Berch grown in this same clay
soil. Inoculation resulted in greater root fresh weights, shoot dry
weights, number of shoots, and shoot heights. Indigenous VAM
fungi had no significant effect on these growth parameters. They
concluded the suppression of growth in plants infected by indige-
nous endophytes may be duc to the incffectiveness of the particular
indigenous fungi associated with asparagus.

Islam and Ayanaba (51) compored the effect of indigenous VAM
fungi to the effect of inoculation with Glomus mosseae on growth
and nutricnt uptake of cowpea and maize plants. Colonization by
indigenous eudophytes significantly increased shoot dry weights and
the total plant N and P content of cowpea plants compared to non-
colonized control plants. Inoculation with G. mosseae in sterilized
soil significantly increased growth, nutrient uptake, and yield com-
pared to colonization with indigenous endophytes. It was concluded
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that G. mosseae was superior to indigenous endophytes in improv-
ing cowpea yield in this sterilized field soil. Growth and yicld of
maize plants were significantly increased as a result of inoculation
in both sterilized and nonsterilized soils, again indicating the su-
periority of an introduced, effective endophyte over indigenous my-
corrhizal fungi.

Similar results were found by Mosse (62) in maize transplants
inoculated with Glomus fasciculatm and grown in unsterilized field
scils. She discovered that colonization by indigenous endophytes
was sparse in maize and only slightly increased by added phosphate.
She theorized that the low level of colonization by indigenous fungi
may denote host specificity of the indigenous endophytes or differ-
ences in response to mycorrhizal colonization among maize culti-
vars. Khan (54) also determined that inoculated maize seedlings
planted in a ficld containing indigenous mycorrhizal fungi bad greater
plant weights, percentage of P, and car size than noninoculated
control plants.

Powell et al. (79) inoculated 4 different cultivars of onions with
a mixture of Glomus fasciculatum and G. tenwe (Greenall) Haill,
F4, F11, F20, NP9 (VA mycorrhiz: i fungi sclections from field
soils), the indigeuois myveorrhizal fungi, plus a control with no
mycorrhizai fungi. They found that 4 of the 5 introduced fungi
significanty increased plant growth and P uptake compared to the
indigenous mycorrhizal fungi, which failed to colonize plant roots.
Although FI1 colonized plant roots, it was ineffective in increasing
P uptake or plant growth.

Rescarch efforts currently indicate that ficld inoculation of veg-
ctable crops, using carcfully sclected species of mycorrhizal fungi,
is usually superior to using indigenous mycorrhizal fungi present in
native soils. Significantly improved plant nutrient uptake rates and
consequent growth stimulation should result from this practice in a
majority of cases. A great deal more research needs to be completed
before identification of the most effective endophyte for cach veg-
ctable cultivar grown in a particular soil is accomplished.

Soil fertility

The majority of mycorrhizal plants benefit from the symbiosis
and show increased growth, nutrient uptake, N, fixation, ctc. How-
ever, most vegetable plants show these physiological responses to
VAM fungi only under low soil P levels,

Daft and Nicholson (20) tested the effect of cumulative P appli-
cation on growth and mycorrhizal colonization rates of maize sced-
lings. They found that enJophyte activity, estimated both by numbers
of spores and percentage of colonization, was progressively de-
pressed when soluble phosphate was applicd over extended periods.
The same was true when the maximuni quantity of phosphate was
added carly during growth of the host. Buwalda et al. (13) grew
leck plants inoculated with Glonus mosseae in pots to which P at
0. 30, 120, and 480 mg-kg~"' of soil had been added. The level of
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VAM colonization decreased noticeably as the amount of P added
increased. Decrease in colonization was also correlated with in-
creased levels of P in plant tissue. Nelsen et al. (68) sowed onion
secds in 2 soils that were high and low in available P and that
contained an indigenous population of mycorrhizal fungi. They added
Pat0, 30,97, and 193 kg-ha ' and inoculum of Glomus etunicatum
Becker & Gerdemann. Root colonization and mycorrhizal spore
numbers were negatively correlated with added P in soil that was
low in available P (3 kg-ha '), Root colonization and spore numbers
were not influenced by added P or mycorrhizal inoculum in soil
that was high in availuble P (97 kg-ha ). Mycorrhizal colonization
ratings in the latter soil remained very low throughout the growth
period of the plants. Interpretation of these results suggested a
threshold level of soil P below which mycorrhizal colonization was
high and above which colonization was low. Rajapakse and Miller
(84) found that addition of soluble phosphate to the sand growth
medium reduced cowpea root colonization by Glomus fasciculatum.
Mycorrhizal influence on certain growth parameters was observed
under all P levels used (i.e.. 13, 23, 33, and 43 ppm): however,
maximum growth response was observed at 23 ppm P. Azeon et
al. €2) and Khan (54) also discovered that high soil P levels sup-
pressed mycorrhizal development in lettuce and corn seedlings, re-
spectively. Sanders (95) applied phosphate solution directly to the
leaves of onion plants. He determined that P application reduced
the intensity and rate of spread of the mycorrhizal colonization,
reduced the weiglit of external myeelium associated with each cen-
timeter of colonized root, and depressed the supply of P to the fost
vii the mycorrhizae. It was concluded that reduction in numbers of
external hyphae. arbuscules, and chlamydospores was more closely
related 1o the phosphate concentration in the roots than to that in
the soil.

Nitrogen fertilization has also been shown to affect mycorrhizal
formation negatively. Havman (43) found application of NHyNO,
to heavy clay loam soil significantly reduced growth and spore
formution of VAM endophytes. Similar results were observed in
light sundy soil. Kruckelmann (55) also found N fertilization cquiv-
alent to 224 kgeha ' inhibited mycorrhizal spore formation in a1
heavy clay loam soil at the Rothamsted Station. However, addition
of Noat 40 kg-ha ' increased spore numbers in a soil at Braun-
schweig, Federal Republic of Germany. Opposite effeets in these
2 soils were attributed to differences in basic tertility as well as to
the amount of N applicd.

The soil fertility picture becomes considerably more complicited
when interactions between Poand N are taken into account. Hepper
(48) also found that increasing the amount of phosphate applicd to
lettuce plants inoculated with Glomus moseae depressed mycorrhi-
zal colonization. Atall phosphate levels, however, mycorrhizal col-
onization increased as more nitrate was supplicd to the host plants.
The extent to which mycorrhizal colonization was depressed de-
pended o the N @ P ratio rather thian phosphate concentration alone.
Mosse (61) also noted that increased N tended (o counteract (he
inhibitory effect of high phosphate.

Research results all clearly indicate that high levels of P and N
in the soil inhibit colonization of plant roots by mycorrhizal fungi.
The extent to which colonization is inhibited, however, does vary
with plant species. Tt appears that internal P level in the root, re-
sulting from high soil P levels, intubits mycorrhizal formation,
Mechanisms for this inhibition of colonization were discussed pre-
viously in this paper. Mechanisms involved in N inhibition of col-
onization have not yet been identified.

Generally, high soil fertility results in minimal VA mycorrhizal
colonization, so that much mycorrhizae is unlikely to be found in
intensively cultivated soils. However, maize in the midwestern United
States is heavily mycorrhizal (45). Since VAM fungi are often abun-
dant in both poor and rich soils, low soil fertility is not always u
prerequisite for extensive mycorrhizal development. Certain endo-
phytes will undoubtedly perform we!l within a broad range of soil
textures and soil fertility levels. Others will prove more efiective
in soils of low fertility in which they are better adapted. Plants that
show physiological response to VAM tungi only under low soil P
levels are termed **responsive™™. Other plants that benefit from VAM
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regardless of soil P level are **dependent™ on VAM fungi (e.g.,
onion and casava) (Fig, 1),

Soil terperature

Most mycorrhizal fungi have an optimum temperature for estab-
lishment of the symbiotic relationship and survival of the mycor-
rhizac. There is, however, considerable variation in the temperature
riange tolerance of individual fungi. For example, Gigaspora cor-
alloidea and Gigaspora heterogama (Nichol. & Gerd.) Gerdemann
& Trappe have an optimum temperature for spore germination and
fungal growth at 30°C, considerably higher than that for Gigaspora
calospora (26%) or Glomus mosseae (20°) (97). In general, there is
an increase in the percentage of colonization up to about 30° (37).
A great deal of work remains to be done in identifying temperature
optima of the many ditferent species of VAM endophytes.

Light Intensity

Light intensity is believed to influence mycorrhizal colonization.
Daft and EI Giahmi (23) found that shading reduced colonization
by Glomus macrocarpum var. Geosporum Tul. & Tul. or G. mos-
seae in a variety of plant hosts. Gunze and Hennssey (38) recorded
increases in the numbers of arbuscules in roots of shaded cowpeas,
while the number of vesicles decreased. Hayman (44) reported that
mycorrhizal development was best in onions colonized with Glonus
moyseae at high light intensitics. The number of arbuscules was
particularly increased at high light intensities. Increased levels of
colonization were correlated with high sugar concentrations in the
roots. Greater mycorrhizal development at high light intensitics ap-
pears to be linked to increased photosynthetic activity and subse-
quent carbohydrate translocation to the roots. Unfortunately,
conflicting research data suggest that this relationship is not clear.
For example. Furlan and Fortin (32) found that onion plants inoc-
ulated with Gigaspora calospora showed more extensive and rapid
mycorrhizal colonization at low hght intensities than at high light
intensitics.

LIMITATIONS OF CURRENT VA MYCORRHIZAL
TECIINOLOGY

Scareity of VAM inoculum has limited the broad use of VAM
fungi. This scarcity is duc to the inability to culture VAM fungi
axenically. which makes use of a host plant essential for multipli-
cation of the endophyte. To ensure quality, inoculum must be pro-
duced under controlled conditions, including freedom from
contaminating pathogens. Presently, 2 types of inocula are feasi-
ble—VAM-colonized roots and VAM-infected soil carrying chla-
mydospores. 1t has been found that an inoculum of root segments
caused more rapid growth stimulation than spores (39). As little as
10 g of infected soil per plant proved to be sufficient inoculum for
ficld-growr. cowpeas and corn (50, 71).

Different methods of ineculum application could be used with
vegetable crops, depending on whether the crop is transplanted or
seeded direetly. Inoculation of transplanted crops is less difficult,
sinee it simply involves an incorporation of the inoculum into the
medium and it oceurs within a relatively small area. For sceded
crops, aumore difficult situation, with several options, is presented.
Inoculum can be applied to the seeds using a sticker or by pelleting,
drilling with the seed, layering, or banding. Additionally, broad-
casting and incorporation could be used in conjunction with a con-
ventional planter; however, this method is an inefficient use of
available inoculum.

A recent approach is fluid-drilling (12). This process has not been
totally successful on & commercial basis due to several problems.
The problems include the need for a large volume of inoculum
carrier gel and frequently encountered unfavorable planting condi-
tions (such as drought or heat), which limit its effectiveness.

In addition, there are post-application problems and constraints
that must be overcome, including lack of competitiveness and sur-
vivability of the introduced VAM fungi as well as the effect of
pesticide application on the endophyte. VAM fungal species and
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strains differ in their capacity to compete with indigenous fungi and
survive in the new environment. Additionally, application of fun-
gicides and other chemicals to the fields can selectively or com-
pletely destroy the VAM propagules.

Viability of VAM inoculum during storage and transportation is
another problem. Mycorrhizal inoculun can be stored for relatively
short periods as compared o Rhizobium inoculunts. Pelleting and
Iyophilization o VAM inoculum increase storage life; however,
Iyophilization can lead to a marked reduction in infectivity. It is
also necessary to multiply VAM pot cultures routinely. As stated
previously, there are many limitations to the application of VAM
technology 1o vepetable crops. However, the inability to culture
VAM endophytes axenically is certinly the major obstacle to large-
scale inoculation,

There are other constraints specific to vegetable crops. Most veg-
ctables have a refatively short growing season and subsequent rapid
crop turnover, requiring the production and application of large
guantities of inocutum, which may not be cconomically feasible.
The short growing season has made it less appealing to develop the
technology when compared o perenniuls (such as forest trees or

nursery craps), where one inoculation may sutfice for a period of

20 or more years. However, this line of reasoning is shortsighted,
since certain vegetable crops benefit greatly from mveorrhizal re-
lationships.

Mycorrhizal benefits are greatest and most obvious under low-
input prowing conditions (e, these found in developing, coun-
tries). Vegetable production in developed countries usually oceurs
under conditions of intensive cultivation. where optmun inputs are
usually provided for crop growth. Currently, it is much simpler to
apply high N and P fertilizers rather than to use mycorthizal fungi.
This sttuation, undoubtedly, will not change until mycorrhizal in-
ocutation procedures are pertected and mocufum can be miss-pro-
duced, so that 1t is fess expensive to use than tertilizers.

I general, recognition of the mycorvhizal phenomenon s rela-
tively recent. Iis still very much anew and emerging field, whose
warkers only recently were given a recognized title- - "mycorhi-
zasts™" . Relatively littde applied rescarch has been conducted thus
far on vegetables due to the reiasons previoushy discussed.

FUTURE RESEARCH NEEDS

First, it i necessary to make the transition from basic to applicd
rescarch in order to develop the necessary technology tor application
to vegetable crops. Most of the work with vegetable crops —for that
mitter all crops-—has involved pot experiments. What is needed
now is thorough testing of the value of iroculation of ditferent
vegetaole species over a wide range of field conditions. How well
these experiments are conducted and the extent to which they are
carricd out will of course depend on continuing rescarch and de-
velopment etforts ininoculum production and methods of applici
tion including quantity . quality, and frequency of application.

Identitication of efficient VAM endophyte species tor symbiatic
elfectiveness, competitiveness agannst indigenous VAM tungi, tol-
crance to environmenta! extremes such as drought and salinity, twl-
crance to mineral deficiencies and toxicities, and tolerance to i
broad range of pesticides are needed. Improved use of indigenous
VAM lungi also requires attention, as does the role of host plants
n determining benetits of the VAM svmbiosis. Finally, no discus-
ston of the need for future mycorthizal research would be complete
without underscoring the necessity and importance of additional
rescarch on the axente culture of VAM endophyies.
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