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FOREWORD 

Scientists at the Plant Stress Laboratory at Beltsville, Maryland, follow

ing discussions with Dr. T.S. Gill, proposed this Workshop to the Agency 

for International Development in December of 1974. The proposal grew 

out of pioneering research at the Laboratory, which is a part of the Plant 

Physiology Institute of the Agricultural Research Service, USDA. Results 

obtained in this research had excited worldwide interest, and led to 

exchanges of information, and visits by scientists; its applicability to the 

solution of world food problems was becoming clear. 
Subsequently Dr. Gill learned of related activity ina program of re

search on soils of the tropics at Cornell University that was funded by 

AID, and lie suggested that the two research units collaborate in arrang

ing the Workshop. This suggestion was adopted and the program was 

jointly developed during a series of meetings in 1975 and 1976. The 

Organizing Committee consisted of ]. C. Brown, M. N. Christiansen, M. 

Drosdoff', C. D. Foy, ".S. Gill, C. 0. Grogan, R. D. Rhue, and M.]. Wright. 
The duties of' host were assumed by the Plant Stress Laboratory. The 

Organizing Committee expresses its thanks to the Laboratory staff and to 

many other individuals in the National Agricultural Library and the 

Agricultural Research Service's Research Center at Behsville for a mul

titude of helpful services and individual courtesies. The Plant Stress 
Laboratory absorbed many of the necessary expenses.. 

The duties assigned to Cornell were mainly those of arranging travel, 

and editing, publishing, and dlistrihut ing the Proceedings. Much help has 

been willingly given to the Comnmittee to accomplish these tasks. 

The Editor is especially grateful to our-Managing Editor, Sheila A. 

Ferrari, for her demonstration of how to perform a complex job with 

diligence, tenacity, and ingenuity, all seasoned with a saving humor. 
The Organizing Committee also is responsible for recommending to 

the Technical Assistance !Bureauof All) various followup procedures that 

will ensure maximum dissemination of the information contained in 

these Procecdings, and that may raise the level of adoption of'the "genetic 

approach." 

MADISON J. WRIGHT 
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PREFACE 

As a general rule, prophets (read futurists) fall into two distinct groups: 
those who see mankind solving the triple threat of unchecked population 
growth, shrinking supplies of' fossil fuel, and inadequate food supplies; 
and those who foresee only chaos and doom. It is reasonable to assume 
that this sort of polarity among prophets has prevailed throughout re
corded history. Nevertheless, one has difficulty in maintaining a sanguine 
view when on reaching the ' middle years" one conif'ronts the faict that 
world population has more than doubled in one's own lif'etimne; that oil 
and natural gas shortages are not vague predictions, blut reality; and that 
marked increases in the production of agricultural coin modities will be 
restricted in many areas by the high cost of chemical inputs and by 
limitations in the environment. 

Agricultural planners have reacted to projected trends by calling for 
increased research to reduce or eliminate factors that limit crop area, 
yield, and total production. Progress, it is claimed, will provide a margin 
of safety during which mankin idcan address and solve the problems of 
population, energy, and Food. There is no den ying that basic research is 
urgently needed. There is also io denying that major scientific break
throughs take tine aid resources and that tile threat of liminie and 
political upheaval will not wait. To a large extent, then, we are going to be 
called upon toi meet the impending crises with the knowledge and 
technology at our disposal. 

We must reexamiiie tile principles and practices that nake til) todays 
dogilla in industrialized agriclture. We can already point to tile increas
ing inipact of "no-till" f'in iing and douhle-croppilig. A more ftUidamen
tal change is represented by increasing evidence that plant gerniplasmn 
call be selected and superior Ctmllivars developed ol the basis of* their 
adaptation to problenm soils. Although we haive moved slowly to capilalize 
on this inf'oriation, it offers great pironiise in reducing energy inputs and 
imnproviing the reliability of' crop yields in hot h developed and developig 
countries. Realization of its f'ull potential will require a reexamination of' 
research priorities as well as tile active participation of*plant geneticists, 
plant physiologists, aind soil scientists. While many questions reinii in
answered, the principles are available for inediate investigation and 
Use. 
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The Workshop on the Adaptation of Plants to Mineral Stress in Prob
lem Soils isbeing held at a propitious time-a time when we can still focus 
attention on this exciting approach to increasing world food supplies. It is 
my sincere wish that the message will be accepted by those who read the 
proceedings, for indeed, time is short. 

A. A. HANSON 
Director 
Beltsville Agricultural Research Center 

x 



WORKSHOP SESSION I 

Monday morning, November 22, 1976 
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Fertilizer Development Center, 402 First Federal Building, Florence,
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Inventory of the Major Soils of the World
 
with Special Reference to Mineral Stress Hazards
 

R. Dudal 

A GLOBAL APPRAISAL 

The appraisal of soil resources on a global basis has engaged the minds 
of soil scientists from the beginning of this century. A number of world 
soil maps have been compiled at scales varying from 1:20,000,000 to 
1:100,000,000. These maps were mainly based on general information 
rather than on actual surveys. The distribution of soils shown reflected 
the different schools of thought on soil genesis and on the factors that 
govern it. The estimation of' global land reserves was arduous since 
correlating and interpreting different classification systems and source 
material of different origins met with great difficulties. 

From the carly fifties onwards, soil surveys expanded considerably and 
new programs were started in a great number of countries. Soil investiga
tions extended into tropical areas and knowledge of the world's soils 
increased markedly. The 6th Congress of the International Society of Soil 
Science (ISSS), held in Paris in 1956, recommended that special attention 
be given to the classification and correlatior of the soils of great regions.
As a result, soil maps covering Africa, Australia, Asia, Europe, South 
America and North America - at scales ranging from 1:5,000,000 to 
1: 10,000,000-were presented at the 7th ISSS Congress held in Madison, 
Wisconsin, USA, in 1960. While these maps reflected a vast amount of
knowledge on the properties and distribution of soils in different parts of 
the v orld, it appeared that nomenclature, survey methods, legends, and 
systems of classification varied so widely that comparisons between differ
ent regions remained difficult. 

As a follow-up to the 7th ISSS Congress, FAO and UNESCO, in coop
eration with the ISSS, embarked in 1961 on the preparation of a soil map
of the world at scale 1:5,000,000. The project was carried out under the 
scientific authority of an international advisory panel. The world is 
covered in 19 map sheets, 14 ofwhich have been published to date (15, 16, 
17, 18, 19). Each set of maps covering a continent or large region is 
accompanied by an explanatory volume. Five volumes out of a total often 
are now published (15, 16, 17, 18, 19). The characteristics of this world 
map are that it is based on actual survey material, integrates available 
knowledge into a unified legend, and benefits from a wide international 
cooperation. 
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It should be noted that the reliability of the Soil Map of the World 
differs from one area to another depending on the accuracy and detail of 
the material used for its compilation. Table 1 shows the sources of infor
mation available in the different parts of the world and does, at the same 
time, provide a picture of soil survey coverage at a global scale. Class I 
areas are covered by systematic soil surveys in which the boundaries of 
mapping units are plotted from field observations; Class II are reconnais
sance soil surveys in which boundaries are based on physiographic data 
while the composition of the mapping units is based on field studies; in 
Class III areas, boundaries are derived from interpretation of general 
information on landforms, geology, climate, and vegetation, and from 
scattered soil studies. 

Table 1. Soil survey coverage. 

Class I Class II Class Ill 

Africa T5 38.0 54.5 
Asia 19.0 49.0 32.0 
Australasia 11.0 61.0 28.0 
Europe 
North & Central America 

76.3 
28.0 

23.7 
16.0 

-
56.0 

South America 15.0 48.0 37.0 
World 21.0 40.8 38.2 

It appears that only about a fifth ofthe world's soils have been surveyed, 
with the highest percentage in Europe, and the lowest in Africa. However, 
a more realistic picture is obtained when percentages are calculated after 
deduction of arid regions and permafrost areas, which are surveyed only 
in few instances. Of the remaining land area, Class I surveys cover respec
tively 10.8, 23.3, 15.4, 80.2, 46.1, and 14.6 percent of the regions listed in 
Table 1and 28.2 percent of the world. 

AN INTERNATIONAL LEGEND 

A major obstacle to starting a global soil inventory in 1961 was the lack 
of a generally accepted system of soil classification. In order to obtain 
international agreement a common denominator between different sys
tems in use had to be established. The major soils which had actually been 
recognized in different parts of the world had to be assembled into one 
outline, which would make it possible to obtain a balanced picture of the 
world's soil pattern. 

Intensive soil correlation was an important element of the program. 
First drafts of maps and legends were presented at the 8th ISSS Congress, 
in Bucharest in 1964, and an international agreement on the interna
tional legend was reached at the 9th ISSS Congress, at Adelaide, Au
stralia, in 1968. 
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In order to secure reliable identification and correlation in areas far 
apart, the soil units were defined in terms of measurable and observable 
properties of the soil itself. The key properties were selected on the basis 
of generally accepted principles of soil formation and on their relevance 
to the use of the soil. I he definition of diagnostic features and horizons 
were drawn from the successive approximations of the USDA Soil Clas
sification and are in accord with Soil Taxonomy (34). 

With regard to nomenclature, an attempt was made to use as many 
"traditional" names as possible, for instance, Chernozems, Podzols, 
Planosols, Solorchaks, Rendzinas. A number of terms such as Podzolic 
soils, Prairie soils, Lateritic soils, Brown forest soils, though firmly estab
lislied in soils literature, could not be retained without perpetuating the 
confusion which the dissimilar use of these names in different countries 
had created. For a limited number of soils it was therefore imperative to 
coin new names such as Luvisols, Phaeozems, Nitosols, Cambisols. 

The legend comprises 106 soil units which, for the sake of presentation, 
have been clustered into 26 major groupings. In terms of Soil Taxonomy 
(34), these groups correspond either to orders-e.g. the Vertisols, His
tosols, Ferralsols (Oxisols), Acrisols (Ultisols), and Luvisols (Alfisols)-or 
to suborders, e.g. the Chernozems (Borolls), Phaeozems (Udolls). Kas
tanozems (Ustolls), and Rendzinas (Rendolls). The definitions, correla
tion, and nomenclature of these units are given in Volume I, Legend, of 
the Soil Map of the World (16). 

MINERAL STRESS IN MAJOR SOILS 

Soils play a major role in determining the level of availability of nutri
ents to plants, either present in the soil or added to it, through their 
mineral resetves, pH, organic matter content, cation exchange capacity, 
base saturation, sesquioxide content, permeability, and moisture reten
tion capacity. Since these properties are also used as criteria to separate 
soil units, the major soil groups are characterized by a certain nutrient 
status and in many instances by specific mineral stress features. 

Mineral stress phenomena considered here are nutritional deficiencies 
or toxicities which are inherent to the morphology and chemical composi
tion of the soil and which often represent a serious constraint for crop 
production and land development. 

It should be noted that different species or varieties may react very 
differently to high or low levels of mineral elements in soils. Wheat and 
barley varieties show differential aluminum tolerance in acid soils (21). 
Tea is most successful on acid tropical highland soils having a high content 
ofexchangeable aluminum while legumes thrive on soils with a high base 
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saturation, and some even require the presence offree lime. The relation

ships described below need, therefore, to be interpreted in terms of 

specific crops and their nutrient requirements. 
For these soils, the formation of which is closely linked with the kind of 

parent material (e.g., Andosols, Arenosols, thionic Fluvisols, Histosols, 

Nitosols, Rendzinas, and Vertisols), mineral stress features are sub

stratum related and, to a large extent, consistent within each group. For 
are not limited to a narrow range of parent materials,other soils which 

mineral stress features may be related to a type of soil-forming process 

which, when active for a sufficient length of time, has imprinted specific 

properties on the soil group as a whole (e.g., Acrisols, Ferralsols, Cher

nozems, Kastanozems, Phaeozems, Planosols, Podzols, Solonchaks, Sol

onetz, Xerosols, and Yermosols). There isa third category of soils in which 

mineral stress features, if they occur, are not consistent with soil classifica

tion units at a high level of generalization, mostly for reasons of great 

variability (e.g., Cambisols, Fluvisols, Lithosols, Luvisols, Podzoluvisols, 
Rankers, and Regosols). For these soils, relationships between soil charac

can be estabteristics, plant nutrient status, and mineral stress features 
lished at lower levels of the classification system; however, this would 
reach beyond the scope of the present world review. 

Mineral stress features related to parent material and to soil-forming 

processes are briefly discussed for the soil units listed below. For each unit, 

a short description and the equivalent term from Soil Taxonomy (34) are 

given. Complete definitions are published in the Soil Map of the World 

series (16). 

ACRISOLS 

[From L. acris, very acid; Ultisols, pro parte (in part).] Soils of tropical 

and subtropical areas with subsurface horizons of clay accumulation, low 

base status, and low content of' weatherable minerals. Mineral stress 

features in these soils are associated with very strong leaching: strong 

acidity, depletion of bases, and possible toxicities of aluminum, man

ganese, and iron. Nitrogen deficiency is a general constraint for crop 

production on Acrisols. A low cation exchange capacity, especially in the 

surface horizon, is often an obstacle to effective fertilization. 

ANDOSOLS 

(From Japanese an, dark and do, soil; Andepts.) Weakly developed soils 

on volcanic ash i.eposits of andesitic to basaltic nature, with a high propor

tion of easily weatherable minerals. These conditions lead to the forma
tion of amorphous hydrated oxides which determine mineral stress 

phenomena because of their very high phosphate-, borate-, and 
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molybdate-fixing capacity by which these elements are easily converted 
into forms unavailable for most plants. A dominance of Mg over Ca may 
develop from the weathering of ferromagnesian silicates in basaltic vol
canic ashes. In ochric and humic Andosols Al toxicity occurs frequently. 

ARENOSOLS 

(From L. arena,sand; Psamments.) Soils showing weak horizon differ
entiation and derived from sands with a large proportion of quartz. 
Consistent mineral stress lhenomena observed in these soils are linkecl 
with a general paucity of fertility elements, an unsatisfactory water
holding and cation-retaining capacity, and a deficiency in minor elements 
normally bonded to the clay or organic matter (Zn, Mn, Cu, Fe). 
Arenosols derived from quartzy materials show consistent deficiency in 
potassiunl. 

CHERNOZEMS 

(From Russian rhern, black and zemlJa, earth; Borolls.) Soils of cold and 
subhumid steppes showing strong accumulation of organic matter in the 
surface horizon, in tie presence of calcium, with a high base status and an 
accumulation of lime at shallow depth. In relation to high pH and the 
presence of free calcium carbonate in the soil, reduced availability of Zn, 
Mn, and Fe mnay occur. Major stress features in these soils are derived 
from moisture stress in years of erratic rainfall during the growing sea
son. 

FERRALSOLS
 

(From L.frrum and aluminum: Oxisols.) Strongly weathered soils of 
tropical regions, consisting mainly of kaolinite, quartz, and hydrated 
oxides, and having a low base exchange capacity. Mineral stress problems 
are mainly related to a low retention capacity anid a strong fixation of' 
phosph.ltes by free sesquioxides and clay components with high fixing 
capacity. Specific mineral stress plhenomena in Ferralsols can be listed as 
follows (43): 

-deficiency in bases (Ca, Mg, K) and incapability to retain bases that 
are applied as fertilizers or amendments; 

-presence in acid Ferralsols (with pH in water below 5.2) of exchange
able aluminum, an element which is toxic for manyl)plant species and 
highly active in the fixation. of phosphates; 

- presence of free manganese in acid Ferralsols, likewise toxic for a 
number of species; 

-fixation of phosphate on sesquioxide minerals; 
-deficiency of molybdenum, especially for the growth of legumes; 
-toxicities of iron and manganese shown by paddy rice. 
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It should be noted that for Ferralsols other than plinthic Ferralsols, 
mineral stress is partly compensated by favorable physical conditions 
which permit full root penetration and full utilization of the profile by 
plant roots in search of moisture and nutrients. 

Special mention should be made of Ferralsols formed from ultrabasic 
rocks, e.g. peridotite or serpentine. The weathering of these materials 
leads to a strong accumulation of microclements such as chromium, 
cobalt, and ni-kel, which are little mobile in soil environments, along with 
aluminum and iron. The excess of toxic elements in these soils makes 
them entirely unfit for crop production. 

FIU VISOIS 

(From L.fluvius, river; Fluvents.) Weakly developed soils from alluvial 
deposits in active floodplains. The great variability of these soils, related to 
the wide range of materials from which they are derived, does not permit 
the marking of specific stress features for the group as a whole. Special 
mention should be made, however, of the thionic Fluvisols which are 
widespread in coastal swamps and marshes. Upon drainage these soils 
become excessively acid. Extreme mineral stress is caused by the very low 
pH and by aluminum, manganese, and iron toxicity. It is of interest to 
note that in tropical climates oilpalm aild punk tree (Melah'uca h'ucade'n
dron) stand these extreme conditions and are capable of producing yields. 

GIEvsoLs 

(From Russian local name gh, mucky soil mass; Aquents, Aquepts, 
Haplaquolls.) Soils in which excess of water is a major factor in their 
formation. Low oxidation potential reduces nitrification and availability 
of manganese. Iron toxicity may occur while an excess of molybdenum 
may result from poor drainage. 

H ISTOSOI.S 

(From Greek hislos, tissue; Histosols.) Soils saturated with water for 
prolonged periods of the year and having a thick surface horizon of fresh 
or partly decomposed organic matter. Histosols, which contain about, or 
more than, 60% organic matter on a dry-weight basis, cause silicon defi
ciency in plants that require this element for tissue strength. Well-known 
examples are silicon deficiency of rice and of sugar cane. In Histosols with 
terric admixtures, silicon deficiency is less common. Histosols consistently 
provoke copper deficiency which readily shows up in crops that require 
more than normal amounts of this element, e.g. oats. Histosols also 
produce stress phenomena related to low oxidation potential mentioned 
under Gleysols. 
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KASTANOZEMS 

(From L. castaneo, chestnut, and Russian zemja, earth; Ustolls.) Soils of 
subarid steppes showing an accumulation of organic matter in the surface 
horizons, with a high base status, often calcareous throughout. Kas
tanozems show reduced availability of phosphorus in relation to their 
high calcium carbonate content. Manganese deficiencies and immobiliza
tion of copper and zinc are common. A larger part of the luvic Kas
tanozems are alkaline and show high contents of sodium in the subsurface 
horizons, possibly leading to sodium toxicity and unavailability of potash. 
Kastanozems suffer serious moisture stress during the vegetation periods 
in most years. 

NITOSOLS 

(From L. nitidus, shiny, lustrous, connotative for shiny ped faces; 
Paleudults, Tropuldalfs, pro pare.) Soils of tropical regions showing fea
tures of strong weathering and deeply developed subsurface horizons of 
clay accumulation. Mineral stress phenomena of Nitosols are similar to 
those of Ferralsols but are much less acute. Base exchange capacity is low 
but markedly higher than in Ferralsols. Moderate phosphate fixation 
occurs in the presence of hydrated oxides. Manganese toxicity may occur 
in the more acid Nitosols. The favorable physical conditions of these soils, 
their depth, and their relatively good base retention capacity rank these 
soils among the most responsive in the tropics. 

PHAEOZEMS 

(From Greek phaios, dusky, and Russian zemja, earth; Udolls.) Soils of 
humid temperate forest-steppes and high grass prairies, having a strong 
accumulation oforganic matter in the surface horizons, a high to medium 
base status, and showing deep leaching of calcitm carbonate. These soils 
are among the most fertile in the world and do not, as a group, show 
mineral stress features. Molybdenum toxicity may occur in the more 
poorly drained members of this group. 

PODZOLS 

(From Russian local name derived from pod, under, and zola, ash; 
Spodosols.) Acid coarse-textured soils with subsurface horizons of iron or 
humus accumulation or both. Mineral stress features observed in Podzols 
are specifically related to excessive leaching accompanied by the forma
tion of complex organic matter and metal compounds. These soils suffer 
from a general lack of fertility especially with regard to nitrogen and 
potash. Phosphate availability is reduced by the low soil pH and the 
presence of exchangeable aluminum in the upper soil horizons. Minor 
element deficiencies, especially copper, are common. 
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PLANOSOLS 

(From L.planus, flat, level; Albolls, Albaqualfs, Albaquults.) Soils gener
ally developed in level or depressed topography showing strongly tex

tural differentiation and seasonal surface waterlogging. The growth of 

plants in Planosols is impeded by alternating periods of water excess and 

severe drought. Strong leaching, furthermore, entails a lack of nutrients 

combined with a low cation exchange capacity in tile surface horizon (11). 
In strongly developed Planosols aluminum toxicity may occur. 

RENDZINAS 

(From Polish rzedzic, noise, connotative of plough noise in shallow soils; 
Rendolls.) Shallow soils having a surface horizon rich in organic matter 
overlying highly calcareous material. The mineral stress phenomena are 
related to the abundance of free calcium carbonate with an equilibrium 
pH in the soil environment of around 8.2. At this pH several minor 
elements are bonded in unavailable form, notably zinc, manganese, and 
iron. Reduced availability of phosphate results from an excess of calcium 
present. 

SOLONCHAKS 

(From Russian sol, salt; Salorthicls.) Soils showing high concentrations 
of soluble salts which result in high osmotic pressure of the soil solution, 
moisture stress, and a hindrance to normal ion uptake by plants. Depend
ing on the nature of the salts present, different anions and cations may 
occur in excess. The presence of boron in irrigation waters or t he accunu
lation of boron derived from certain parent materials - e.g. boro
aluminosilicates present in loess deposits- may cause boron toxicity. 

SOLON ETZ 

(From Russian sot, salt; Natrargids, Natrustalfs, Natrixeralfs, Nat
riborolls, Natrixerolls.) Soils with subsurface horizons of clay accumula

tion and high sodium saturation. The stress phenomena in Solonetz, or 
alkali soils, are related to high pH, excess of sodium and reduced avail
ability to plants of nitrogen, phosphate, and potash. Microelements such 
as zinc, copper, iron, and manganese become unavailable in alkaline 
conditions. The decisive limiting factors to plant growth in Solonetz, 
however, are the poor physical conditions of sodium saturated clays, the 
unfavorable internal drainage, and the limited amount of available mois
ture. 
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VERTISOLS 

(From L. verlo, turn; Vertisols.) Soils developed from swelling clays, 
showing deep and wide cracks when dry and a turn-over of surface 
material by self-mulching. Stress features in Vertisols are mainly related 
to their moisture regime, characterized by the very narrow range between 
moisture stress and excess of water resulting from the very strong clay
water bonds of' the expanding-type clay minerals. Base saturation in 
Vertisols is high with calcium and magnesium prevailing in the sorptive 
complex. Inhigh pH Vertisols, phosphorus availability is generally low. 
Shortage of nitrogen may occur as a result of poor surface drainage and 
relatively low contents of organic matter. Irrigation may promote the 
formation of sulfides that remain free because of the limited amount of 
iron present (10). Sulfides may harm roots. 

XEROSOLS 

(From Greek xeros, dry; ustollic and xerollic Aridisols, proparte.)Soils oft 
semi-arid areas, exclusive of strongly saline and sodium-saturated soils. 
These soils suffer from drought stress in most years. The lack of water 
supply is the most serious limiting factor to plant growth. When water is 
applied, mineral stress phenomena may result from high calcium carbo
nate content, reduced availability of phosphorus, salinity and alkalinity 
hazards, and acute deficiencies of iron and zinc. Xerosols may have high 
contents of gypsum which, besides causing serious physical problems, 
may induce magnesium and potassium deficiencies. 

YERMOSOI.S 

(From Sp. vermo, desert, derived from L. erermus, solitary, desolate; typic 
Aridisols, pro pare.) Soils of arid areas. Drought stress is a permanent 
characteristic of these soils. When water is supplied through irrigation, 
mineral stress features may occur similar to those described for Xerosols. 

The mineral stress features reported above refer mainly to the growth 
of' plants. It is equally important, however, to note that certain elements 
are of importance for plant quality with regard to human or animal 
nutrition (4). Selenium toxicity may occur in poorly drained soils; cobalt 
deficiency is frequent in Podsols and Acrisols; iodine is often lacking in 
soils with high calcium carbonate content (32). 

In addition to stress phenomena which are inherent to the soil, tox
icities may be induced by human activities, for instance, lead and cad
mium from industrial waste products; zinc, copper, and molybdenum 
from excessive applications of sludge; fall-outs of arsenic-containing fly 
ashes; stress elements contained in certain fertilizers such as fluor and 
cadmium. Soil can, to a certain extent, act as a reservoir and a natural 
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remedial or preventivebuffer for environmental control, provided 
measures take into account the specific soil conditions which determine its 

-capacity to recycle or neutralize elements added to it (8) 

GEOGRAPHICAL DISTRIBUTION 

The geographical distribution of mineral stress features can be assessed 

from the distribution of the major soils of the world, as shown in Table 2. 

The figures given refer to soil associations, i.e., broad physiographic 

entities named after the dominant component. Other soils do, however, 

occur within each of these associations as seconuary elements or as minor 

inclusions. 
Table 2. Distribution of the major soils of the world. 

Soil associations dominated by in 1,000 ha in percent (%) 

Fluvisols 
Gleysols 
Regosols and Arenosols 
Andosols 
Vertisols 
Solonchaks and Solonetz 
Yermosols 
Xerosols and Kastanozems 
Chernozems, Greyzems, and Phaeozems 
Cambisols 
Luvisols 
Podzoluvisols 
Podzols 
Planosols 
Acrisols and Nitosols 
Ferralsols 
Lithosols, Rendzinas and Rankers 
Histosols 

316,450 
622,670 

1,330,400 
100,640 
311,460 
268,010 

1,175,980 
895,550 
407,760 
924,870 
922,360 
264,120 
477,700 
119,890 

1,049,890 
1,068,450 
2,263,760 

240,200 

2.40 
4.73 

10.10 
0.76 
2.36 
2.03 
8.93 
6.79 
3.08 
7.02 
7.00 
2.00 
3.63 
0.91 
7.97 
8.11 

17.17 
1.82 

Miscellaneous land units (icefields, salt 
flats, rock debris, shifting sands, etc) 420,230 3.19 

World land area 13,180,390 100.00 

From the table it can be observed that Ferralsols, which show major 

mineral stress factors in tropical zones, occupy 8.11 %of the world's land 

area; that is considerably less than what has commonly been estimated. 

Acrisols and Nitosols total a coverage of 7.97%. Other soils occupying 
large areas in the tropics are Vertisols, Andosols, Cambisols, Luvisols, 

Arenosols, and Lithosols. This spreading of soil associations shows the 

great variety of soils which occur in tropical regions comprising both acid 

soils (high in metallic oxides and hydroxides) and soils with base status 
and better retention capacity. The term "tropical soils" cannot, therefore, 
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be used as a common denominator with regard to chemical and physical
properties. In tropical areas with reccm.geological history, especially in 
those with volcanic activity, transformation processes are not basically 
different from those that occur under other climatic conditions. 

It is difficult to characterize the world's soil regions by specific stress 
features since a number of them overlap. However, a rough breakdown 
can be made as follows: 

Mineral stress (Ferralsols, Acrisols, Nitosols, Podzols, Podzoluvisols, 
Andosols) 2,960,800,000 ha, repiesenting 22.47% of the world's land 
area. 

Drought stress (Yermosols, Xerosols, Kastanozems, Solonchaks, Sol
onetz, Regosols, Arenosols) 3,66),940,000 ha, representing 27.85%. 

Excess of water (Fluvisols, Gleysols, Vertisols, Planosols, Histosols)
1,610,670,000 ha, representing 12.22%. 

Shallowness (Lithosols, Rendzinas, Rankers, Cambisols) 3,188,630,000 
ha, representing 24.19%. 

Soils in which stress features are least pronounced (Chernozems, 
Greyzems, Phaeozems, Luvisols) 1,133,120,000 ha, representing 10.08%. 

Miscellaneous land units or "non-soils" (icefields, salt flats, rock de
bris, shifting sands) 420,230,000 ha, representing 3.19%. 

Large areas are also affected by freeze stresses and permafrost, esti
mated to cover 1,950,000,000 ha, or 14.80%, of the world's land areas. In 
addition to the Arenosols and sandy Regosols, a high proportion of other 
soils have sand), surface horizons, among which are many Acrisols,
Planosols, Xerosols, and Yermosols. Textural limitations ofthose soils add 
on to other stress features by which they are affected. 

The current approach to soil fertility gives emphasis to changing the 
soil to fit the plant. However, certain soil conditions cannot economically
be corrected with current technology, so that efforts to adapt plants to soil 
conditions should be given more attention. It should be realized that this 
adaptation should not address itself only to extreme cases of mineral 
stress but also to the selection of fertilizer-efficient genotypes which would 
ensure a maximum uptake ofavailable nitrogen and phosphorus. Indeed 
for a long time to come agricultural development in a number of coun
tries will have to rely on the inherent fertility of natural soils and on 
relat:vely low inputs of fertilizers. At present only 15% of the fertilizers 
produced in the world are used in developing countries which have 70% 
of the world's population. The lack of adequate infrastructure for fer
tilizer distribution, the training of small farmers, and the increasing prices
of energy and raw materials, are constraints which will prevail in large 
parts of the world for many more years. The adaptation of land use and 
management techniques, including tailoring of plant species and varieties 
to the soil environment, could play an important role in meeting the 
world's future food requirements. 
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Formation, Distribution and Consequences 

of Acid Soils in Agricultural Development 

A. Van Wambeke 

The purpose of this paper is to serve as an introduction to a dialog 
between plant and soil scientists about the depletion of nutrients as the 
main limiting factor in crop production. 

There is no doubt that in many instances soil names will be used which 
are indicative of properties that affect plant growth; to clarify the general 
terms and nomenclatures, and point out the most important soil-forming 
factors implied in the names is the main objective of this contribution. 

In a first approach, and put in its simplest way, acidity normally de
velops in horizons where the supply of bases to the soil water by weather
ing of primary minerals or from other sources is less than the losses 
suffered by leaching. In a more conpr.liensive perspective, this intro
ductory statement should be amended by taking into account the amounts 
and the strength of the acids which are produced during the formation of 
secondary minerals and by the decomposition of organic matter added to 
the system. These processes are initially controlled by the original com
position of the parent materials; the proportion of primary minerals 
frequently defines the pathway which profile development will follow, 
and determines at several stages the chemical properties of the environ
ment in which plant roots grow. 

The preceding statements help to identify some of the most important 
external factors which are responsible for producing acidity in soils: high 
seasonal excesses of' precipitation over evapotranspiration, vegetation 
with concentration of' leaf fall in short periods before winter, parent 
materials low in weatherable minerals, accumulation of organic matter, 
and finally time. All of these are conducive to the depletion of bases and 
nutrients in freely drained soils. The oldest materials are usually the most 
weathered and are the most strongly leached. The interpretation of these 
pedogenetic factors applied to generalized soil maps leads to a geographic 
evaluation of the importance of soil acidity in limiting food production in 
the world. 

GEOGRAPHY
 

There have been many estimates of land surfaces on a global basis. Most 
of them have used FAO-UNESCO (16) and the U.S. Department of 
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DISTRIBUTION OF ACID SOILS IN CLIMATES WARMER THAN CRYIC (Annual Soil TO>8 0 C) 
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Figure 1 Distribution of acid soils in climates warmer than cryic. 



Agriculture world soil maps (26), and were summarized in the President's 
Science Advisory Committee report (30). 

Fig. I shows the result of an interpretation of a generalized soil map 
(33) in which areas where acidity problems are dominant were grouped 
together. It can be seen that they are essentially located in the tropical and 
cool temperate regions; the former may be situated in low or high rainfall 
climates, with or without dry seasons. 

The areas covered by the different soil orders recognized in the U.S. 
Soil Taxonomy (34) and their proportions are two criteria used to e!stimate 
the importance of the acidity problem. Ultisols and Oxisols are the major 
components in the warm climates on old landscapes. Mountain areas 
under such conditions are covered by soils with incipient development 
which belong to the Irtceptisols; when they are formed in volcanic ash they 
are called Andepts. At latitudes outside the tropics Alfisols with surface 
leaching make up the bulk of the soils, together with Spodosols where the 
parent materials are sandy. 

Oxisols of the tropics with inclusions of Ultisols and Inceptisols occupy 
approximately 1,000 million hectares; leached soils of temperate regions 
total 325 million, and Ultisols 130 million hectares. These figures corres
pond respectively to 33, 10, and 4 percent of the total potentially arable 
land area of the world which do not require irrigation. It should be 
pointed out that they are only rough estimates based on old surveys and 
definitions which need to be revised. 

Most of these soils have low population density, present excellent physi
cal conditions, and are located in areas where climatic factors are favora
ble for optimum crop production. 

CLASSES OF SOILS 

Soil classification has become highly elaborated during the last decade 
as it is expected to serve an increasing number of purposes, each of which 
has its specific set of requirements. 

Technical groupings of the taxonomic classes are necessary to highlight 
soil properties which are important for particular aspects of soil-plant 
relationships. An attempt is made in the following paragraphs to focus 
attention on the different kinds of chemical environments which may 
prevail in the root zones of plants growing in soils affected by acidity. 

In order to facilitate understanding of the intricate combinations of soil 
characteristics implied in the names of soil classes, a genetic approach is 
used here; the reasoning behind it isoften merely speculative, and seldom 
supported by evidence. The sequence of soils which is presented illus
trates the evolution under conditions of free drainage. Two kinds of 
parent materials are considered: weathering regolith, and volcanic ash. 
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Under these conditions it is assumed that the normal succession of 

dominant types of silicate clay minerals passes through: (1) amorphous 
clays, (2) 2:1 clay minerals, and (3) 1:1 clay minerals. Amorphous mate

rials are transitional and shortlived in most cases except in young volcanic 
ash soils where they are dominant. Clay minerals of 2:1 type may have 

formed in neutral conditions but may be transient when bases are leached 
out of the profile. Final weathering stages are often exclusively composed 
of' 1:1 clay minerals and oxide mixtures. 

Crystal lattice clays upon dialysis or depletion of'the soil solution tend to 

react as acids having specific strengths. 2:1 clays combine strong acidic 
properties with high negative charges that are permanent and not af
fected by the cmposition of' the soil solution. pH values may drop to 
levels which destroy the lattice and release aluminum ions, which in turn 
hydrolyse and control the pH in the soil solution through buffering 
mechanisms. Fresh aluminum hydroxides and their polymers are particu
larly effective. Upon aging they tend to crystallize into gibbsite which is 
essentially inert. 

Leaching of' weathering soil materials leads to the removal of' silica and 
residual concentration of' iron and aluminum oxides in the clay f'raction. 
This increase in sesquioxides may ultimately control the behavior of ions 
in the soil solution. 

The reason for going back to clays and oxides as the major components 
defining chemical properties in the soil solution comes from their electric 
charge and specific surface properties. Illites and montmorillonites (2:1 
clays) have permanent charges and are essentially unstable in acid envi
ronments; as a rule they tend to disperse when decalcified, and may 
migrate into argillic horizons. Kaolinites (1:1 clays) have low or no per
manent negative charge, are coated by oxides, and are not translocated to 

the same extent. The point to be emphasizcd is the presence or absence of' 
a permanent charge due to isomorphic substitution in tile crystal lattice of' 
the dominant clay minerals. 

This differentiating property is reflected in most modern classification 
systems, and implied in the names used for designating classes in the 
higher categories, Illuviated horizons are used to separate soils at the 

same level. The combination of both sets of criteria with a leaching factor 
identifies soil taxa that are important foir this discussion. 

These three groups of differentiating properties are used to construct a 
tridimensional conceptual space identified by three axes shown inl Fig. 
2(a). The soil universe is divided along the X axis into three weathering 
stages (I, II, 111) which are roughly defined by the cation exchange 
capacity of the clay fraction set at > 40, between 40 and 16, and < 16 meq 
per 100 g clay. Two fields are recognized along the Z axis, pointing 
upward from the page, based on the absence (A) or the presence (B) of an 
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Figure 2 	 Location of Oxisols, Alfisols, Ultisols, and Inceptisols (Andepts) in a tridimen
sional space. 

argillic horizon. Finally, a leaching factor which increases along the verti
cal Y axis is introduced which comprehends two intensity fields divided at 
35% base saturation calculated on an exchange capacity of thie subsoil 
measured at a pH of approximately 8. Fig. 2 (h)shows the divisions of the 
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conceptual areas. Fig. 2(c) illustrates the conceptual domain defined by 
weathering stage (111) and the absence of an argillic horizon (A). This 
space is assigned to Oxisols, one of the classes of soils discussed in this 
paper. The same procedures are followed to define the other soil taxa: 
Ultisols, Alfisols, and a great group of Inceptisols, namely Dystrandepts 
[Fig. 2(d), (e), and (f)]. 

OXISOLS 

Oxisols combine strong weathering, low cation retention, and severe 
leaching. Ion adsorption is essentially dependent on acid-base reactions 
of the organic matter, the aluminum plus iron oxides, and kaolinite. 

In most cases these components do not possess enough acid strength to 

solubilize aluninun to an extent that it proulces toxic levels which cannot 

be corrected by minor applications of' lime. This at least is what the 

response of tobacco to soil acidity factors indicated in experiments con

ducted by Abrufia et al. (3) on Oxisols as compared to Ultisols. On the 

other hand, easily reducible manganese reached concentrations of' 600

700 ppm in the soil solution, which are restrictive to root growth. Later 

experiments with corn (1) confirmed these findings. 
Some Oxisols may have zero cation exchange capacity. Leaching may 

result in lack ofdetectable calcium particularly in the subsurface horizons 

which have little organic matte. Extensive areas in the Brazilian Campo 

Cerrado suffer f'rom calcium deficiency; the primary purpose then of 

liming is to provide calcium as a nutrient. The best results are obtained 

when it is incorporated at a greater depth, in order to increase the soil 

volume that roots can explore for water uptake (27). 
The ion retention in Oxisols is essentially pH dependent; some iron

rich Oxisols, which norimally have a high clay o. ntent, develop positively 
charged sites which strongly adsorb phosphates and sulfates. The 

amounts of 1 which have to be added to the soil in order to create optimal 
concentrations in the soil water for particular crops (for example 0.2 
ppm) depend essentially on the clay content. To set an order of mag

nitude: approximately 7 kg P..,O., broadcast per one percent clay and per 
10 cm depth aire needed to satisfy initially the adsorption capacity in 
Oxisols cleared from savannah vegetation (E R. Bel-ding, 1974. Phos
phate sorption in some Dutch and South American soils. M.Sc. Thesis. 
Agricultural State Univ., Wageningen, Netherlands). 

These amounts are prohibitive for farmers in less developed countries 

when deeper layers are to be fertilized. Research on methods of' applica
tion and kinds of fertilizers, including the evaluation of residual effects, is 
still needed to overcome this factor. 
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ULTISOLS 

Ultisols are more extensive in tropical areas than was previously 
thought. Their potential for crop production is usually considered higher 
than that of Oxisols. In many instances they are less deeply weathered, 
and some roots can reach layers where rocks release cations through 
weathering. 

Depletion of nutrients is not as severe as in some Oxisols. Light
textured topsoils and smaller amounts of iron oxides in sonic subgroups 
may make phosphorus fixation less intensive than in Alfisols. The 2:1 clay 
minerals that are present in the B horizon are unstable at low base 
saturation, and release aluminum. Aquo-aluminum ions at various stages 
of deprotonation and polymerization may control the pH of the soil 
solution and its aluminum content. 

This is usually the case in the surface layers as well as in tile subsoil. Nye 
et al. (29) considered that if 60, of the total cations on the clay are 
exchangeable aluminum, it constitutes a critical level. Kamprath (25) re
ports that "tile aluminum saturation at the pi of' the soil in the field 
should be less than 457 for maximul growth of'corn, 20(Z for soybeans. 
and 10% For cotton." Abufia and Vicente-Chandler (2) report that addi
tion of lime to reduce the Al saturation to '30(% results in a fourfold 
increase in growth of sugarcane planted in soils with 70c aluminum 
saturation. 

ALFISOLS 

Alfisols by definition have not suffered strong lixiviation of cations in 
the subsoil, where base saturation is higher than 357. 

Contrary to previous knowledge, Alfisols occur in tropical as well its 
temperate regions. The former may have less active clays than the latter, 
and the division of' the block in Fig. 2(c) illustrates this difference in 
properties. 

In cool climates of the northern hemisphere the soils of this order have 
usually developed on loess and glacial deposits. They are rich iil weather
able minerals. Only some of them are leached in tile topsoil. 

Fhie current hypotheses assume that t ie surface layers desaturate as a 
result of seasonal intensive percolation of' water contaminated by organic 
acids. These substances not only produce low pi values, but have strong 
chelating effects for both iron and aluminum. Most Alfisols in temperate 
regions have prominent bleached A- horizons which aire most pro
nounced under natural vegetation. Liming of' cropland corrects the (let
rimental nutritional effects caused by either aluiinum or manganese; it 
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improves soil structure which deteriorates easily in silty materials mixed 
with 2:1 clays and a low free iron content. 

Alfisols in tropical areas are ustally formed in poorly weathered mate
rials which have a low base exchange capacity. Even though the saturation 
percentages are higher than 3517(, the absolute amounts of cations per 
unit volume of soil are low, and yields are restricted by nutrient deficien
cies, combined with physical constraints such as water availability, crust
ing, and erosion. 

Obviously the Alfisols with low activity clays require management tech
niques other than those applied on loess soils, and different rates of 
fertilization than those recommended for Oxisols and Ultisols. Inves
tigators tend to focus on the maintenance of fertility levels and eqtnilibria 
based on input/out pbt balances of'nutrients during cropping, rather than 
on correcting adverse soils conditions. Emphasis is also placed on protec
tion of the surface horizons against erosion. 

ANDEPTS (INCEPTISOLS) 

The leached soils which belong to this taxon are known as l)ystrandepts 
and are very common in volcanic mountainous areas with high rainfall. 
The clays are dominated by amorphous materials which are produced at 
exceedingly high rates by weathering of the unstable volcanic glass, and 
acctmtulate before they crystallize. A large percentage of the Al in al
lophane is ftournfold coordinated. 

Andepts have very high pH-dependent surfiace charges; their clays are 
usually flocculated and present an open structure which favors percola
tion of water and leaching. Silica is readily removed from the profiles. 
Andepts tend to retard the decom position of'organic matter which resuls 
in the formation of deep dark htmus horizons. 

The charge characteristics of Andepts are essentially pH dependent 
and in nat ural conditions may vary from high negative to positive values. 
Their buffering power is greatest near pH 7; at low field pH theircapacity 
to retain cations is extremely low and losses of' cations by percolation are 
considerable. Calcium migrates more easily into deeper horizons than in 
other soils. Light repeated applications of cations for nutritional purposes 
are sufficient for increasing crop production. 

Mineral stress in Andepts however is primarily related to phosph1ortus 
fixatiol, which increases with cation desaturation; Fox (20) mentions 
requirements of' 1600 ppm P (or ± 5,000 kg P,2O5/ 10 cmr/ha soil) to reach 
concentrations of 0.2 ppmn in the soil solution. This retention capacity is 
mainly due to sesquioxides. Some of these fixation sites can be blocked by 
application of silicates. Crop adaptation to such conditions is impera
tive: pineapples and cassava have very low P requirements; corn needs 
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intermediate levels, and most legumes are highly demanding of P 
nutrition. 

AGRICULTURAL DEVELOPMENT 

The leaching of nutrients affects plant growth in many different ways 
which are soil-specific. On the other hand plants differ largely as to their 
nutritional requirements. If there were a discipline such as historical 
pedology, it would be clear that in the past agricultural development has 
taken place where cultivated plants adapted to the environment, and 
could produce crops without need of too much interference from men, or 
where inputs guaranteed maximum returns. In fact, our communities 
were best served by optimum combination of plants, soils, and climates as 
they occur under natural conditions. 

Modern technology, and the present geographical distribution of natu
ral resources and population, precludes a continuation of such a simple 
approach to the solution of world food problems. The principles, how
ever, remain tile same. We know more about soils; we have developed 
varieties adapted to many ecological factors, and are more aware of the 
influence of climate to obtain high yields. Much remains to be (lone 
however, both in the development of the research and in the utilization of 
the information. 

From the soils point of view one may insist on better definitions of' 
criteria in classification systems. Soil Taxonomy (34) in the U.S., and FAO 
(16) have made a substantial contribution to pave the way for a better 
understanding of' soil properties and their geographic distribution. 

More work needs to be done however in the formulation of' some 
criteria. Base saturation is a very misleading concept in soils with low 
exchange capacity; the latter is difficult to measure in soils high in pH
dependent charge or with large concent rations of' sesquioxides. We con
tinue to express nutrient levels on a weight percentage basis, and, in spite 
of the increasing storage and calculation capacity of modern computers, 
we feel reluctant to express it on a volume basis. There are finally few 
systems, if any, that take into account the nutrient and water-supplying 
power of entire profiles. Many journals continue to publish crop experi
ment results without any reference to environmental conditions, let alone 
kinds of soils. 

The effort to find optimum natural combinations of' plants, soils, and 
climates in order to increase food production should continue with all tile 
detailed information we now have available. It is particularly critical to 
realize the agricultural potential of Ultisols and Oxisols which remain idle 
in huge areas of the tropics, where farmers cannot afford the high capital 
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or labor inputs which a highly competitive world market economy now 
requires. We cannot repeat previous attempts to settle farmers in these 
areas before we have collected sufficient data and facts upon which we can 
honestly base our recommendations which guarantee a decent living 
from agricultural enterprises. 
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Formation, Distribution and Consequences 

of Alkaline Soils in Agricultural Development 

K. W. Flach 

This paper deals with alkaline soils in juxtaposition to acid soils, which 
have been discussed in tile preceding paper. Actually, one cannot make a 
sharp separation between acid and alkaline soils. Where the two kinds of 
soils come together, part of the soil profile is likely to be acid and part 
neutral or alkaline. 

The more basic distinction is between soils that are frequently !eached 
(precipitation exceeds evapot ranspiration in most years) and soils that are 
rarely leached (precipitation exceeds evapotranspiration only in a few 
years). In the United States and in many other countries the boundary 
between the two groups of soils is near the natural boundary between 
forest and prairie. In the United States, broadly speaking, this is the 
boundary between corn (maize) and small grain as the dominant cash 
crop. Hence, this paper deals in very broad generalizations with the soils 
under subhumid, semi-arid, and arid climates. Most of these soils today 
are used for small grains with annual cropping, small grains in rotation 
with fallow, and range with extensive grazing. Where water is available, 
irrigation is important. 

SOIL FORMATION 

The characteristics of soils, especially those of subhumicl areas, are 
determined primarily by the material from which the) are formed, the 
amount of water that moves into and through the soil profile, and the 
length of time the soil has been in place. Water movement in soil, in turn, 
depends to a large extent on the amount and distribution of precipitation 
relative to the amount and distribution of evapotranspiration. If the 
season of maximum precipitation coincides with the season of maximum 
evapotranspiration, relatively little leaching occurs even if the precipita
tion is very high. If, on the other hand, most of the precipitation occurs 
during the cool season, soils may be deeply leached even if the total 
precipitation is very low. The effect of the relative distribution of' precipi
tation and evapotranspiration is modified by the ability of'the soil to retain 
water. Deep soils with high water-holding capacity and deeply rooted 
vegetation can retain water'during the rainy season and make it available 
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to tile crop and hence to evapotranspiration during the dry season. 
Shallow soils and other soils with low water-holding capacity are droughty 
.nd are leached more intensely. When man changes the vegetation, such 
as from a deep-rooted perennial grass to small grains in rotation with 
fallow, he may also drastically change the leaching regime. 

Soils that are not leached frequently commonly contain soluble salts in 
the soil profile. Where there is some leaching, lime and gypsum may 
accumulate in the subsoil. Yet, at the surface such soils may be quite 
leached and consequently very acid. Where there is very little leaching 
carbonates may occur throughout the soil profile, but unless the soil is 
very young, lime will have moved within the soil. This is important since 

moved lime tends to be finer and hence more reactive than residual lime. 

Hence, lime-induced chlorosis tends to be more common in older soils in 

which some lime has moved than in very young soils in which all lime is as 

primary particles. 

In very dry soils, highly soluble Na and K salts are retained in the soil. If 

ground water is not close to tile soil surface, these salts are usually leached 

from the surface soil and are not of' great agronomic significance. Salts 

accumulate at the surfice if the water table is close to the surface or tile 

irrigation system has been poorly managed. Other soil properties affected 

hy leaching are tile amount and kind of exchangeable cations in the soil. 

In soils that are not leached intensely, divalent and monovalent cations are 

retained on the exchange complex of the soil. The divalent cations, Ca 

and Mg, are usually desirable. They are plant nutrients and they contrib

ute to a favorable soil reaction. Monovalent cations, primarily Na, give the 

soil poor physical properties. Most soils containing significant amounts of 

exchangeable sodium are alkaline but some are very acid. Lack of leach

ing may also result in the retention of toxic elements such as boron in the 

rooting zone. Other effects ofa dry climate on the soil are more subtle. If' 
there is enough precipitation and fertility for a vigorous prairie vegeta
tion, organic matter accumulates, resulting in strikingly dark-colored, 

highly productive soils. Also, weathering is less intense than in humid 

soils. Hence, primary minerals are often abundant and provide t comtinu

ing source of plant nutrients; clay minerals tend to be active 2:1 layer 

minerals that can retain large amounts of' plant nutrients. Yet, 2:1 layer 

minerals, especially niontmorillonite, have undesirable characteristics as 

well. They are sticky, susceptible to the deleterious effects of'monovalent 
cations, and shrink and swell on wetting and drying. If there is a lot of this 

kind ofclay, the soil is very difficult to manage; it forms deep cracks when 
it dries, and it may be nearly impermeable to water when it is wet. 

It must be stressed, however, that generalizations on mineralogy and 

weathering apply only to relatively young soils that have formed exclu

sively under a climate similar to the one where they are now. Many soils 
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that are dry now have undergone intense weathering during wet periods 

at some time in their history. They may have lost all primary minerals, and 

their clay minerals may be primarily of' the relatively inert 1:1 kaolinite 

type. Dust during subsequent dry periods may have supplied enough 

cations to render the soil neutral or alkaline, but the fertility may still be 

low. 
Soils in senmi-arid and arid areas may lack plant nutrients usually carried 

by rain, such as nitrogen, sulfur, and some of the trace elements. They 

may be highly variable within short distances because rains are usually 

intense; if*vegetation is not dense, a high proportion of the precipitation 

runs off, transporting sediments and salts from one part of' the local 

landscape to another part. 

SOIL CLASSIFICAIION 

Classical pedology developed primarily in areas that were glaciated 

during the Pleistocene or that were affected by glaciation. Typically in 

such areas, soils are young and parent materials are relatively unweath

ered and aire relatively uniiorn mixtures f'rom various sources. Early 

pedologists, therefore, were impressed by what seemed to be consistent 

interactions between various kinds of' soil-forming processes and highly 

predictable associations of*soil properties. From these associations genetic 

systems of soil classification were developed. It was found, for example, 

that the dark-colored soils of' the prairie that had formed in a sublhuimid 

climate typically contained a horizon of' carbonate accumulation. Hence, 

the association of' dark-colored surfiace soil and carbonate accumulation 

was used to define Chernozems, one of the most important and famous 

groups of all soils. What was not sufficiently realized was the Fact that 

horizons of carbonate accumuiation can form only in areas in which the 

soil parent material contains carbonates or in which carbonates are intro

duced in dust. Likewise, Chernozems, because they are young soils and 

because they have not been strongly leached, are neutral or alkaline and 

contain clays that have high cation exchange capacity. In other words, 

they are highly fertile soils. Yet, in other parts of the world under the same 

current climate the soils may be much older. They may have undergone a 

period of'intense weathering and they may be very acid. Even if they have 

with bases, they may have very low cation exchangebeen recharged 
capacity. They may have low fertility and respond poorly to attempts to 

farm them intensively. 
Modern systems of soil classification such as Soil Taxonomy (34), de

veloped by the United States Department of Agriculture, or the legend to 
no longer rely on theoriesthe FAO-UNESCO Soil Map of the World (16) 
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of soil genesis to classify soils into relatively few "genetically related" 
classes of soils. Rather, they endeavor to classify soils by their properties 
and to allow for many possible combinations of properties. Such systems, 
unfortunately, are by necessity much more complex than the earlier 
"genetic" systems. Soil Taxonomy, for example, recognizes some 10,000 soil 

aseries, the lowest level of the system, in the United States alone. In 
hierarchy of categories, these 10,000 soil series are organized into more 
broadly defined taxa of decreasing homogeneity. There are 10 very broad 
classes at the highest level. To make the system more easily usable, the 
authors of Soil Taxonomy have discarded the nomenclature of classical 
pedologic systems and have developed a new highly connotative system of 
nomenclature. This new nomenclature has the obvious disadvantage that 
most researchers working today did not learn it in college. But since it is 
systematic, it can be learned rapidly. 

We believe that a general knowledge of modern soil classification sys

tems would help plant breeders to be cognizant of the general range of' 
soil conditions they may find and to be able to identify conditions that are 
critical to plant production over extensive areas. In any case, systems of 
soil taxonomy enable a soil scientist to identify and inventory soil condi
tions that may be of interest to a plant breeder and to tell him where 
pertinent combinations of soil properties exist and on what soils experi
ments should be conducted that apply to important farming areas. 

IMPLICATIONS TO PLANT BREEDING 

AVAILABILITY OF NUTRIENTS 

In general, soils of subhumid and arid areas are well enough supplied 
with Ca and Mg. Al toxicity is not a problem. In places, however, there is 
too much magnesium on the exchange complex of the soil and calcium 
may be deficient for maximum growth. This is a problem with citrus in 
parts of California. Many of the soils contain enough potassium for at 
least moderate production, but some soils, those containing the clay 
mineral vermiculite, have a tendency to fix the potassium applied in 
fertilizers. Sulfur may be deficient in extensive areas. Almost everywhere 
nitrogen must be applied for maximum production. Where water is 
limited, application of excessive amounts of nitrogen may cause all the 
available water to be expended on vegetative growth and the crop may not 
mature. Varieties with a deeper rooting system and varieties that can 
utilize nitrogen fertilizer under conditions of' moisture stress are 
desirable. 

As has been pointed out, toxic concentrations of trace elements, notably 
boron, occur in some areas. Other trace elements are not toxic to plants 
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but are toxic to animals that feed on them. Molybdenum and fluoride are 
examples. Plants seem to differ greatly in their ability to take up toxic 
elements. The selection of*species and varieties that do not accumulate 
potentially toxic trace elements may be important in attempts to revege
tate mine spoil in Western United States if these areas are to be grazed. 

Trace deficiencies may be caused by low concentration of an element in 
the soil. More commonly, the element in question is present in abundant 
amounts but in a form that cannot be used by specific plants. Simple 
deficiency can i~e corrected by adding the element in question as fertilizer. 
Zinc is a good example. If the nutrient is in a form that is not available to 
plants, the nutrient can be supplied in a foliar spray or in a compound that 
does not react rapidly with the soil. Iron and manganese are commonly 
applied in this way. Another possibility is to change the soil environment 
to one in which the element is more readily available to plants. Most trace 
elements can be made more readily available by acidifying the soil. Plant 
species and varieties differ significantly in their sensitivity to trace element 
deficiencies and breeding for tolerance should be possible. 

SALINITY AND A.KALINITY 

Among the most important problems in the management of'subhunlid 
and arid soils are soil salinity and alkalinity. It is important to make a clear 
distinction between salinity and alkalinity or, better, sodicity (the presence 
of excessive amounts of sodium ions on the exchange complex of clay 
minerals in the soil). Salinity affects plants primarily through its influence 
on the osmotic pressure of the soil solution and, consequently, water 
uptake. Salinity problems are most commonly found in irrigation farm
ing. Salt can be introduced into the soil fiom saline irrigation water and 
concentrated in the root environment by evapotranspiration of the water. 
Within limits, the buildup of salinity in the soil can be controlled by 
periodic leaching with excess water or by irrigation systems, such as trickle 
irrigation, that maintain a constant downward flux of water in the soil. 
The more spectacular failures of irrigation systems in many parts of' the 
world have been caused by careless water management, resulting in a rise 
of' the ground-water table and consequent movement of water and salt to 
the soil surface by capillarity. If the irrigation water is of' reasonably good 
quality, salinity can be controlled through appropriate water manage
ment. In many parts of the world, water is either so scarce or of' such poor 
quality that crops must be grown in a saline environment. In such areas, 
varieties with adequate salt tolerance are needed. 

Sodicity or alkalinity affects soils and plants quite differently from 
salinity. Sodicity renders the soil impermeable to water either by disper
sion of clay or by swelling of clay minerals. This, in turn, makes it im
possible to leach excess salt front the root zone. Even in the absence of salt, 
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sodicity may cause problems by preventing water from moving freely in 
the soil. The soil may be too dry or too wet. High sodium levels also 
contribute to the crusting of ;oils, which makes seedling emergence 
difficult. Tile direct physiological effect of absorbed sodium on plant 

growth is minor except for a few plants highly sensitive to sodium, mostly 

ornamentals. For sodium-sensitive plants, breeding for sodium tolerance 

should be possible. 
Although salinity and sodicity problems are most common in irrigated 

agriculture, they may occur under dryland farming. If' there is a dry 

season, saline soils may Form in any place where ground water is close 

enough to the soil surface to allow upward movement of water by capillar

ity. Salinity problems have also been encountered in dryland fiarming 
systems where the introduction of' a grain-f'allow rotation decreased water 

consumption. Saline seeps have developed where impermeable strata 

intersect the land surfiace. Saline seeps are a significant problem in the 

northern Great Plains of the United States and Canada. One possible 

solution would be the development of' varieties of' small grains that can be 

grown efficiently annually instead of'in a grain-flallow rotation. Fertilizer 

applied at high rates may cause harm ful salt accumulation in slowly 

permeable soils in subhunid and seni-arid areas. Under such conditions 

salt-tolerant varieties have it higher yield potential than sensitive varieties. 

CONCLUSION 

Soils of' subhumid, semi-arid, and arid areas play an important role in 

feeding the world. Problems of' mineral stress are not as common and 

severe as in some soils of' humid areas but t race element deficiencies and 

soil salinity problems are important :-)cally. The development of varieties 

that can withstand such stresses would be a significant contribution to 
farming in mainy parts of' the world. 
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World Fertilizer Reserves in Relation to 

Future Demand 

P.J. Stangel 

The fertilizer and food shortage of' 1972-73 has raised concern as to 
tie adequacy of* raw material reserves to meet future fertilizer demand. 
An assessment of' this adcquacy to the end of' this century and beyond is 
needed to idlentify alternate means of' supplying plant nutrients, particu
larly nitrogen, and improving the efficiency of currently utilized re
SOll'ces. 

The purpose of'this paper is to examine future denmand and supply flor 
nitrogen, phosphate, and potash flertilizers to tie year 2000. The paper 
attempts to assess the adequacy of reserves to meet expected demand and 
determine basic energy requirements and production costs to produce 
needed fertilizers. Finally, the paper identifies potential research and 
development areas where greater effort on increasing tie efficiency of' 
the plants in utilizing essential nutrients is needed. 

FERTILIZER DEMAND 1976-2000 

The world f'ertilizer shortage experienced in 1973-74 has been re
placed by a growing fertilizer surplus, particularly of nitrogen and phos
phates (38). Record fertilizer prices which prevailed during the 1973-74 
period have dropped markedly in 1976, almost to the 1972 preshortage 
levels. The turnaround in prices has been caused by major increases in 
fertilizer production and declines in farmer demand, particularly flor 
phosphate and potash. 

Despite the recent declines in fertilizer prices, major expansions of' 
nitrogen capacity were initiated in almost every region of' the world in 
response to the 1973-74 shortages and high prices. As a result, capacity 
appears to be more than adequate to meet commercial nitrogen demand 
at least through this decade. Surplus capacity will prevail inJapan, North 
America, western and eastern Europe, and the U.S.S.R. All other areas 
should have adequate capacity on-stream to achieve self-sufficiency by 
1980. 

Phosphorus capacity already on-streani is niore than adequate to meet 
demand for the remainder of this decade. Unless consumption growth 
rates return to the pre- 1974 levels, surpluses of phosphate could prevail 
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into the early 1980's. Tihe major exporter of finished phosphates con

tinues to be the United States; however, major expansions are occurring 

in South Africa, Morocco, Brazil, Romania, and Yugoslavia which will, no 

doubt, become important factors in the international market. 
Potash supplies are now in surplus (juantities, due mainly to reduced 

demand. Major expansions are planned only in the U.S.S.R. This expan

sion should be sufficient to cover global demand through 1980, provided 

demand does not increase above the normal rate. 

Only a few studies have been made estimating fertilizer demand be

yond 1980 (31, 39). Most of these have stopped at 1985. Only one, a study 

by the United Nations Industrial Development Organization (UNIDO), 

has made an attempt to project world fertilzer demand to the year 2000 

(42). The UN I DO study grew out of the Lima Declaration of December 

1975 which set as a development target increased self-sufficiency in fer

tilizer production among developing countries (40). 

The preliminary results of this study are summarized in Fig. 1. Several 

items should be noted. Annual demand for nitrogen is likely to increase 

fourfold over 1974-75 levels to 164 million metric tons by the year 2000. 

Annual demand for phosphate and potash will increase approximately 
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Figure 1 World summary forecast of fertilizer demand. Data from UNIDO, 1977 (41). 
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threefold over 1974-75 levels to 77 million metric tons for phosphate and 
66 million metric tons for potash. Nearly 40% of the demand for N and 
P2.,,O and 30% of the K20 will be in the developing countries by the year 
2000. 

ADEQUACY OF RAW MATERIAL RESERVES
 
TO PRODUCE FERTILIZER
 

Numerous papers were published during the oil embargo questioning
adequacy of raw materials, mainly energy reserves and phosphate rock, to 
meet future fertilizer demand (37). The purpose of this section of the 
paper is to examine raw material concerns in relation to anticipated 
demand. 

RAW MAITXVRIA.S "I'I(MAKE NITROGEN 

More than 95% of all nitrogen fertilizer produced in the world is as 
synthetic ammonia via the Haber process. Through this process fertilizer 
ammonia can be manufactured from a variety of feedstocks including
natural gas, oil, and coal. As mentioned in other sections, the majority
(70%) of present amnmonia production in the world is based upon nat: ral 
gas with a lesser number of units based upon n:pltha (15%), coal (I (/), 
and even less (<3%) on oil (35).

There is concern that current reserves of natural gas are inadequate to
sustain world demancl by the turn of the century and that a major shift to 
coal as a feedstock for ammonia production wili be required. The reason 
for this concern is unclear. Since natural gas consumption used for ag
ricultural ammonia is low in the developed countries (IZ of total in the 
United States) any policy that would increase the allocation of natural gas
for ammonia production would solve problems of scarcity until the year
2000. The same sort of relationship holds for Western Europe, although
the percentage of total energy devoted to the production of agricultural 
ammonia may be slightly higher. 

In developing countries, the energy use situation is much different. In 
many cases, because of lack of industrial development and necessary
infrastructure, huge quantities of natural gas remain unused or are lost 
through flaring associated with oil production. 'In a number of cases,
flared gas could easily be gathered and used to produce ammonia. The 
potential impact from better utilization of flared gas now lost in the 
atmosphere is striking. Assuming that Asia needs to put one hundred 
sixty-nine 1,000 ton/clay ammonia units on-stream between 1980-2000 to 
meet demand for that period, gas now flared, for example, is sufficient to 
meet that need plus operate an additional 83 such sized units (Table 1). 
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Table 1. Known natural gas reserves, 1975. 

Region Resenves Rate of Potential Demand Potential Supply 
Depletiont it ll§ ll1 

3 - - - - - - - - - - 109 x m ....... -1,000 mtpd NH3 units ........
 
Asia and Middle East 18,019 112 169 627 252 
Africa 5,866 11 16 204 91 
Latin America 2,562 49 31 89 69 
North America 7,601 677 139 470 30 
Europe and USSR 27,438 460 209 954 44 

World Totals 61,486 1,309 564 2,344 486 

tusted as production of gas in 1975; Data from Int. Petroleum Ency, 
does not include flared gas. p. 302-303 (24). 

tProjectedneeds, 1980-2000 fertilizer demand. 
§Potential units, 1980-2000, if 250o natural gas is 
used-for fertilizer ammonia. 

'Additional units, 1980-2000, using flared gas only. 

If'257(of the known natural gas reserves (flare gas not included) in tile 
developing regions of' Asia were used for agrictnhural ammonia prodluc
tion, six hundred twenty-seven 1,000 ton/clay ammonia plants could be 
supported between 1980-2000. While the majority of' these reserves are 
located in the Middle East, significant quantities also exist in the densely 
:,opLlaled areas of Paki.,tan, Bangladesh, and southeast Asia. Therefore, 
wit ' the exception of' India, Japan, and South Korea, it does seem the 
majority of' ammonia plants built to meet demand in Asia can be based 
upot; natural gas. For those cotntries lacking ade(uate reserves of' natti
ral gas, the choice is open to produtction of' ammonia f'rom coal (India) or 
importing either the feedstocks to prodtice ammonia and N f'ertilizers or 
the finished product. 

In Latin American and Africa approximately forty-seven 1,000 ton/day 
ammonia units are needed by the year 2000. Gas now flared in these two 
regions could support one hunc'ed sixty 1,000 ton/day ammonia plats. 
If' we asstmed that 25% of' known reserves (flare gas not includecl) were 
dedicated to agricultral ammonia prodtuction, Af'rica has sufficient re
serves to support 204 tnits and Latin America 89 units or collectively over 
6 times the anticipated need. 

In conclusion, there appear to he ample reserves of nattral gas to meet 
regional nitrogen needs in Asia, t.atin America, and Africa for the next 25 
years. Assumptions, theref'ore, that a major shift in ammonia production 
from natural gas to coal is necessary appear to be unfounded for most 
developing countries. 

PiiosPHI'E ROCK RESERVES AND RESOURCES 

Phosphate rock is widely distributed throughout the world (28). Re
serves and resources are extremely large and are being discovered at a 
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rate faster than they, are being consumed (12, 13). Estimates of total 
reserves range fiom 77 x 109 metric tons to 1,300 x 10" metric tons of
 
phosphate ore (the latter includes resources as well as reserves). The
 
difference in these estimates is due to a lack of an agreed-upon definition
 
of what should be counted as a reserve and what should be a resource.
 
Some reports estimate total P-20 5 in the deposit; others only estimate the
 
P2O5 recoverable with technology and economic conditions prevailing at
 
the time of the study.
 

A theoretical calculation using conservative estimates of reserves was
 
made to establish how many 600 ton/day (P205) phosphoric acid equiva
lent plants could be operated for 20 years from currently known deposits.
 
The assumptions were: 50% recovery of 1.,0. in the phosphate rock,
 
operation at 80% of design, each plant operated for 300 days per year for
 
20 years. The results which appear in the right-hand column of Table 2
 

Table 2. Global phosphate rock reserves. 

Quantity Grades 
Region (1 x 106 mt) (% P20 Potential emandt PotentialSupply* 

---------- Phosphoric Acid Units ---------
Asia§ 4,932 15-38 100 137 
Africa 45,883 12-32 15 2,041
 
Latin America 14,000 31 38 603
 
North America 7,413 23-32 45 297
 
Europe and USSF 4,700 6-26 125 122
 
World Totals 76,928 12-38 323 3,200 

tNumber of 600 (P20r tpd H3PO4 units needed to supply projected demand for 20-year operating ife.
 
.Numberof 600 (P205) tpd H3PO, units known deposits can support for 20-year operating life.
 

§Includes Japan and Oceania.
 
rEuropeoutside USSR has virtually no deposits of phosphate rock.
 

Data from Notholt, 1975 (28). 

are very striking. Taking the 153 plant units of' 600 ton/day P.,Os in Asia, 
Africa, and Latin America as the requirement to meet phosphate demand 
in the developing countries between 1980 and 2000, known deposits are 
able to meet demand, plus supply raw material to an additional 2,719 
units oft600 ton/day over the same time period. The situation is similar for 
the developed world with the exception of Europe and the U.S.S.R. which 
have only enough to meet the 1980-2000 projected deniand. Assuming 
only a slight improvement in technology, there should be sufficient phos
phate ore to meet the needs for the next 300-400 years. With major 
improvements in current mining and beneiciation techniques, ore de
posits could supply agricultural demand for even longer. If our present 
resources are to be extended for centuries, major improvements must be 
made in techniques of mining and beneficiation. Present practices result 
in the losses of 20-60% of the original ore. 
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A word of caution should be expressed at this point. While huge 

deposits exist in almost every major food-producing area of the world, 

only the deposits in tile United States (Florida, North Carolina), North 

Africa (Tunisia, Morocco, Senegal, and Togo), the U.S.S.R., and Oceania 

(Nauru and Christmas Island) have been developed to date. This group 

represents nearly 90% of the world production, 77% of which came from 

only three producers - United States, Morocco, and the U.S.S.R. - in 

1975. There may be some major problems preventing the development of 

many of the deposits located elsewhere. Such properties as high chlorides 

(Sechura, Jordan, and Spanish Sahara), lack of water (Saudi Arabia and 

Sechura), high levels of iron and aluminum (South Africa and Senegal) 

have been factors in preventing the full exploitation of these deposits. 

are also required in present methods of determiningImprovements 
available fertilizer phosphorus. At present only water-soluble and 

fertilizer P,,O5 are considered of' agricultural value. Recitrate-soluble 
cently, soil scientists have come to recognize the long-term importance of 

fertilizer phosphate previously thought to be fixed by the soil. With this 

change of thinking, soil scientists need to reconsider the criteria and 

methods used in establishing the availability of fertilizer phosphorus to 

the crop. This may become increasingly important as it becomes increas

ingly difficult and costly to remove iron and aluminum impurities from 

the phosphate ore. 

SULFUR RESERVES 

While sources of sulfur presently used in the manufacture of fertilizers 

are limited, a detailed discussion on the adequacy of these reserves in 

relation to need is somewhat academic. The reason for this is twofold. 

First, increasing emphasis is now being placed on pollution control meas

ures. Much of this pollution contains large amounts of sulfur which must 

be recovered and disposed. The amounts planned for recovery are man) 

times that needed by the phosphate industry. There is no doubt that re

covered sulfur could be used in fertilizer manufacture if the economics 

were sufficiently attractive. Second, with the exception of' single super

phosphate-a material of declining importance-the fertilizer industry is 

not a net consumer of sulfur. It merely transforms it, as a result of the 

manufacture of phosphoric acid, to another form, which in most cases is 

calcium sulfate (gypsum). For every ton of phosphoric acid, approxi

mately 4 tons of gypsum is also produced. Under present economic 

conditions this form of sulfur is not being recovered. 
Based upon the above factors, it seems that sulfur supplies will be more 

than adequate to meet fertilizer needs for the remainder of this century 

and beyond. 
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POTASH RESERVES 

Potash reserves, at least current workable deposits, are much more 
limited in distribution than are raw materials for either nitrogen or 
phosphate fertilizers (Table 3). Nevertheless potash reserves are huge.
Based upon 1974 prices and levels of technology, recoverable reserves of 
approximately 50 x 10" metric tons of K20 exist in the world (42). 
Table 3. Recoverable world reserves of potash. 

Country mt of K20 Percent of 
106 Total 

USSR 24,000 48.0 
Canada 
German Democratic Republic 
Federal Republic of Germany 
Israel/Jordan 
USA 

18,000 
4,000 
2,000 

500 
300 

36.0 
8.0 
4.0 
1.0 
0.6 

France 
Spain 

200 
80 

0.4 
-" 

Congo 
Italy/Po!and/Denmark 
Developing countries 

70 
37 

783 

-t 
-t 
-t 

Total 49,970 100.0 
tLess than 1% Data from UNIDO, 1977 (41). 

The vast majority (96%) of the presently known recoverable deposits 
are located in developed countries. Collectively the U.S.S.R. and Canada 
account for more than 80'7( of this total. Among the developing countries 
only the Congo and Israel are currently working deposits; some produc
tion is reported in the People's Republic of China. Recent discoveries have 
been reported in Thailand, Brazil, and Ethiopia, but these are not in
cluded in the present list because the size and quality of the deposits has 
not been defined. 

Based upon present known technology these reserves are sufficient to 
easily meet the I x 1011 metric tons of K20 estimated to be used between 
1980 and the year 2000. According to one estimate, known potash re
serves are sufficient to meet demand for 1,800 years using 1980 consump
tion levels (37). Clearly, potash reserves are sufficient to meet the needs of 
agriculture for many years to come. 

ENERGY REQUIREMENTS AND PRODUCTION COSTS 
OF FERTILIZERS 

It is very difficult to establish the total energy requirement to produce
fertilizer.This is because of the complex and entwining nature of not only 
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determining energy used to produce fertilizer but also that associated 
with the manufacture, construction, and maintenance of the necessary 
capital equipment. As a result, the majority ofstudies have calculated only 
the energy components related to the process. Storage and distribution 
costs are less frequently included in energy calculations. Therefore, the 
estimates reported underestimate total requirements to produce and 
distribute fertilizer. The information presented in this section has the 
same limitations and, therefore, should be considered as partial estimates 
on energy requirements to produce fertilizer. 

ENERGY REQUIREMENTS-NI-I'RO(;EN 

More than 95% of all nitrogen produced in the world is as synthetic 
ammonia via the Hlaber process (36). The commercial versions of this 
process (teal mainly with the three variations to produce hydrogen: steam 
reforming of natural gas or naphtha (a light petroleum distillate), partial 
oxidation of fuel oil or other hydrocarbons, and rasification of coal. 

The most recent estimates of energy requirements to produce I ton of' 
N as ammonia via each of these processes are summarized in Table 4. 

Table 4. Estimated energy consumption inproduction of nitrogen as ammonia.t 

Energy RequirementProcess per Ton N 

........ kcal x 106 --------


Steam reforming 10.5 
Naphtha reforming 10.4 
Heavy oil partial oxidation 10.6 
Coal gasification 14.6 

tincluding estimated energy required to produce and deliver raw materials. 

Data from Blouin and Davis, 1975 (6). 

Briefly these are: steam reforming 10.5 x 10" kcal, inaphtha reforming 
10.4 x 10" kcal, heavy oil partial oxidation 10.6 x 10" kcal, and coal 
gasification 14.6 x 10" kcal (6). There are small differences in energy 
requirements to produce a ton of' N among feedstocks such as natural gas, 
naphtha, and heavy oil; hut a major increase-nearly 40c more energy
results if coal is the choice of feedstock to produce ammonia. 

In most count ries the ammonia is converted to solid nitrogen products, 
such as urea and ammonium nitrate, requiring an additional energy 
input. Only in the United States is a large portion of anhydrous ammonia 
applied directly to the soil (22). By 1980 urea should be the dominant 
source of' N applied to the soil outside the United States (36). Several 
researchers have estimated the energy requirement to produce am
monium nitrate and urea (5, 9, 44). Because significant exothermic reac
tions are involved in production of ammonium nitrate, thus reducing the 
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energy constimption markedly for anmmonium nitrate, energy consunp
tion per ton of' N is 0.68 x I( kcal with modern ammonitim nitrate 
processes compared with 1.9 x 106 kcal in the average urea process. 

Production costs of ammonia. At least t hree nm.jor f'actors affect the 
cost of producing ammllonia: capital requirenents, choice of feedstock, 
and operating rates of production fiacilities. All three of these factors are 
highly interdependcnt. 

Capital costs are a major portion of the total costs involved in the 
production of ammonia but vary wit h tie choice of feedstock. The man
ufacture of'ammonia via the steam reforming process (nat tiral gas) is the 
least capital intensive. Investment increases progressively with naphtha, 
oil, and particularly coal because more complex facilities are required to 
produce atinmonia. A general rule of' thumb f'or estimating cost differ
ences, using natural gas units as a base point of I, shows capital require
meints increasing as follows: naphtha, i. 1 I: heavy f'uel oil, 1.27, and coal, 
1.79. (Note: tile high capital requirementis for coal relative to other 
processes may be lowered as more research and developlnent is focused in 
this area.) 

The total capital costs of variots p'(ltction uinits also depend upon 
whether the site is in a developed or developing count yand whether it is 
part ofa gi'ass roots project or of an existing coni plex. Using 1976 figures, 
a 1,000 n( ric ton/day ammonia and companion urea complex built in 
the United States may have a capital requirenent of' $125- 130 million. 
This same unit built a a "gi'ass roots" location ill a developing Counitry 
could cost between $225-275 million. 

Using 1974 equivalent feedstock cost scales, S 1/ 1,000 f*t natural gas is 
equivalent to naphtha at S46/nmetric ton, heavy oil at S1t1/metric ton, and 
coal at $28/netric ton (22). The cost of' producing a metric ton of am
nionia at the above-stated p'ices for 1,00() ton/day NH:i tinits in de
veloped countries is approximately $125 fi'o nat ural gas, $128 f'or 
naplitha, $145 for oil, and S190 fobi coal. Clearly, tile relative prices of' 
coal, oil, napht ha, and natural gas must change before naltiral gas is 
replaced as the primary feedstock. 

EN ERG' REQUI REM ENTS - PI IOSII IATES 

Amnoniated phosphates and triple stiperi'hosphates are the dominant 
forms of phosphorus fertilizers used in world agriculture (36). Of'declin
ing importance are single superphosphate and basic slag. 

Nearly all of t he modern processes to man ufitcture concentrated ph1os
phates-mono-amniionium phosphate (MAlP), dianioniuni phosphate 
(DAP), and triple superiphosphate (TSIP) - are based on wet-process 
phosphoric acid which, in turn is based upon raw materials, primarily 
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phosphate rock and sulfur (sulfuric acid). Only a small quantity of con
centrated phosphate is produced from electric furnace phosphoric acid. 
This process is on the decline because of the high energy requirement (6.0 
x 10" kcal/ton of P205 versus about 2.5 x 10" kcal for wet-process acid). 
Therefore, the energy requirements For finished phosphates analyzed in 
this report are based upon wet-process phosphoric acid technologv. The 
estimated energy requirements appear in Table 5. 

Table 5. Estimated energy consumption inproduction of phosphorus. 
. Energy Requirement 

Material per Ton P205 

Frascht Recoveredt 

-------------- kcal x 106 ..................
 

P20s as 54% H2PO4 Acid 2.5 0.63 
DAP 2.7 0.88 
TSP 2.1 0.78 
Phosphate rock for direct app ication 0.38 

tSource of sulfur Data from Davis, 1974 (9)and 
Blouin and Davis, 1975 (6). 

Phosphate rock and sulfur are the prime raw materials needed to 
manufacture wet-process phosphoric acid. While the amount of energy 
required for the mining and beneficiation of' phosphate rock varies, it is 
not great. An average energy consumption in mining and beneficiation of 
0.38 x 10" kcal/ton of recovered 132O5 appears to be an acceptable %,alue 
for most calculations (9). 

Sulfur is the basic raw material used to make sulf'uric acid. The energy 
requirement per ton of'sulfur is highly variable depending upon whether 
the Frasch mining or recovered sulfur process is used (6). The most 
popular current method, the Frasch mining process, re(luires about 2 x 
10" kcal/ton of sulfur. This compares with values of'0.075 x 10Wand 0.101 
x I01 kcal of sulfur for the recovered sulfuir process. l)esulfurization of' 
oil is another source of' recovered sulfur but is energy intensive '6.8 x 10" 
kcal) and is not of major consequence today. It is prol)al)le, ho%%ever, that 
desulfurization ofoil may be of growing importance in Japan. ie Middle 
East, Europe, and even the United States as low sulfut oil becomes 
important in coml)ating pollution. This source, however, was not con
sidered in the base calculations. 

One of the keys to conserving energy in the phosphoric acid process is 
to use recoverable sulfur rather than Frasch sulfur. A 75% saving in 

energy could be achieved by a switch (2.5 x 10" versus 0.63 x 10" kcal) to 
use of' recoverable sulfur. 

As mentioned earlier, the predominant fertilizer materials used by the 
farmer are TSP and ammoniated phosphates. Energy requirements to 

produce a ton of p20.5 as TSP and DAP show that where Frasch sulfur ig 
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used, TSP has apparent advantage in energy conservation over DAP (2.1 
x 10" versus 2.7 x 10" kcal/ton product P.O:,). However, a direct com
parison is misleading since the 18 units of* N are also included in DAP, 
resulting in energy savings during transport in favor of DAP delivered to 
the farm. 

Costs to produce phosphoric acid and finished phosphates. Unlike 
nitrogen, where capital costs are the dominant factor, raw materials 
represent the miajor cost of' producing phosphate fertilizers. Since phos
phoric acid is the central building block in producing almost all the major 
commercial phosphate fertilizer and phosphate rock and sulfur are the 
main raw materials, an inspection as to the effect their costs have on the 
price of' phosphoric acid is warranted. 

Harre has reported that it requires 2.75 tons of' 10014 sulfuric acid (1.49 
tons of H2SO4/ton 54% acid) and 3. 13 tons of' 327 P2 ., phosphate rock 
to produce I ton of' P2O, as 5417( acid (23). A change in the cost of*either 
phosphate rock or sulfur substantially influences the cost of' phosphoric 
acid. 

For example, a $10 increase in the cost of' phosphate rock increases 
phosphoric acid by $18.1 I and the price of DAP by about S15. During the 
fertilizer shortage of' 1973-74, the price of' phosphate rock increased 
from about $10 to over $60. Using the above factor of' 1.811 as the 
relationship between the cost of phosphate rock and the Cost of' phos
phoric acid, the S50 price rise resulted in a near S90 increase in phos
phoric acid. Changes in the price of' stlfur also have a major effect on the 
price of finished phosphate. For example, a fout'fold increase in the price 
of sulfuir, assuming a rock phosphate cost of $34 per ton, raises the price 
of phosphoric acid by nearly 207. 

ENERGY REQUIRENENTS-POi13SI! PROnIc_'TION 

The major ftrm of' potash mined and sold in the world market is 
mineral sylvite beneficiated to potassium 'hloride at a concentration of' 
60-62% K20 (5). The atmount of energy required to achieve this depends 
upon the type of mining. Two types of' mining are pieclominanit. The fit'st 
is conventional shaft and tunnel mining, which accounts for about 85% of 
the total potash produced in the world. The other process is solution 
mining where a hot brine is pumped down one well, through a deposit 
where it becomes saturated, and up another well to the surface where the 
potasssium chloride is recovered by crystallization. 

The estimated energy consumption for the two mining processes ap
pears in Table 6. Clearly the solution mining, like the Frasch sulfur 
process used in phosphate production, isvery energy consuming. In this 
case, nearly four times more energy is used in solution mining than shaft 
mining. 
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Table 6. Estimated energy consumption inproduction of potash. 

Energy Requirement 
per Ton K20Process 

Solution Shaft 
Mining Mining 

.................. kcal x 106 .................. 
Mining 1.7 0.55 
Beneficiation 1.4t 0.25t 

Total 3.1 0.80 

tCrystalizaton. Data from Blouin, 1974 (5).
tFlotation. 

PLACING ENERGY USE FOR FERTILIZER IN PERSPECTIVE 

The information Presented in the previous sections points to nitrogen 
as the main energy user in the manufacture of fertilizer. This is true on 
both a per unit nutrient and total quantity used basis. On the average, six 
times more kcal is required to produce a ton of N as urea than is required 
for a ton of ..O.- as TSIP and sixteen times more energy than is required to 
produce a nutrient ton of niuriate of potash ((i). 

RESEA R CI TO IM PROVE N PRODICHON AND UTII.IZATION 

Since agricultural am monia production must compete heavily with 
other industries for natural gas feedstocks in industrial economies, major 
shifts in feedstock nieLst eventtially occur in producing N. Substantial 
research is now under way, particularly in the industrialized nations, to 
reduce tile dependency on nat ural gas and oil as a sou rce of'hydrogen for 
ammonia Production. Countries with large coal reserves are pursuiing 
research on tile gasification of coal. In the United States, TVA has a major 
research effort under way to develop ,n economically Competitive pro
totype ammonia plant using coal as the feedstock. Germany, India, and 
South Africa are also iiaking major efforts in this area. More long-term 
and ulh;znately more fiar-reaching efforts are being considered which may 
have application by the turn of the century. These are: 

I. Development of alternate sources of H for ammonia production. 
Today much of our scientific community believes that the best hope of 
achieving long-term energy independence lies in redirecting the photo
synthetic process of plants toward the production of fiel, namely hydro
gen. Sunlight would be employed to extract hydrogen gas from water and 
the hydrogen, in turn, could be converted to natural gas. Work in this area 
is particularly promising. 
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Another scheme which has drawn considerable attention, but has to be 
proven, is to utilize the temperature difference between ocean depths and 
the surface to generate electricity to produce hydrogen. The potential of 
this process is particularly attractive to the tropical and(subtropical re
gions of the world, but is decades away from development. 

2. Development of abiological processes for fixing nitrogen without 
the need for hydrogen. Routes considered may be catalytic reaction of N 
with water to produce ammonia directly. A possibility is nitric acid and 
water. Again, major advances in these areas are years away.

3. Biological fixation of N. The ultimate breakthough in supplying 
nitrogen nutrients is to have all plants fix N from the atmosphere such as 
is now the case for legumes. This would have a major impact everywhere
but particularly on Asia where the N requirements for rice are huge and 
the efficiency of N on rice is particularly poor. Major breakthroughs on 
having the rice plant fix N would go a long way toward solving the world 
food problem. 

NITRO;EN RESEARCHi INPERSPECTIVE 

While major efforts must eventually be focused toward developing 
ways to produce nitrogen by means other than through tile use of fossil 
fuels, breakthroughs in these areas which are likely to have commercial 
application are decades away. Considering that 30-7017 of fertilizer 
nitrogen applied to the soils is lost, perhaps the most promising area of 
research for the next 10 to 20 years may still be developing ways to ensure 
that plants ftrtilizer nitrogen more efficiently. There are arecover 
number of ways this can be (lone through proper management, modifica
tion of N sources, nitrification and urease inhibitors, etc. However, since 
the major theme of this conference is to focus on genetic ways to reduce 
plant stress, my remarks will be confined to thoughts in this area. 

Development of plants that temporarily accumulate large amounts of 
nitrogen in their roots. Most studies show nitrogen is lost to tie plant
because the plant was unable to absorb the nutrient before leaching, 
denitrification, or volatilization fo ces removed much of the N from tile 
system. This is particularly true during early stages of growth. Plant 
breeders might consider focusing on ways young plants could accumulate 
on a temporary basis large quantities of nutrients for use at a later stage in 
plant growth. This might be accomplished through focus on extremely
rapid root development, supersaturation of nutrients per unit volume of 
root, or both. 

Development of plants that can rapidly absorb fertilizer through the 
foliage. One way to minimize losses of N applied to soils is improve tile 
capability of plants to absorb N directly through tile foliage and therebv 
avoid the main avenues of N losses. While partial success has been 
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achieved with foliar sprays, the major amount of the plant's needs must 
still be supplied through the soil. Development of a fertilizer that could be 
sprayed directly onto the foliage and absorbed either immediately or as the 
plant needs it would also be a major step toward increasing N recovery. 

The potential impact of breakthroughs to increase N recovery is im
pressive. Increasing the recovery of fertilizer N by just 10% within the 
next 25 years would reduce energy requirements and could eliminate the 
need to construct 56 of the 564 ammonia plants needed between 1980 and 
the year 2000. If accomplished, this would represent a capital saving of 
nearly $11.2 billion (1977 U.S. dollars) in capital equipment and substan
tial quantities of energy. Clearly, diversion of some of the N research 
dollars now going to long-term research and aiming these toward improv
ing recovery of N using present-day N production technology would 
seem warranted. The potential payoff is great and the probability of 
success in the next 20 years is equally as bright as prospects of currently 
identified long-term research. 

PHOSPHAIE RESEARCH IN PERSPECTIVE 

The recent price increases of phosphates, the growing difficulty of 
manufacturers in meeting standards with present phosphate ores, and 
increased awareness of limited energy reserves are all having their im
pact. There is a growing realization that more emphasis must be placed 
upon finding ways to bypass the entiie capital-intensive, high energy
consuming steps ofconcentrated phosphate manufacture. Faced with the 
facts that phosphates do not generally leach from soils, that the problem 
of phosphate fixation has been grossly overplayed, and that current 
fertilization practices result in fairly rapid buildup of' soil phosphorus, 
perhaps the time has come to reassess the entire set of standards used in 
phosphate fertilization. This could have a major impact on tile methods 
used in manufacturing phosphate fertilizer. 

Is it necessary to have all fertilizer phosphate in citrate- or water
soluble form? Perhaps this is the first question to which soil specialists 
should address themselves. Specifically, the scientist should ask himself 
just how bad is it (over the long term) to have iron and aluminum 
phosphates form in fertilizer or in the soil? Is the assumption that the 
plant receives only 10-30% of' fertilizer phosphorus realistic? Once 
agronomists come to grips with these questions and develop realistic 
answers it seems entirely possible that present standrds set for the 
manufacture of phosphates may have been entirely toe, restrictive, short 
term in natue, and a major cause of wasteful practices currently 
employed in the mining, beneficiation, and manufacture of phosphates. 
Assuming the above postulation is correct, the following areas of research 
seem appropriate. 
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Determine ways to extensively use phosphate rock for direct applica
tion. Bypassing the entire process of manufacturing concentrated phos
phates should be the ultimate goal, particularly for deposits having high
grade ores and in close proximity to markets. It is well known that highly 
reactive phosphate rocks can nearly approximate concentrated phos
phates as a phosphorus source to plants (14). This is true on low pH soils, 
particularly those flooded and grown to rice or upland soils grown to 
industrial crops such as rubber, oilpalm, sugarcane, coffee, etc. Efforts 
should be made to extend this concept to the majority of the acid soils of 
the tropics and subtropics. 

It seems eqully logical to reconsider this practice in North America and 
Europe as well, where all that may be required is the maintenance of' 
phosphorus of' soils already high in phosphorus. By making such a move, 
the energy requirement per ton of P20 would drop from 2.1 x 10" kcal 
for TSP to only 0.38 X 10" kcal required to mine a ton of"P2O5-a nearly 
sixfold drop. (Additional energy would be required if' phosphate needs 
some beneficiation because of' low P2O5 content.) Equally important 
would be the possible reduction in capital requirements required to build 
new phosphate complexes. If only half' of the 323 six hundred tons per 
day P.2O units required between 1980 and 2000 could be replaced 
through greater use of' phosphate rock for direct application, a major 
saving in both capital (perhaps as much as $6.4 billion in 1977 dollars) and 
energy could result. 

Develop crops that recover citrate-insoluble phosphorus. Billions of 
dollars will be spent over the next 20 years in building fertilizer plants that 
will convert phosphate ores into water-soluble and/or citrate-soluble 
forms. If this step is to be partially or totally bypassed, the plant breeder 
must develop plant material that effectively extracts citrate-insoluble 
phosphorus. 

Develop plants that have a high tolerance for high concentrations of 
aluminum and manganese. Recent data on agricultural lime consunip
tion in the U.S. have shown that its use has remained static since 1947 
when 29 x 106 metric tons were used (42). The most recent (1975) figures 
show present use at 30 x 10" metric tons. Fertilizer nitrogen use has 
increased sixfold since 1947. Considering the acidifying ef'fects of urea 
fertiliiers (I metric ton of urea develops an e(livalent acidity of 681 kg of 
CaCa), some concern has been raised about the effects heavy uses of' N 
will have on soil pH and its subsequent impact on concentrations of 
manganese, aluminum, iron, etc. (7). Addition of lime is the normal 
recommendation to solve this problem. However, experience in the 
United States suggests this is not the solution. Farmers are not using more 
agricultural lime except in those cases where major government subsidies 
are made available. While reserves are more than adequate to meet need 
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and costs are sufficiently attractive to warrant its extensive use, lime is not 

being used in quantities needed to offset the acidifying effects caused by 

increased use of nitrogen fertilizer. 
Since food crops such as rice, wheat, and maize grow satisfactorily over 

a relatively wide pH range it seems doubtful whether lime will be used 

these crops. Then, too, raising the pH will minimize theextensively on 
effectiveness of'phosphate rock applications and, therefore, liming may 

not be the wisest practice if new concepts of phosphorus fertilization are 

as annual doses of nitrogen are into be considered. This means that 


creased soil acidity will also increase and potential problems with iron,
 

aluminum, and manganese will develop. Plant breeders must place
 

greater focus on developing plant material that can,grow effectively in
 

such an environment. 
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Summary of the Session 

M. N. Christiansen, Chairman 

The presently available world soil surveys identify only about 20( of 
the land as to soil type or agricultural utility. Much of' tile area not 
presently surveyed is of marginal nature such as permafiost or arid 
regions. Soil classification criteria include pH, organic matter, cation 
exchange capacity, moisture retention, and physical properties. These 
properties also serve to partially identify the stat us of' mineral elements in 
the soil. The present world classification system is suited to identify 
mineral stress problemis in soils classed on the basis of parent material or 
soil-florming process; it is not suited to identify mineral stress in soil types 
of' great variability such as Cambisols, Fluvisols, and Lithosols. The soil 
classification system also does not reflect tihe agricultural history of' the soil 
which may have much impact on occurrence of mineral -stress. The 
present world soil classification system can identif'y some 2.9 billion hec
tares of' soils of' the world land area that are limited in cro) production by 
mineral stress. Dr. Van \iambeke touched on an important point in his 
introductory remarks: niamely, that the soil is not a stalic system btll 
subject to modification in physical and chemical properties as a result of' 
environmental and human impact, stressing again that cultural history of' 
soils is of' great importance. 

Much is known, however, about the reaction of classes of' soils to 
agricultural systems. Predictions can be made as to changes in organic 
matter, p1, solubilization of'altmintni, leaching of'elements, and loss of' 
productivity. 

The general consensus of' participants was that present soil class:fica
tion systems are tsef'tI for identification of' large geographic areas with 
existing mineral stress problenis or with potential problems likely to 
develop under certain cultu ral techniques. However, better expression of* 
soluble toxic ions, and of' other environmental fiact ors that alter soil 
structure and chemistry is required to maximize soil mapping utility. 

The availability and ut ilization of fertilizers appear to be on a collision 
course. Although present high fertilizer production and reduced firmmer 
demand have lowered prices, the long-term' world use predictions indi
cate a f'our- to fivef'old increase in NPK use by the y'ear 2000. Most 
nitrogen f'ertilizer is currently produced fromn tural gas. Stupplies are 
ample in Asia, Africa, and Latin America f'or the next 25 years, but 
inadequate in the U.S. Presumably, major ammonia production will soon 
shift to coal as a fFeedstock source. 'fihe long-term outlook indicates a 
gradual increase in cost of N with declining supply. 
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Phosphate re:,erves are ample in all parts of the world but remain to be 
Africa, the U.S.S.R., anddeveloped in all areas but the U.S., North 

Oceania. Energy output for production of phosphate fertilizer is minimal 

and is not likely to restrict usage. World potash reserves are ample for the 

15 centuries. The primary problem is the poor distribution ofnext 10-
world reserves and the energy expenditure for transportation to use sites. 

Dr. Stangel called attention to the fact that 30-70% of applied nitrogen 

is not used by crop plants, and suggested plant fertilizer efficiency might 

also be effected by use of new foliar spray techniques. The development 

of crop plants capable of extracting citrate-insoluble phosphorus would 

permit fairm se of phosphite ore,thereby effectingenergy conservation. 

Soil classification and mapping have identified niany areas of the world 

with present or potential mineral-plant incompatibilities. The assessment 

of present and future fertilizer availabilities has noted long-standing 

as future fossil energy shortages that willdistribution problemns as well 
present some serious cost increases by the ) ear 2000. Research to improve 

the adaptability of' crop plants to problem soils and to increase fertilizer 

efficiency offers hope to reduce chemical fertilizer usage on a world-wide 

basis. In lesser developed countries where fertilizer usage is minimal, 

adaptation of' crop plants to problem soils offers a "no-cost" solution to 

increased food prodluIctioi on subsistence farms. 
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Genetic Potentials for Solving Problems of
 
Soil Mineral Stress:
 

Aluminum and Manganese Toxicities
 
in the Cereal Grains
 

D. A. Reid 

The term "genetic potential" is not found in the literature as frequently 
as such expressions as "genetic variability," "genetic uniformity," .gene
pool," etc. These are all interrelated and are associated in different ways 
with the same general problem. In the report "Genetic Vulnerability of 
Major Crops" (119), reference is made to " ... a great store of potential 
genetic variability..." (p. 125) and "... much potential germplasm..." (p.
292). Woolhouse (187) indicates that the genetic potential that a species 
must possess in adapting to particular soil conditions should enable the 
plant breeder to select for particular properties in relation to prevailing 
soil conditions (23). 

In the Michigan-Kettering conference publication titled "Crop Produc
tivity - Research Imperatives," the report of the Environmental Stress 
working group (45) lists three major stress research imperatives:
"1) Manipulate crops or their environments in ways which avoid or 
reduce stress injury and increase productivity; 2) Exploit genetic poten
tial for developing new varieties of crops resistant to environmental 
stress; and 3) Elucidate the basic principles ofstress injury and resistance 
in plants, and evalute the scope and nature of stress damage to crops." 

The working group amplified the second category to include such items 
as germplasm collection, evaluation and maintenance; identification of 
selection criteria; selection tests and rapid screening methods for specific 
crops and stresses; and breeding crop varieties for increased levels of 
tolerance to those stresses that seriously limit crop productivity.

The report of the Environmental Stress working group sets the stage
for this session of the workshop on genetic potentials. This paper will not 
deal with such topics as mechanisms of tolerance, interrelationships of Al 
and Mn with availability of nutrients, the world or regional soil and 
climate problems or soil chemistry. These will be discussed by other 
contributors. 

If we broadly define genetic potential as heritable germplasm (of a 
particular crop species) that shows measurable differences in a character 
which has a possibility ofdeveloping into something useful (potential), we 
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can delimit our discussion. Simplified, in any species containing inclividu
als differing in their response to a character (e.g. a toxicity), it is worth 

determining if such differences are heritable, i.e. have a potential for 
breeding a crop for a specific purpose - in this case, tolerance to soil 

mineral stresses. 
This paper deals with the cereal crops; all of these are grasses whose 

seeds are useful to man. They differ in their mode of' pollination. Corn 

(Zea ,nays L.), rye (Secal cereal' L.), pearl millet [Pemniselumn am'ricailumfl 

(L.) Leekel, and triticale (X Triticosecale) are naturally cross-pollinated. 
Sorghum [Sorghumn biolor (L.) Moench] is often cross-pollinated, and 
wheat (7Trilicum j,tivum IL.), barley (Hordeum viulgate L.), oats (Arena sativa 

L.), and rice (O'za saliva L.) are naturally self-pollinated. This will affect 
the kind of germplasm available within the crop, the breeding method(s) 
and probably the actual testing, selection, and screening processes. 

ALUMINUM TOXICITY 

Several recent reviews with emphasis on the cereal crops include refer
ences to Al toxicity and/or acid soil (23, 57, 59, 62, 83, 92, 106, 115, 146). 
Aluminum injury or toxicity is usually first expressed by reduced root 
growth (38, 54, 57, 92, 95, 110, 125, Konzak, personal communication). 

For aluminum injury to be expressed, the pH of the soil solution must be 

low enough that Al is in the soil solutior. Raising the pH of'the solution to 

above 5.2 to 5.5 usually precipitates Al and negates injury. There appears 

to be a high correlation between response of barley and wheat strains 

tested in low pH soils and in nutrient solutions with known Al content 

(110,155). For this reason, results of both types of testing methods will be 

discussed. 
In most of the cereal crops, the symptoms of' Al injury are first apparent 

on tile roots. Injured roots are slower to elongate. L.ater they thicken and 

do not branch normally; the root tips disintegrate and turn brown; and 

the adventitious roots proliferate as long as the crown is alive (39, 54, 95, 

132). In most crops, sufficiently high concentrations of Al over a period of 

time will frequently damage even the most tolerant varieties. Symptoms 

also show in the plant tops at a later seedling stage; there is a high 

correlation between weight of' roots and tops (105, 134, 147). 

DIFFERENTIAl TOI.ERANCES IN BARI.EY CUITIVARS 

Numerous investigators have reported differences in barley cultivars 

or lines in their response to Al and/or low pH (59, 84, 105, 106, 120, 134, 

147, 154, 155, 169). Some of' these tests included a large number of 

varieties and selections. Van Essen and Dantuma (169) found 61 of 670 

varieties of spring barley to be highly tolerant to low soil pH as evidenced 
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by their root development on acid soils. Stolen (154) reported that of 630
spring varieties tested, the six-rowed types were generally more tolerant
to low pH than were the two-rowed kinds. Later (155) he determined thatthis tolerance could be easily transferred to high-yielding two-rowedvarieties, and that the inheritance was relatively simple. He concluded
that the apparent tolerance to low pH may actually be tolerance to availa
ble or labile Al levels in the soil. Tolerance to aluminum in certain winter
barley cultivars was found to be due to a single dominant gene (13 1).

Slootmaker and Arzadun (147) used a seedling selection technique for
tolerance to low pH as a basis for selecting plants fbr crossing. They
emphasized the importance of having tolerance in an overall favorablegenetic background. Their studies showed that the adverse effect of low
pH on non-tolerant lines was principally caused by reduction in tillering
and number of seeds per spike and to a lesser extent by lower 1,000
kernel weight.

Slootmaker and Reid (unpublished data) tested about 1,800 winter and
facultative winter barleys from the U.S. World Collection, both in low pH
soil in the Netherlands and in acid, Al-toxic nutrient solution in the U.S.They found that about 10 percent of the entries were tolerant in bothtypes of tests and there was about 85 percent agreement between individual lines in the two tests. Thus, there is a wide range of'sources in barley
which show tolerance to Al and/or low pH, and the possibility exists that 
some of these might be different genetically. 

DIFFERENTIAl. TOLERANCES IN WHEA'Ir RYE, ANt) TRITICAI.E 

Tolerance of varieties and species of wheat (7licun spp.) to Al and lowpH has been investigated at several locations. Neenan (120) was probably
the first to report varietal differences in wheat and to attribute them to Altoxicity. Foy et al. (59) tested 27 wheat varieties of diverse origin on two
Al-toxic soils and found a wide range of response. Mesdag and Sloot
maker (110) tested about 300 varieties of wheat in soil with high acidity.
Varieties common to these two methods of testing responded similarly.
Kerridge and Kronstad (93) found a single dominant gene for Al toler
ance in a cross between a moderately tolerant and a sensitive variety, but
because their moderately tolerant parent less
was tolerant than otherknown varieties, they postulated that one or more major and several
modifying genes may be involved. Kerridge et al. (92) were able toseparate wheat varieties into three classes of Al tolerance by their response to varying amounts of Al in nutrient solution. Foy et al. (62) tested
27 commercial cultivars and 19 experimental wheat lines from variousU.S. breeding programs in Al-toxic soils and concluded that older
varieties developed on acid, Al-toxic soils usually have greater tolerance
than those developed on soils which are not toxic. Lafever et al. (95), 
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working with 43 wheats, confirmed these observations in three years of 

field tests on low pH soil. In both of these studies they found a continuous 

range of tolerance and accepted this as strong evidence that Al tolerance 

in wheat isnot simply inherited. They found no evidence to indicate that 

the Al-toxicity factors and favorable-yield factors were genetically linked. 

Mesdag et al. (111) found a weak association between tolerance to soil 

acidity and protein content of the kernel but concluded that protein 

content perse did not influence the level of tolerance. They also concluded 

that it is possible to screen lines for tolerance to high soil acidity in order to 

select within segregating populations for high protein content in the 

kernel, provided that positive selection is applied, and one of the parents 

combines both characteristics. Konzak (personal communication) tested 

50 wheat accessions and identified them in five classes according to their 

reponse to Al. 
Several investigators have tested Tiiticum species other than the hexa

ploid bread wheats (7: aestivumi) as well as some related genera and 

hybrids. Slootmaker (146) found that the hexaploid wheats contained the 

most strains and highest degrees of tolerance to soil acidity within the 

genus 7hticum. Most of the diploid and tetraploid collections had little or 

no tolerance. Lopez et al. (A.Lopez, R.Metzger, W.E. Kronstad, and D. P 

Moore, 1976. Unpublished data, Oregon State Univ., Corvallis) came to 
conthe same conclusion. Slootmaker (146) credits the D genome with 

tributing to the tolerance of hexaploid wheats to high soil acidity. This is 

confirmed by a study in which an Al tolerance factor was found on 

chromosome 5 D (A. M. Prestes, C. E Konzak, andlJ. W. Hendrix, 1975. 

Unpublished data, Washington State Univ., Pullman). Lopez et al. (un

published data) found all diploid and tetraploid wheat lines tested to be 

highly sensitive to Al, but wide differences in tolerance occurred within 

the hexaploid wheats. They also found two varieties of rye that consis

tently had higher tolerance than wheat. In the same work referred to 

above, Slootmaker (146) found most triticale varieties and two rye va

rieties to be highly tolerant to soil acidity. He attributes the high tolerance 

of the triticales to the addition of the rye genome. 

Mugwira et al. (115) compared several varieties of wheat, rye, and 
triticale in nutrient solution with 6 ppin Al. Among the varieties he used, 

he found a range in varietal tolerance within all three species, with 'Atlas 

66' wheat being the most tolerant cultivar. The rye cultivars were gener

ally more tolerant than the triticale varieties they, tested. 

It is evident from the work with wheat and related species and genera 

that: there is a wide diversity of germplasn available, tolerance to low pH 

and to Al is genetically controlled, and the potential exists for advances in 

tolerance through isolating superior sources and combining them into 

acceptable varieties through breeding. 
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DIFFERENTIAL TOLERANCES IN CORN 

Lutz et al. (104) tested a number of corn inbreds and single crosses in a 
highly acid (pH 3.9) soil, and again with the same soil limed to pH 5.1 or 
6. 1. They found wide differences in height and vegetative top growth 
among inbred lines at all pH levels, but at the low pH there were far more 
differences. Single crosses between acid-tolerant and acid-sensitive in
bre(Is showed expected heterosis at the high pH levels, but at low pH, 
tolerance appeared to be dominant, even allowing for heterosis. 

Clark and Brown (38) studied two corn inbreds, one of which (Pa36) 
was reported to be a high and the other (WH) a low P accumulator. These 
were tested in nutrient solution by adding different amounts of P to the 
solution or by adding different quantities of Al at a given level of P. Dry 

nmatter yields of the two inbreds were comparable at various levels of P. 
When P uptake was controlled by varying the available Al in the nutrient 
solution, yields of' both inbreds were reduced. The reduction was much 
greater in inbred WH. When the two inbreds were grown in the same 

solution containing Al, Pa36 competed more effectively for P than did 
WH. The primary and lateral roots of inbred WH became stubby and 

thickened in comparison to those of Pa36. This effect is similar to that 

attributed to Al toxicity in some of the small grains. 
Gorsline and associates (70, 71) studied the inheritance of concen

trations of I I elements (including Al and Mn) in corn. Although these 
studies are not directly concerned with toxicities per s', they may have 

sonic relationship to the general problem. They found differences among 
corn lines in the content of Al, Mn, and other elements in the ear leaf and 

the grain. These differences were found to be heritable, but separate 
genetic controls appeared to govern the concentrations in the two parts. 
They postulated that the concentration of Al and Fe in the ear leaf was 

under the control of' three genes with major effects and that Mn was 

controlled by at least two genes with major effects, and one or more 
additional genes. 

RICE 

In Ceylon, a disease of'rice known as "bronzing" was found to be caused 
by aluminum in combination with calcium deficiency (125). Root de

velopment was markedly retarded, similar to that in other crops already 
mentioned. This same investigator was able to produce similar results in 
soil and nutrient solution with known amounts of Al combined with 

deficiency of calcium. Several soil treatments, including liming, were 
effective in reducing bronzing and were credited with inactivation of' Al. 
He reports that manyirice v'arieties of Ceylon aire resistant to bronzing ancl 
implies that others are not. Differential Al tolerance has been reported 

59 



among rice varieties grown in nutrient solution (C.P. Martinez, W. E. 
Kronstad, and D. P. Moore, 1976. Unpublished data, Oregon State Univ., 
Corvallis). Howeler and Cadavid (83) screened 850 rice cultivars in nutri
ent solution. To eliminate inherent varietal differences in root length, a 
relative root length (RRL) value was calculated by dividing the average 
root length at 30 ppm Al by the average root length at 3 ppm Al. (The 
latter level of Al in solution appeared to stimulate rice root growth.) Their 
results showed that rice cultivars differ markedly in their susceptibility to 
high levels of Al in acid soils and in nutrient solution. Most of the recently 
developed semidwarf rice cultivars were not as tolerant to Al as were tall 
cultivars grown in acid soil areas. Crosses between Al-tolerant and Al
susceptible cultivars showed that Al tolerance can be incorporated into 
high-yielding cultivars that are presently very Al-susceptible. 

SORGHUM, MII.EI;T AND OATS 

Walker et al. (I 72) fbund that the forage yield of one sorghum variety 
was markedly improved when soil acidity was reduced by liming, but the 
yield of one variety of millet which yielded well on acid soils was not 
increased by liming within the same pH range. It was also noted that millet 
forage increased in 1, Ca, and Mg content as pH levels increased, while Al 
and Mn content decreased. 

Relatively little research has been reported on varietal differences in Al 
response in oats and sorghum. Long et al. (103) found one variety of oats 
to be very sensitive to Al in nutrient solution culture, but in a soil low in pH 
and high in Al, liming produced relatively small effects on this same 
variety. Foy (57) mentions that, as a crop, oats are considered somewhat 
tolerant to low pH and to Al as compared to barley. Ragland and Coleman 
(129) reported that the growth of grain sorghum roots decreased as the 
percent Al saturation of the soil increased, but roots grew well when lime 
was applied. Sorghum was mote sensitive to high Al levels than was 
sweet corn. 

GENETIC POTENTIAI.S FOR BREEDING TOLERANCE 

The research on the cereal grains reviewed herein shows that for those 
crops in which several cultivars within the species have been investigated, 
differences do exist in their tolerance to Al and/or acid soils. Several 
studies previously quoted show that responses to these stresses are herita
ble and that, in general, tolerance is dominant. Thus, it seems evident that 
genetic potential for tolerance to Al and/or low pH is available in many of 
the cereal crops. In some studies, it has been shown that more than one 
gene is responsible for tolerance; in other crops, only one gene has been 
identified so far. Normal breeding procedures, such as backcrossing, can 
be used in transferring tolerance to otherwise acceptable cultivars. 
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In a program of transferring mildew and leaf rust resistance from 
Franger' (Al-sensitive) to 'Dayton' (Al-tolerant) barley, plants resistant to 

both diseases were selected for successive crosses to the Dayton recurrent 
parent (134). No selection for Al response was done during the backcross
ing cycles. After four backcrosses to Dayton, homozygous mildew- and 
leaf rust-resistant lines were selected. Subsequent tests showed that some 
of these were as Al-tolerant as the Dayton recurrent parent (Fig. 1). 

Figure 1 Root growth of barley varietiesgrown on Al-toxic Tatum soil (pH 4.3) with 375 
ppm CaCO3 (low rate) added (50 days old). Left to right: Dayton, Franger/4"Dayton
(Bells. 62-1427) and Kearney. Reid et al.,1969 (134). 
Composite crosses offer another possibility and might be useful when a 

large number of tolerant strains of a crop are available, and when it is not 
known whether there are different genes responsible for controlling 
tolerance. A composite cross of world winter barleys (133, 134) was grown 
for only one generation on Al-toxic soil, and yet the general level of Al 
tolerance within the population (as measured by root growth) was in
creased considerably (Fig. 2). 

If one or more genetic male sterile genes are available in the particular 
crop, another approach is to combine all possible sources for tolerance in a 
composite cross and then follow a system which has been designated
"male sterile facilitated recurrent selection" by R. E Eslick (130). This is 
being used successfully for several different characters in barley. In 
essence, this consists of growing a population (usually the F2 generation) 
in which the male sterile gene(s) will segregate. The population is grown 
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Figure 2 Root growth of Composite Cross XXVI grown in Tatum soil in greenhouse (50 
days old). A and B-seed from plants grown one year on Al-toxic soil; A-low lime rate 
(375 ppm CaCO3 added, pH 4.3), B-high lime rate (3,000 ppm CaCO3 added, pH 5.8). 
C and D-from original plants grown on non-Al-toxic soil; C-low lime rate, D-high 
lime rate. Reid et al., 1969 (134). 

under selection pressure for tie particular character in question-in our 
case, low pH or Al tolerance. Male sterile and male fertile tolerant plants 
are selected and intercrossed in large numbers. The crossed seed are 
increased in bulk without selection pressure, to insure good seed in
creases. The new "F." generation is again subjected to selection pressure 
and the whole cycle is repeated as many limes as desirable. Individual 
plants call be selected and progeny tested in any cycle. If there are 
different Iolerance genes involved, and if their effects are cunilative, it 
should be possible to select lines which are more tolerant than any of the 
original parents. At the same time selections are made foir tolerance, 
desirable agronomic plants for a partictlar environnient can be chosen 
Ilso. The expression of any inherited trait may be affected by the total 

genetic background, and this should be kept in nind in making selections 
from this type of population. 

With this method of, breeding in mind, Reid. Slootmaker, and Stolen 
(unpublished data) crossed each of 220 barley lines which had been 
reported to be tolerant to Al and/or acid soil, onto male sterile plants in 
three of* six different genetic backgrounds, all of' which were also Al 
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tolerant. After increasing, bulk seed (which will segregate for male sterile) 
will be made av'ille to interested breeders. The pol)ulation will be 
heterozygous for a wide range of genetic, morphologic, and ag')rnic 
characters for which selection can be concurrent with Al aund/oracid soil 
tolerance. 

In phnning a poptilation for this type of breeding procedtre, it would 
be highly desirable to use at least tw() inale sterile genes known to be 
located on different chromiosomes, to help avoid the possil)ility of' unde
siraible linkages. Unufortunately, in this case of' the cormposite (ross just
(lescribed, ile only segregating male stocks available (80) which were 
tolerant to Al, all had the same male sterile gene (nlsgl). 

EFFECI OF MANGANESE ON CEREAl. CROPS 

Several recent papers have adeluately reviewed the literatur i1cpetam
ing to the effect of manganese oin cereal crops (1. 23, 56, 58, 60). There 
are soic definite (lifferences between the effects of Al and Muion l)laints.
As previously shown, excessive Al affects the root groith first, ain( daii
age of' the al)ove-ground parts follows later as ai result of' loss of root 
function. Manganese toxicity is usually expressed first ill ihe leaves; roots 
may be injtired in severe cases, bu tihis generally c'u rs on ly after iThe tops 
are injured (56). Ahhoitgh Al in low c(ncentration has been shown to 
stinulate early ioot growth in some species, this often turns to Al toxicity
in a few days. 'I'here aie except ions, however. Al is beneficial to BI-l 1146 (a
Brazilian wheat) is shown by letter im(lvlodhplneii with :3 ppm Al ihamn 
with no AL. [his variety also raiidly raises the pH of tlie nutrient solution 
in which it is growing (Foy, personal coniintiicatioii). Ollile Uther hand, 
Mn (leficielicy is common in the .small grains in( sorgliunl (56).

Al and M (oxicities usually occur in soils of' p11 5.5 or"lowcr and often 
ill coilbiniatioii, whereas it p-I values higher than 5.5, AI precipitates out 
of soltionl and thus (loes not advcrsClV affect )lt growl I-howCvcr, INIii 
toxicitv can also occur al higher p1-f levels in poorly drainied or comllpacted
soils, ifi such soils contain sufficient total Mn. Soilc soils (flr example,
Bladen) are so low ii total Mn that ther' i'e not Mn toxic even it p-I '1.5. 
The effects of'l"I i have been sl tudied more intensivel' il c'ops olier than 
lile ce'eals and )ecause Iallny spt'ies require Ii1n for Iornial gi'(onlh, 
more emphasis has been pilaced (ii Nin deficiency thban on toxicity.Earlier 
reseai'ch on deficiencies has shown va'ietal differences withiiin several 
cereal species. Recent studies (29, 117) have designated lite oat vai'iety
'Park' as \nI efficient lecause it utilizes a limited Supply of' N It and (loes 
not develop NI in-(leficiencv syniil)toulis. The variety 'Cayuse' (1n i
inef'ficient) deveh)ed MNIn-deficierncy s 'niioinswhen grown ildielr idCn
tical condiiois. In coin, accululatioll (if" ll (iiffere(l along inbre( liles 
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and is under genetic control (70, 71). Rice varieties have been reported to 
differ in response to Mn deficiency (101). Reid (135) reported differences 
among barley varieties in tolerance to excess Mn. 

Some varieties are susceptible to both Al and Mn toxicities, but toler
ance to one element does not necessarily mean tolerance to the other. For 
example, in wheat, Atlas 66 is more tolerant to Al than is 'Monon,' but 
Monon showed higher tolerance to Mn than did Atlas 66. 

Dayton barley is Al tolerant and 'Kearney' is Al sensitive (134). Foy 
(personal communication) found that Dayton was also more tolerant to 
Mn than Kearney when grown in acid Ruston soil with 100 ppm Mn 
added. However, Baenziger (personal communication) grew the same 
varieties in nutrient solution with 8 ppm Mn and noted thai symptoms of 
Mn toxicity appeared on Dayton leaves in 14 days, but Kearney leaves 
showed no symptoms under the same conditions. 

Research on Mn toxicity has not been as extensive in cereals as in some 
other species, and there is not as much evidence of genetic control with 
Mn as there is with Al. But there is certainly enough evidence of varietal 
differences within species in such areas as Mn deficiencies and genetic 
control of differential Mniaccumulation to warrant much more intensive 
research with these problems. 
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Genetic Potentials for Solving Problems of
 
Soil Mineral Stress:
 

Aluminum and Manganese Toxicities in Legumes
 

T. E. Devine 

In order to properly assess the genetic potentials for solving the prob
lems of' soil mineral stress we must first formulate the appropriate ques
tions. Since we are evaluating a new research endeavor, quite different 
from traditional breeding programs, we need to be receptive to new 
concepts in evaluating research goals and extending the fundamental 
principles of* plant breeding. Let us consider in broad perspective the 
challenges and questions posed by a program to develop tolerance to 
mineral stresses, and then the critical research needs and specific prob
lems in alfalfa, soybeans, and Rhizobiun. 

FORMULATING A BREEDING PROGRAM 

Before undertaking any major new endeavor in crop improvement, 
a plant breeder implicitly or explicitly poses a series of' interrelated 
questions. 

'he first question posed concerns tle evaluation of the relative merit of 
the breeding objective itself. Where does it rank in the list of' priorities? In 
the case at hand, the development of' Al- and Mn-tolerant legumes, the 
conception and definition of' the objective depends primarily on the 
expertise of the soil scientist. Distinguished soil scientists have assessed tile 
specific mineral stress factors, the degree of their debilitating effect on 
crop species, and ti. geographical extent and distribution of the problem 
soils. Crop losses and impediments to crop cultivation must then be 
assessed in terms of their economic and social value. The plant breeder 
addresses the specific stress factors restricting productivity in the adaptive 
range for which he seeks to develop cultivars. 

A second question relates to the assessment of whether the problem is 
amenable to solution through genetic modification. This judgment is 
made on the basis of' the available, though usually inadequate, infornia
tion. Frequently the answer is developed only after selection is under way. 
The question may be resolved into several components: 

a) Are techniques available to assay for the pertinent character? 
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b) Is there a range of variation for the character? What are its limits in 

adapted, otherwise agronomically suitable cultivars? What variation is 

available in the germplasm collection and plant imtroductions? 

c) Is the character heritable? To what degree? What is the mode of 

gene action - simple or muligenic, dominant or recessive, additive or 

non-additive? A preliminary appreciation of heritability may be gained 

by testing an array of' gernlplasm for mineral stress tolerance under a 

uniformly controlled environment. 
d) What estimate can be made of the level of'improvement attainable? 

Is this level sufficient for applied use? 
It is parlicularlh diflficult to answer the latter questions. However, some 

insight into the estimated level oflprogress may be gleaned frorn the study 

of'species indigenous to the s ress sites. An intraspecific clinal variation in 

St'ess tolerance would suggest that if' natural selection has adapted wild 

species for tolerance, the breeder, with more precise and efficienlt 

technology, should be able to develop cultivated crops wit h similar aclap

tatiol. Studies of* the physiological mechanisms of' tolerance in wild 

species may be helpful in suggesting the mechanisms which should be 

bred into crop specis and in devising the selection I'o'ecIh, res to be used 

in screening for tolerance. Whenever a decision is made to unlertake a 

breeding program toward a defined obdjective, an implicit judgment has 

been made that tle progress expected, based on available variation and 

heritability, will be stufficient to permit applied use of the end pioduct. 

The development of precise techniques to assay for tolerance to min

eral stresses is a vital research need requiring tle cooperation of soil 

scietists and planit physiologists as well as plant breeders. While certain 

specific physiological studies are effectively carried out with 100 or less 

plants, a breeding program requires techniques fro evaluating tens of 

thousands of' plants both accurately and efficiently. The cross-pollinated 
pol).lploid species, such as alfalft, clover, and tie fbmge grasses, require 

one hundred or more individuals for intercrossing in each cycle of' a 

recurrent selection program to minimize the effect of'inbreeding depres

sion. If* the gene frequency f'o" the desired trait is low, a very large 

population must be screened to recover sufficient plants for intercrossing. 
With low gene f'requencies it is critically important that the assay tech

nique be precise. Selection of susceptible plants exhibiting the tolerant 

phetiotype (because of errors in technique), can drastically lower herita
biliy and impede progress. For example. if only i% of the plants are 

misclassified as resistant, and the gene frequency fr"adominantt allele for 

a stress tolerance is .5 /, mst of' the plants selected f'or recominilation 

will be, in fact, susceptible. In a backcrossing program designed to trans

fer a single gene fOr tolerance f'rom exotic germplasm to adapted c, 

tivars, laIge numbers of recombinants may also have to be sampled in 
order to recover the desired types. 
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In undertaking a new program it is of critical importance that the 
breeder adequately evaluate the pertinent germplasm and select desira
ble parental materials. It would be fortunate indeed if the desired trait 
were found in adapted culdivars of elite breeding lines. The problem 
would then be reduced to selection of the proper cultivars for the stress 
soils. Often a very diverse population will need to be sampled to obtain tile 
needed variats. Large collections of crop gernplasnl have been acquired 
over many years and are exchanged aillong laborato'ies ill lllV coull
tries. These collections would he used most efficiently if'it were possible to 
associate Specific geriplasnil samples with tile presence and absence of' 
specific soil stress conditions at the indigenous site. Unfrtumitelv, many 
of*our plant introductions can only be identified withIlarge geographic 
areas: ChinaJapan, Korea, etc. It would be most helpful, in the future, if 
gernplasm colletiou expeditions included hwal soil specialists who 
would characterize the indigenous site. Lack of' appreciable variation in 
the adapted cultivars or the gernplasnm collection would present a dismal 
prospect, witlh mutation breeding or tile substitution of' alien geinetic 
material being tie ardtuus aleriative. 

The breeder must select a breeding system 6' improvement. This will 
be determined by several factors: 1) tlie reproductive boany of thie crop, 
2) the genetic dyinics of' tie species, 3) the mode of' inhe'itance of' the 
pertinent trait-simple or polygenlic, additive or non-additive, and -) the 
urgency of' tile need ftr geriiiplasnil or cultivai' release and the quality of' 
the breeding material already on hand. If cell culture techniques are 
available flor the species, the breeder should consider their use. 

ALIFALFA OR LUCERNE 

Differential tolerance of individual alfalfia genotypes to Al and Mn has 
been demonstrated by Oueilette and Dessureaux (126). Simpson (145) 
reported on similar differential tolerance to Al. l)cssuirCaux (43) indi
cated a differential response of' seedling progeny of' afalfi clones to Al 
st i'ess. 

Attempts to characterize cullivars of' alfalfia for Al tolerance have 
proved inconclusive (145 and Armiger, unpublished data). The failure to 
establish clear-cut differences ini Al tolermnce has been autriltcd to the 
high degree of' vaiiatiom for stress response within cultivars. This should 
not be surprising, because alfialf'a cultivars are known to be highly 
heterogeneous. 

Progress in breeding Olr both tolerance anld susceptibility to Al toxicity 
was reported by Devine et al. (44). In that study, tolerant and susceptible 
plants were selected from plamts of' six cultivars grown on an Al-toxic 
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Bladen soil at pH 4. 1 to 4.3. The tolerant selections were interpollinated 

to form one population of polycross seed. Susceptible selections were 

treated similarly to form a second population. These two populations 

were subjected to an additional cycle of recurrent selection for tolerance 

and susceptibility. 

Table 1. 	 Response of two alfalfa populations to recurrent selection for tolerance and suscep
tibility to Al toxicity as determined by frequency distribution of plants inroot score 
classes and mean root score after 2weeks' growth on Al-toxic Tatum soil at pH 4.6. 

Plants in root score classest (/) Mean 
Entry 1 2 3 

scorMea
4 5 score 

AT 3 (Tolerant strain) 1.75 6.36 

AS 3 (Susceptible strain) 0.19 1.11 

L.S.D. (.05) 
(.01) 

31.33 

11.32 

41.41 19.16 3.70 

49.09 38.29 4.24 

0.06 

0.08 

t I=vigorousgrowth, secondary and tertiary branching Data from Devine et at., 1976 (44). 

5 = severely stunted growth 

The population bred for tolerance was significantly higher than the 

population bred fbi susceptibility, in both root and top vigor on Al-toxic 

Tatum soil (Table I). The results indicated that Al tolerance was a herita
ble trait and that recurrent selection has been used effectively to develop 

sti'ains having diffe-rential tolerance to Al-toxic soils. Since less than 2% of 

the plants from the tolerant population were in the inost tolerant class, a 

good opporttunity remained for f'urther progress in selecting toward Al 
tolerance. 

Selection progress was not rapid, suggesting that the population sam

pled lacked a single allele with a major effect on aluminum tolerance. 
More likely, a multigenic system governs Al tolerance in this material. 

Solution cultuwiis are being used in a continuing effort to select for Al 

tolerance in populations of alf'alfia that carry multiple pest resistance. 
When populations with distinct differences in Al response have been pro

duced in laboratory and greenhouse tests, field testing will be initiated. 
The seed production system for alfalfa that has developed since the 

1940's has relevance to the problen of tolerance to stresses of acid soils. 

Alfalfia seed production in the United States is concentr'ated in the West. 

Alfalfa var'ieties intended for use on the acid Al-toxic soils of the eastern 

United States nust also be high seed producers in the alkaline soils of the 
western states, in oidei to be attractive to seed growers. When alfalfa 
varieties are developed for tolerance to acid mineral stress conditions, 

care should be taken (luring the process of seed increase (foundation and 

certified seed) that undesirable genetic shifts do not result in the loss of 
tolerance. 
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SOYBEANS 

Soybean lines have been more extensively surveyed for Al and Nfi 
toxicity than have alfalfa cultivars, but still only a snmall portion of tie 
available gerjplasn has been sampled. Armiger et al. (9) characterized 
48 soybean cultivars from i 10 maturity groups for Al toxicity on Bladen 
soil. Sartain (14 I) studied 29 culhivars for tolerance to Al toxicity. Both 
reports in(licated that significant variation was observed. 

At Beltsville, we have recent ly eV ateLI 10 cultivars postulated to 
subsiantially represent the germplasm projected for futtire commercial 
use in the U.S. We are also in tile process of evaltafing the entries in the 
National Uniforni l'est for matuirity groups IVS through VIll. These are 
the elite experimental breeding lines of' publicly supported agencies that 
are being evaluated for agronomic performance in a coM'dinatedlnational 
pr'ograim for possible release as cultivars. The Plant Introduction collec
tion remains to be sam pled. Thus fiar, quantuiu (lifferences in tolerance to 
Al toxicity have not beeii observed; however, the degree of* variation is 
encouraging. 

Several assay techniques Ihave been explored. At Beltsville. we have 
usedlan Al-toxic TIttuni soil to evaluate root growth. Seedlings were 
cultured for 2 weeks in this medium and then washed f'ree of' soil and 
visually scored f'or sttinting of root gr'owth. Considerable piheiontyIPic 
variation is apparent in seedlings tested in this man ner (Fig. i). 

Figure 1 Differential tolerances of soybean seedlings to acid (pH 4.5) Al-toxic Tatum 
soil 2 weeks after seeding. Left to right: Classes 1to 5used inTable 2. 
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We have explored tile effect of seed soutrce on the expression of Al 
tolerance in Tituim soil by using seed of tie cultivars 'Kent' and 'Dare' 
from different U.S. sources. In our test, the major falctor affecting re
sponse was the genotype of' the seed rather than the source of the seed 
('lable 2). Environmental effects during seed production did not appear 
to mask zvgotic expression. 

Table 2. 	Mean root scoret of seedlings of two soybean cultivars from four locations. Meas
urements were taken after 2 weeks' growth InAl-toxic Tatum soil at pH 4.5. 

Source of seed 
Cultivar ... 

Maryland Virginia Oklahoma Arkansas 

Kent 3.5 3.0 4.5 3.5 
Dare 1.0 2.0 2.0 2.5 

tMean of 3replications 
1 =vigorousgrowth; 5=severely stunted growth 

The investment of'time and labor requtiired for evahttation in soil and tie 
desire to improve precision of' the test has encouraged interest in the use 
of' solution culture techniques contrived to induce specific mineral stress 
toxicities. Several methods of' evaluating fbr Al toxicity in soltition cul
ttires have been used: 1) visual score of root stunting, 2) the percent 
reduction in root fresh weight, 3) the repression of' the meristeni domi
nance of the primary root as indicated by the distance fi'om the growing 
tip to the most recently emerged secondary root, and 4) growth recovery 
f'rom a pulse treatment with a toxic level of Al for a brief period. Which of' 
these is the most heritable remains to be deterimined. Even more impor
tant, which measutre will serve as the most reliable indicator of' field 
tolerance to toxicity is not known. Much remains to be done. Experience 
has shown that selection f'or physiological traits in cont rolled laboratory or 
greenhouse environiments may not result in the expected agronomic 
improvement. It would, thereflore, be advisable to test breeding naterials 
fotr genetic advance periodically in soil media. 

RHIZOBIUM 

Legumes differ f'rom other crop species in a process of particular 
significance in biology and agriculture, i.e., symbiotic nitrogen fixation. 
This intricate and highly developed association permlits the ctiutire of 
properly nodtlated legtimes without the application of' costly artificial 
nitrogen f'ertilizer. 
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While much effort has been lirected to the improvemient of host crop 
species, relatively little attention has been focused oil the breeding of 
Rhizobium for agricultural purposes. I propose that we endeavor tv de
velop strains of Rhizobium with enough tolerance to acid mineral stress 
conditions to complementl tile tolerant genlolypes of' liet host species we 
seek to develop. The feasibility of achieving this objective in microor 
ganisms is supplorled by the report of Foy and Gerloffl(61) who developed 
a strain of ('hlonehia v'wrenoidu.a Chick., a green alga, with higher Al 
tolerance tha 1 tile original strain by subjectinig tile origiial sttail to 
increasing Al stress. 

Species and strains of Rhizobium vy'v widely in their acil tolerancc 
(102). Norris (12 I) disctssed the evoltitionarv relationship bet ween 
edaphic alaptation of host species and tile prodluct ion of acid by their 
homologous Rhizobium. Variation in Rhizobium japoiuwni fir adaptation 
to soil 1)1t was reported by Ham et al. (73) after studying soybean noltles 
firoim 75 locations in Iowa. Scrogrotlp 123 was the dominant Rhizobuin 
group found on soils below pH 7.5, while scrogroup 135 lonmliiiated 
where soil pH was above 7.8. Eighty-one percent f' tile variation in tile 
occurrence of' scrogroup 1:35 was altributed to soil pH-. 

The danger of losing Rhizobium effctliveness in symbiosis by selection 
for adaptation to acid soil stress is suggesteld by tile observation of' l.ic 
(100) that ineffective Rhizobium strains seen tI) be predominaint iii acid 
waterlogged soils ili Great Britain and'in tile Netherlands. Masterson 
(107), in a .studv with Irish soils, found a significant positive relationship 
between Rhizobium isolate effect ivelless oil SI00 white clove' and tihe p H 
of, the soil stirrounding the dlonor plant root. This indicated the local 
nattile of the influencc ol'soil p-I on Rhi.zobium cffectivenless. Undesirable 
changes accom)anlving select ion for tolerance to mineral stresses are 
suggcstecl by tile repor of Holding and Lowe (81) who repeatedly subcul
ured strain 8A1. of' Rhizobium Iriidii Dangeard with and wilhout 900 1)pp 

of' added MNi and tested, at each snbcltliring, the cffcctiveness of the 
strain on S184 white clover. The results indicatel a loss of' Cffcttiveness 
with repeated sutitllultliig ('lable 3). Howeve'r, Sherwood (1i43) reported 
only a minimal change ill cffectiveness wit h SIIO) white clover after eight 
traisfcrs oil media containing sub-toxic levels of* Nin. Six Rhizobium 
strains increased slightly in cffectiveness, one was reduced and one was 
uinchanged. 

Perhaps the key to understan1ding the observed interaction of 
Rhizobium effectiveness and wet acid soils call be found ill a rcport by 

Masterson and Sherwood (108) that suggested thal ill wel acid soils, tle 
local variety of' Clover isadapled to such conditions and is quite diffcrent 
f'rom commercial clover (S 100). Their" restilts indicated that while 
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Effect of subculturing with and without 900 ppm of added Mn on effectiveness ofTable 3. 
Rhizobium trifolii strain 8AL with Trifolium repens (S184). 

Plant fresh weight mgltube of 3plants
No. of sub. 

+900 ppm Mnculturest -Mn 

0 445 425 

1 425 450 
2 412 430 
3 462 430 
4 430 275 
5 450 285 
6 425 75 
7 440 130 
8 410 60 
9 425 72 

10 410 70 
SE__41 

Data from Holding and Lowe, 1971 (81).tSubcultured on agar. 14 day intervals. 

Rhizobiut isolates from these areas were often very ineffective with com

mercial clover, the% wcre very effective with the indigenous clovers f'rom 

which they were isolated. If this is the case it should he feasible to develop 

Rhizobinim suited to tolerant host cultivar-s as well as the mineral stress 
(2nvil-on In(e11l. 

(ONCILUSIONS 

1. While it is (ifficult to assess the genetic potenitials for solving the 

piroblems of soil mineral stress because of the limited information availa

ble, the evidence to (late is encouraging. 
2. Progress is needed in the development and evaluation of assay and 

selection techniques. 
3. A broader range of germ )lasm should be assayed than has yet been 

exaiiled. 
4. Research is needed to expand our knowledge of the interaction of 

Rhizobium and theitr host plants under soil mineral stress, and the effects of 

selection (n this interaction. 
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Genetic Potentials for Solving Problems of 
Soil Mineral Stress: 

Adaptation of Crops to Salinity 

Emanuel Epstein 

It is a truism in biology that an organism+is what it is as tile result of'tlhe 
interplay of two determinants-its innate, genetically governed potential 
and the environment in which it exists. Agricultural intervention ill tile 
processes of nature has thereibre available two corresponding strategies: 
selection and genetic manipulation of the organisms, and modification of, 
their environment. Agricultural scientists have used bothi approaches, 
even when dealing with a single problem. 

As just one example, let us consider for a moment that serious pest of* 
many crops, nematodes. Where they exist we have tile option of making 
the environment more favorable to pltnt roots, and we do this by applying 
nematocides to tile soil. The other approach is to select and breed cul

tivars of, crops that are resistant to nematodes, an(l we do that, also. The 
two strategies are of* course not mutually exclusive; we call use both 
simultaneously in dealing with a given problem.lTo stay with ou' example, 
in Holland it is mandatory for growers of starch potatoes to apply 

nematocides and to use resistant cultivars f'1 dealing with tile golden 

neinatode. 

SALINITY IN NATURE 

Turning now to my topic, salinity and how to make crops cope with it, let 
ts first consider tile natural situation, without our intervention, and then 

ask what we have done and may be able to do. 
As for nature, this planet of'ours is a very salty place. About 70 percent 

of' the surface of' the globe is covered by oceans, a third of' the land area is 

semi-arid or arid, and half of that area has highly saline soils. lb mny 
plant scientists who work in an agricultural context this pervasive pres

ence of'salt is an unmitigated curse and "salinity" a dirty word. But part of* 

the plant kingdom does not share this opinion, so to speak. The primary 

productivity of' the sea depends entirely on its green plants, tile nmrine 
phytoplankton. Oil land, too, where lack of' water does not pose a prob

lem, many wild plants cope quite successfully with salinity - tie 
halophytes, like those along tile coast, in estuaries and deltas, and in salt 

marshes. 
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Many people associate salt-tolerant plants with tie desert and gain an 
impression that salinity isexceedingly detrimental, because of the sparsity 
of the vegetation. But that is due to lack of water more than to salinity. 
Things are quite different where there is water, saline though it might be. 
"Estuaries in general and salt marshes in particular arc unusually produc
tive places." So write Teal and Teal (158) in their book, Life and Death of 
the Salt Marsh, and there is much evidence to support the statement (113, 
122, 153). 

SALINITY ANI) CROP PRODUCTION 

The conclusion is inescapable that there is no funlamental biological 
incompatibility between plant life and even highly saline conditions. That, 
then, is not the problem. The problem, rather, has to do with those plants 

that we use ias crops. Almost without exception they are sensitive to salt at 
really high concent rations-concent i'ations approaching or equaling that 
of' seawater, or those encountered in many highly saline soils and irriga
lion waters. Even fairly moderate levels of. salinity are harmful to nany 
kinds of crops, as documented through the extensive work carried on 
over nearly four decades by the U.S. Salinity Labo'atory at Riverside, 
California (2). 

This sensitivity of crop species also has made it impossible fCor us to 
exploit that gigantic reservoir of water and mineral nutrients, the oceans, 
for raising crops - it huge volume of' culture solution unusable fom' 
irrigation and nutrient sul)yly because it contains about 0.5 M NaCl, or 
roughly 30,000 ppn, ald considerable concentrations of other salts, for a 
total salinity of' 35,000 ppm, with a specific electrical conductance of"46.3 
nmnhos/cnil (182). 

That, then, is tile problem: the intolerance of* virtually all out crop 
plants to highly saline conditions. And like all other such problems it can 
be ap)r'oached only by the two strategies mentioned at tile beginning of' 
this paper: genetic aiaptation of the plants to tile prevailing conditions 
and modification of the conditions to suit the organism. As pointed out 
bef'ore, the people concerned with plant pests (and with other kinds of 
problems) do both. 

But here we come to a strange paradox. Unlike their colleagues in other 
specialties, agricultural scientists interested in the salt relations of' plants
have almost entirely relied oi tile latter approach, to the virtual exclusion 
of' the genetic one. They have concentrated on suiting the soil and the 
irrigation water to the crop. Endeavors such as soil reclamation and 
drainage are multi-billion dollar enterprises, attesting to the magnitude 
of the salinity problem and tile heroic e'fforts made to cope with it. These 
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efforts niust continue because the areas where salinity prol)lils are 
Coll iflon - the arid and senhi-arid regions of the world -are among the 
iiost fertile and productive ones ill the world. Their unleached soils are 

iiheretii ly fertile, gr'owing seasons are long, teml,'rat ore and light ilitei

sit' are high, and the atmospheric hutmidity- is low. Fresno CouLity ill 
Calif'ornia's San Joaquin Valle) is a prime examlple - beset by salinity 
probilms, to be sllre, bill evell So liet nation's forelnicst Couit)- ill agricul
tural productionl of which it generates a billion dollars, worth each year. 

There is thus no questioting the usefulness of the "technological fix" 
(183) of manipulating the environnient, in this case soil and water, to sul 

crops. Nevertheless, reclamation and drainage projects a:re exceedingly 
expensive operations, in tern'is of dollars, energy, and goo(d Vwater, all of 
which they require in prodigious amounts. What is more, therc will be 
ever mote keen competition fAr these precious inputs by non-agricul tural 
sCci rs of the econom\'. And finally, these large-scale operations may raise 
conicern on envirotitnenl al grou nds. All this ians that there is now%a 

major impetus for pursuting additional or alternative strategies for coping 

with (lie problei of saline soils. 

THE PI'OTENTIAI. FOR GENETIC MANIPU1ATION 

The only such strategy open to uts, so fir as I can see, is the "biological 
fix" of adapting the plants to saline conditions. IlnasmuchIas many wild 

species of plants can exist and even thrive ill saline eliroinmeiits tile task 
isto comil)ie within the same plant the economic L of a crop with the 
salt tolerance plants evidently are capable of' possessing. 

If highly successful, this approach iught do more than alleviate salitnityv 
prol)lCtiIS eicotun, red in conventional irrigation agriculture in arid and 

semi-arid regions of' the world. It might make it possible f'or us to (o what 

so Bi'" we have been unable to do: develop syvsteis of'seawate'-)ased crop 
production and thereby put to good accou nt water, mineiral nutrients, 

and sandy, coastal land--all resouices which now are useless ot" ..early so 

f'oir crop production. If' seawat er-ibased crop production is to become a 
reality tie oily way to make it so isby generating crops suited fIor seawater 

culture. We cannot desaliiiize seawater for conventional irrigation ag
riculture except in a few special sittoation'i, on a sniall scale. Beyond that, 
desalination is too costly in dollars and ene,,y toi make an appreciahle 
coritution to crop prodLction in lie foreseeable tt'lite. 

For a variety'of' 'easons tile geinei( approach of' generat itlg salt-tolerant 
crops is onl' now coming into its own. If' we are to succeed in this lnew 

departure we shall have to answer two principal questions: I. Is there 
available in important crops su|'ficienit genetic variabilit y in respect to sall 
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tolerance to make selection and breeding for this trait possible? 2. Are 
ther-e salt-tolerant wild relatives of crops that could be used as sources of 

germ plasmu to transfer this trait to crop species? 
Before dealing with these specific points we should understand that 

they are part of a broader (luestion. It is whether in general, perform

ances of plants having to (to with mineral nuttrition, mineral transport, 

and mineral netabolism have been shown to be under genetic control. If 

that question can be atiswerned in the affirmative theni chances are good 

that the more specific question of genetic diversity with respect to salt 

tolen'ance will also be answered that way. 
Surprisingly few reviews and chapters have addressed this impo-rtant 

prohlem of the genetic control of inineral uptake, transport, and 

metabolism in plants. They are listed in lahle i. Many original paper's like 

the classical ones on iron transport hy.. C. Brown of the U.S. 1)epart ment 

of Agriculture are cited and i-e-cited in several of these reviews. The total 

body of cvidlence is thus slim. Nevertheless it suffices to drive home the 

lesson that iany aspects of minelral nutrition and metabolism of plants 

an'e unler geletic cotiti'ol. 

Table 1. Reviews and chapters dealing with the genetic control of mineral uptake, 
transport, and metabolism of plants. 

Author(s) Year Tatle 

Kruckeberg. A.R. 1959 Ecological and genetic aspects of metallic ion uptake 
by plants and their possible relation to wood 
preservation. 

Myers, W M. 1960 Genetic control of physiological processes: 
consideration of differential ion uptake by plants. 

Epstein, E. 1963 Selective ion transport inplants and its genetic control. 

Gerloff, G. C. 1963 Comparative mineral nutrition of plants. 
Vose, P. B. 1963 Varietal differences inplant nutrition. 
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Gellolypic variation in the respoiises of plants to saliiiity is docitniented 
in several of'these reviews, especially the last three which also discuss the 

prnospects of selectioi aid birceding fhir salt toler'anice. Io illustrate, a 
simple and clear-cut lislatnce of differe'tial salt tolerance in closely re

lated geiiotypcs is shown in Fig. 1. Two species of wheatgrass, Agropvron, 
tespollcdelery different ly to increasing conicentrations of NaCI in the 

nutriciti solution, up to 500 in Al - tie approxiimate concentration of 

NaCI iti seawater (Na, 457 and C, 536 m,,l). None of' the plants of' 
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intermediate wheatgrass, A. inlhrmedium, survived at concentratioiis 

higher than 50 mM NaCI. whereas a few of the plants of tall wheatgrass, 
A. lnghgatum, naintained a precarious hold on life even at the highest 
concentration, 500 mM salt. 

V_ 
/ . 

Figure 1 Growth of Agropyron elongatum (top) and A. intermedium (bottom) in 
nutrient solutions salinized with NaCI to concentrations of (left to right) 0,0.5, 5,20, 50, 
100, 200, 300, 400, and 500 mM. The measuring stick is 1mlong. Some plants of A. 
elongatum survived even at 500 mM NaCI (roughly its concentration inseawater); no 
plants of A.intermedium survived at concentrations beyond 50 mM NaCI. After Elzam 
and Epstein, 1969 (48). 

But let us now r'e-eturni to the two cardinal (juestions milentiolled earlielr: 

tile availability, within a given clop species, of a degree of genetic diversity 

sufficient for selection and breeding for salt tolerance, and the availability 
of exotic gerniplasi from which salt tolerance could be introduced into 
crop species. 
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INTRASPECIFIC VARIATION IN SALT TOLERANCE 

We have in the world collections of'gernplasm vast reservoirs of'genetic 
diversitv (63, 6, 74, 76, 136). These sources of genes have been used for 
tihe int roduction of ain ultit ude of desirable characters into crops-sho't 
stattire ill grains, disease resistance in many crops, and superior amino 
acid profiles, to name but a few. At )avis we are engaged iin a systemlatic 
ef'f*orl to tap these storehouses of genetic wealth for the purpose of 
generating salt-tolerai genotypes of crops. 

We started with barley for several reasons. It is an important crop; 
among crops, it is considered relatively salt tolerant; its mineral nutrition, 
especially in regard to mineral ion transport, has beell intensively studied 
ever since Hoalglal's (79) classical work; its genetics is exceptionally well 
knoww and we had available a suiitable array of germplasmn in the forl of 
Suineson and \Wiebe's (15(6) Composite Cross XXI kindly put it otitr 
dis posal Iw ( . 0. Qualset of this capillpus. The process of selection for salt 
tolerance was not designed to create barley for saline or sodic problem 
soils but fin, seawater cult tire. It i, obvious, however, that success ineit lier 
eftort will go a long way toward proving tile possibilitv of success inl thc 
oither, and indeed we have evidence that this is so. 

We subjected seeds of Composite Cross XXI to salt stress in large 
solution cult tire tanks in green houses on the )avis (all)tis. [he soltitions 
were salinized either with NaCI or a synthetic sea salt mix. Progeny fronl 
tile few su rvivo'rs (tile rate of attrition was 99.69 percent), some cultivars, 
ald a research line obtained from R. . Ramage in Arizona were planted 
(M a plot among the dulles at tile University's Bodega Marine L.aboratorv 
niorti of Sai Francisco. made available by its Director, C. Hand. They 
were irrigated with seawater or (lilutions of it. Even iii the undiluted 
seawater treat meint, all liues made it from seed to seed, and the three best 
had a (roughly estimated) iean yield of* 1,188 kg/ha, or 21 percent of 
what is considered a good yield of'irrigated barley in the Centi al Valley of' 
Calif'rnia. We have little doubt that with m'ore experience, and after 
breeding for yield, (his can be much improved. Fig. 2 shows two rows of, 
barley in a plot of the Bodega experiment. Irrigation was with undiluted 
seawater. This feasibilit\ sttidy (52) shows the marked extent to which 
barley can be adapted to highly saline colndi ions. That conclusion is 
buttressed by tile results of a study by .1. 1). Norlyn (Ph.D. thesis in 
preparation) sho%%ing that salt tolerance in barley is a heritable trait 
(r = 0.58, significa it at tlie 5 percent level). 

A similar project is uinder way with wheat. Fig. 3 shows one of the large 
tainks colhtaining salilied nutrient solution. Apparent are both the high 
rate of'attrition and tile fiact that seeds of several entries have germinated 
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Figure 2 Two rows of barley,a week before harvest, in a plot irrigated with seawater at 
Bodega Marine Laboratory. The lines in these two rows are selections from Composite 
CrossXXI. Note the difference in stature of the two lines. It was not apparent in the same 
two lines grown under control (non-saline) conditions. After Epstein and Norlyn, 1977 
(52). 

anld cstablished scc(dlilgs. \ hilc Ite ,i'l(l test of salt-tolcrlt lies of wheat 

has vel been :oId(uclel. inudicat ions at this stage point to success in this 
h)IOic't. 
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Figure 3 Wheat being selected for salt tolerance on a large tank containing salinized 
nutrient solution at about 90 percent seawater salinity. Note that many entries are being 
eliminated, but that some seeds have germinated and established seedlings. 

INTRODUCTION OF SALT TOLERANCE FROM
 
EXOTIC GERMPLASM
 

Tie experiences described above are such as to encourage research and 

development aimed at adaptation of grain crops to salinity stress in saline 

settings. Evidence would be welcome that dicotyledonous crops highly 

tolerant of'salinity could also be developed. T",broaden the botanical base 

of our project and for other reasons we screened cultivars of the tonalo, 

IYropersir(rn r'mul'tum, for salt tolerance but failed to find lairge differ

ences among them. We then obtained from C. NI. Rick of this campus seed 

of the wild L. hresmaniiwhich he had collected from plants growing in the 
Galapagos Islands a few meters above high tide (137). 

Plants growi f'romi these seeds were much niore salt toler'allt than L. 

I',. cflftm. iThey survived even in solution cultures salinized to the extent 

of full seawater salinity, though they showed visible stress. Plants of L. 

e.tul'nltum died at about half that salinity, and were severely stressed at 

even lower salinities (140). Commercially, the Galapagos species is useless, 
bearing tomnatoes about I cm in dialneter 
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Fortunately, the two species proved to he interfertile. Fig. 4 shows fruit 
of the cultivar of L. escihentum, VF-36 (right), fruit of L. cheemanii (left),
and of F. progeny. Our best present progeny originating from crosses of 
the two parent species has acceptable fiuit size (like cherry tomatoes) and 
is tolerant of a salinity equivalent to about one-third that of seawatel. It 
therefore seems likely that the miethod of introducing into crops salt 
tolerance from exotic germplasm is a useful alternative in cases where 
intraspecific selection holds little promise. Cell culture, somatic hylridiza
tion, and other sophisticated techniques may also come into play and 
extend the range of possibilities open to salinity tolerance breeders. 

Figure 4 Fruit of the commercial type tomato, Lycopersicon esculentum cv. VF-36, ofthe Galapagos salt-tolerant wild species, L.cheesmanYi (1401), and of F2 progeny. Thefruit of the Galapagos L.cheesmanii isabout 1cm indiameter. The F2 plants tolerate
salinity equivalent to about /3 seawater. 

RESEARCH ON THE MECHANISMS OF SAII TOLERANCE 

In keeping with the program of this workshop, this paper places em
phasis on adaptation of plants to salinity stress. The conclusion is plain
and emphatic: such adaptation is withini tie realm of, the possible. Selec
tion and breeding ftr salt tolerance should be puirsued energetically,
salinity being the major concernr that it is, now that systenmtic experiments 
are showing tile feasibility of such programs. 
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One additional benefit will conie from these efforts. We are still largely 

ignorant of the mechanisms that fit salt-tolerant plants [or saline conldi

tions t'atal to salt-sellsitive ones. The availability of closely 'Clatcd 

gcliolypcs sharply contrastitng in salt tolerance or sensitivity will provide 

li tools for investigating physiological,plant p~hysiologists with powerf 
ilt rast ruct ural features associated with salt

Iielablic, Ibiochelical, and 
tolerance (97, 1-10). Such sttLdics inturn will reint'orce the applied re

pCIl 1search aid dc'Cleveb Cl'catin g salt -toIe raniC rolpS. 

SUMMARY 

Up to now the problems of saline SCoils and waters have been dealt with 

almost XcldusivCl\ y N maiptiating the mineral substrate. A plea is made 

for the additional strategy of genetically adapting crops to saline condi

ions. The point is made that with ever increasing competition for ldollars, 
now mnajor impetus for nio loiigergood water, and energy there is a 

relying excltsivch,' oil reclamation and drainage but for puLrsuilig as well 

the nCvel strategy of selecting and breeding salt-toleranit crops. Evidence 

From the literature and firout current investigations at Davis is cited 

showing the feasil)ility of tile geitet ic approach to saliniv. It may even be 

possible to establish svsicits of*crop production based o seawater. Dc

v'elopteit of salt-iolcrant crops should be reinliorcced by physiological 

research into the nattirc o>fsalt tolerance in plats. 
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Genetic Potentials for Solving Problems of
 

Soil Mineral Stress:
 

Iron Deficiency and Boron Toxicity in Alkaline Soils
 

J. C. Brown 

Iron delficiencv and B toxicity occur most firequentil in soils of tile arid 

and semi-arid regions. Most of these soils are well sutpplied with nutrient 

elements, but) because they are alkaline, soluble Fe is often low. Boron 

toxicity occurs in scattered areas on soils that are initially high in B or, 
46). m[besemore frequently, that are ir'igated with watcr high in B (1I6, 

under heaviersoils are less weathered and leached than those tormCd 

rainflall; the primary Fe minerals are less altered and are more uniiforily 
salts aic soniet imes present atdistributed in the soil j)rofilCs. Soluble 

the surface, and caliche (cemented deposit of' CaCO:) of ten develops in 

lower strata. 

IRON DEFICIENCY 

NNIURE OF PROBLEM 

Iron p'.lw is not usually deficient in soils, but fr each pH unit increase 

above pH 4.0, the solubility of* Fe: tldeci '_ases by a fictor.of about 1000 

(96, 181). OertIi and Jacobson (123) indicate that at pH 9.0 the saturation 
-" mole/liter inconcentration of' both cation firms of' Fe drops below 10 

equilibriuni with atmospheric oxygen. Any factor that decreases the 

availability of, iron in a soil or interferes with the absorption process 

coitributets to Fe deiciency, of'ten ref'erred to as line-iii(itice(i clloiosis or 
and excess phosphate,just Fe chlorosis. Factors such as high soil pH 

the growth medium cani iniet'ere with Febicarbonate, and Ca salts ini 
uptake. Excesses of'Cu, Mn, Ni, and Zn also can induce Fe chlorosis (25). 

Allof lthese fiactors are more effective in a natural alkaline soil, and several 

may be operative at the same tiitle. For example, tile ef'f'ect of bicarbonate 

on Fe chlorosis is, in part, tile inter'relationship between bicarbonate, 

phosphate, Ca, and Fe in the growth medium. A moist calcareous soil that 

contains decomposing orgailic ilattel provides a condition f,i1 iilaXillniil 

ion that in ay increase phosphate availability andbicarbonate acct inl t atlit 
decrease ile Fe available to the plant (36). Brown (17) found that tle 

Closely related io P colicntratio ilincidence of' Fe chlorosis was more 


solution thaii to bicarbonate coicentr'ation.
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Figure 1 (Top to bottom) Chlorotic (Fe-deficient) shade trees surrounded by green

trees, Fe-deficient pear trees (grass cover green), Fe-deficient sorghum, and Fedeficient soybeans (photograph of soybeans courtesy Drs. R. L. Chaney and J. W
Lambert). Sorghum and soybeans were located in Midwest, all other plants in Rocky
Mountain area of U.S. The chlorotic plants (Fe-inefficient) serve as indicators of potential land areas deficient inavailable Fe. 
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Aqueous solutions of nost calcareous soils do not contain sutficient Fe 
to support plant growth (123). Yet, it isnot uncommon to see chlo'oti' alnd 
tlonchlorotic plants growing in the same soil (Fig. I). Planis are classed 
Fe-inefficient (indicator plats) if' they develop Fc chlon'osis in calcareous 
soils and Fe-efficient if tle' do not. Vallace and Lu.tnt (I 7,1) indicate that 
25 to 30 percent o' thle world land stirfaice is calcareous, implving that11 Fe 
chilorsis is a universal problem on soils with less than 51 cin of' rain 
annually (160). 
Thonee (159) suggests that "of'tel the ill impact of lime-induced 

chlorosis cannot be assessed by looking at present vegetation. Many col
t1on CI'l)S suLchIs grISS, clov'er, Corn11, potatoes,an( most vegetable Crops 
are not af'f'cted." Btll this should not distl'act attention f'roll the vast 
potential that exists for the Fe-chliorosis problel iodevelopillsoils where 
indicator crops are chlorotic. For example, Wallihian ( 77) rep uted that 
22 out of' 58 counties in California had some degree of Fe deficicncy ill 
their crops. Mortvedt (114) reported that about 5Z of' the acreage illall 
states west of the Mississippi River is deficient in F:e. 'l'hese data are 
probably based oi presence of' chlorotic Fe-inefficient plants (indicator 
plants) and do not in'ludc large acreages relati'cly deficient illavailable 
Fe but planted to Fe-ef'ficient plants with tile ability to make soil Fe 
available for plant use. Some states report nIo serious Fe-deficient areas 
(114), but across some of' these states (19), severe Fe-chlorosis symplomls 
develop each year on indicator crops. Ii'on-ef'ficient Crops €lominate tile 
agriculture of' these hillter slates and the potential of' tile Fe-chlorosis 
problem is disregarled. By de'eloping other Fe-efficient crops,agricul
tural scientists could broaden production and increase fiarim income.Soil 
nianagemenlt practices could be adopted that alleviate rat her than acceil
tuate the Fe-chlorosis problem. 

SOt 1.TIESIS F R IRON 

Several soil tests have been tsed to (eterm ine available soil Fe (170), but 
the one most widely accepted is the I)'PA (diethylenetriamiine
pentaacetic acid) soil test (55). Soils that contain 0 to 2.5 pg/g Il''PA
extractable Fe are considered low in available Fe. 2.6 to 4.5 marginally 
deficient, and 4.5 /ig/g or more, adequate (55, 114). EI)I)HA 

lethylenediaminedi (o-hydr oxl)pheill) a(etic acidl call also be used in 
assessing the Fe status of' soils (28, 88), and it has tile advantage of 
developing a red color ill proportionto tile Fe that is chelated. 'As shown 
illFig. 2 (bottom) Quinlan soil (pH] 7.5) has tauch less availabl Fe than 
Millville soil (p-1 7.8), and Tripp soil (pH 7.3) is intermediate (18). Wheat
land sorghum responds illaccordance with the soil test for Fe-gi'een 
whenl grown in Millville and chllorotic' illQuinlan and Tripp soils (Fig. 2, 
midlle). But when five soybeal varieties, t'el)'rcsetlimg tile gei'mtiplasm 
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base for soybean production in tile southern U.S., were grown on Quinlhn 
soil, only 'Bragg' soybean was green (Fig. 2, top). All of' these soybean 
varieties, cxcept 'Forest,' were green when grown in Niilville soil (Brown, 
unpulblished data). Oilier plant species (35) also show diffCrential uptake 
of Fe f'roi alkaline soils, The most Fe-efficient plaits, which are usually 
green on alkaline soils, may even develop Fe-toxicitv syniptonis when 
grvwn in an acid growti mlediunl. For exapille, Olsen (124) flotind that, in 
both nutriienit solitiotis and soils when the pHli was above 6.0, beiitgrass 
(l)rscrhap.kia[h'xuw.a) developed Fe chlorosis but niustard (Sinapis alba) 
was green. When tile pH was lowered from (i6.0to 4.4, Fe-toxicity 
syNiptonis d hevelopel in inutstard btut iiot il bentgrass. Brown aidJones 
(ti published (lata) [on that Bragg soybean (Fe-ef'ficient ) developed 
Fe-toxicity sYniptonis (0320ieg Fe/g top), whereas Forrcst soybean (Fe
ineflicient) did not (112 lig Fe/g top). whent tihey were grown in nutrient 
solution containing 2 ng Fe/liter as FcHEDTA. 

Figure 2 In beakers (bottom, left to right), Fe extracted as FeEDDHA (red, dark in 
photograph) from Quinlan, Tripp and Millville soils (18). Wheatland sorghum (center,
left to right) developed Fe chlorosis in Quinlan and Tripp, but was green in Millville. 
When soybean varieties (top, left to right) Forrest, Davis, Lee, Bragg, and Tracy were 
grown inQuinlan soil, only Bragg did not develop Fe chlorosis. The soil tests for Fe do 
not always indicate plant response. 
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Because soil tests for Fe are not always related to plant response, the Fe
 
requirement of'the plant (Fe-efficient or Fe-inefficient) also shoulci be
 
determined to make the soil and the plant more compatible.
 

METHODS FOR CONTRO.I.tN; FE CII.OROSIS 

In 1930 Wan (179) suggested two methods for controlling Fe 
chlorosis: (a) supplying Fe to the plant hy spraying or by actual injection 
into the plant body, and (b) adding manure, ammnonium sulfate, or sulfur 
to the soil. Twenty years later, Thorne and Wann (061)suggested six 
methods of tteatment to contol Fe chlorosis: 

"1. )il ct application of*solutions of' iron to the leaves by spra.1ing. 
2. Injection of solutions or salts of'iron into the trunk or limbs of trees. 
3. Soil treatment to provide additional iron supplies or to render tile 

soil iron more available to the plants. 
4. Control of' soil moisture 1)y improved irrigation practices, drainage,
 

anl the planting of' cover crops.
 
5. Eliminating all deep cultivation ani'reducing ctltivation operations
 

to those necessary fir irrigation and management of' cover crops.
 
6. Grafting or budding susceptible varieties on chlorosis-resistant
 

rootstock."
 

These methods are still practiced in crop-soil management today with 
molifications. For example, inmethod 3. Fe clielates have been adcled to 
soils to make Fe more available to tile plant; and inmethod 6, genetic 
control of' Fe nutrition has been established with tile potential If'breeding 

Fe-efficient plants to fit calcareous soils. 

Iron Chelates. Iron chelates were first tsed satisfiactorily by Fleck and 
Bailey (77) and Jacolbson (86)in nutrient solutions. L.eonard and Stewart 
(98, 99), and others (82, 175), used Fe chelates satisfiactorilv to co'rect Fe 
chlorosis in soils. In some cases, synthetic Fe chelates are still tusel success
f'ully, but not always econmically, to correct Fe chlorosis. 

Tl'iffin and Brown (Ii6) showed that roots extract Fe f'rot| synthet it 
chelates, and Chaney, et al. (37) demonst rated that F'c' chelates must be:-


reduced to Fe'-2* chelates bef'on'e Fe c:an be absorbed by the plants. Tlhis 
subject is discussed in more detail by Tiffin (165), but it can be concluchd 
that synthetic chelates in a soil, if used f'or an extended period, nmay act as 
pollutants and be detrimental to nutrient balance and the dist ribution of 
Fe or other nutrien t elen.ents in a soil profile. For example, when 
•'FeDTPA was added to Quinlan soil (pI 7.5) at a rate of 30 kg/ha, after 
146 days of contitnous cropping 307( of' it was extractable froni the soil 
with water (23) and could be leached into streams or othier water sources. 
Bef'ore Fe chelates are recommended for repeated use insoils, their effect 
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on the soil profile, mineral nutrition, and other aspects of the environ
ment should be determined. The repeated use of Fe chelates in a soil may 
have more liabilities than assets. 

Plant species differ in their ability to absorb Fe from Fe chelates, and 
chelating agents can compete with roots for Fe (18, 34). For example, with 
I X 10-IM Fe as FeC:h in all treatments, and with increasing DTPA 
concentrations (0.16, 1,2,6, and 18 X 10- ,'DTPA) in nutrient solution, 
internode elongation was sharply retarded in red kidney bean (Phaseolus 
vulganis L.) at 2 X 10 -'M DTPA (chelating agent exceeded Fe concentra
tion), and Fe chlorosis developed at 18 X 10 --A DTPA. When 2 X 10 -'M 
Fe was added to the solutions, Fe chlorosis was corrected and some 
internode elmgation occurred (18). The effect of Fe stress oi internode 
elongation is of special interest, and indicates that plant species may be 
able to alter the activity of a metal ion by increasing or decreasing the 
concentration of' a specific chelating agent. In this way, the type and 
concentration of a chelating agent, coupled with Fe sujpply, are important 
factors affecting tile uptake of Fe and probably other nutrient elements 
by plants. Both the plant and the growth medium contribute to making a 
continuous supply of' Fe available to the plant. 

Plant Genotype or Rootstock. Citrus (190) and grape (180) growers 
have controlled Fe chlorosis by grafting desirable fruit scions onto Fe
efficient rootstocks. Reciprocal approach grafts of Fe-inefficient on Fe
efficient rootstocks showed that Fe a)sorption and transport are con
t'olled by the rootstock of tomato (3 ) and soybean (32). A recessive factor 
or gene controls the uptake of Fe in Fe-inefficient T203 (I1-546 19-5-1, 
P1) soybean (184), vs,/vsi corn (10, 1 i ) and in T3238fer tomato (178). 
Plants are classed Fe-efficient if'they respond to Fe deficiency by inducing 
biochemical reactions that make Fe available for use, and Fe-inefficient if' 
they do not. If'plants can make Fe available from Fe already present in the 
soil, there is no need to add Fe chelates or other chemicals to provide Fe. 

ROLE OF THE IRON-STRESS-RESPONSE MECHAN ISM 

MECHANISM OF FE UPTAKE 

The term "Fe-stress-response mechanism" is used to denote a response 
to Fe stress (deficiency) that induces biochemical or physiological reac
tions within the plant that make Fe available for plant use. It involves the 
release of H-ions by the root (27), which lowers the pH in the root zone. 
This favors Fell solubility and reduction of Fe:* to Fe 2 . "Reductants" 
are also released by Fe-efficient roots in response to Fe stress (31, 33). 
These reductants, along with reduction at the root surfaces (5, 22), reduce 

to Fe 2 * Fell , and Fe 2 enters the root primarily through the young lateral 
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Figure 3 Sites or areas of reduction (Fe3* to Fe2*, dark areas) that occurred in 
Fe-stressed Hawkeye soybean roots (Fe-efficient), principally in young lateral roots 
left), in protoxylem (center), and in protoxylem up to metaxylem of root (right). The 
e-inefficient soybeans showed practically no reduction in the roots (5, 20). 

roots (Fig. 3, left). Ferrous iron has been detected throughout the pro
2toxylem of these roots (Fig. 3, center). The .e'-' is probably kept reduced 

ill the roots by the reductant, and it may or may not have entered the root 
-by a carrier mechianism. The root-absorbed Fe2 seems to be oXidized to 

Fe 2+ Fe : - inear the metaxylem, since no has been detected in the 
metaxyleia (Fig. 3, right). The Fe" + is chelated by citrate (30) and ti ans
ported ill the metaxylem to the top of the plant for use (162, 163, 164). 

OTHER CHEMICA. REACTIONS AFFECTED B FE S'TRESS 

The Fe-stress-response mechalism induced by Fe stress makes it 
possible for Fe-eflicient plants to use Fe from Fe: phosphate (20) and 
firom Fe: + chelate (31) to increase nitrate reductase activity (Brown, 
unpublished data), aid to tolerate heavy metals (25) better than can 
Fe-inefficient plants. 
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Figure4 SC369-3-1JB, PI-405107, and NK212 sorghum (left to right) were grown in 
Quinlan soil (pH 7.5) (top) and in Bladen soil (pH 4.3) (bottom). SC36&-3-1JB developed
Fe chlorosis in Quinlan soil but NK212 did not. NK212 developed F-deficiency 
symptoms when grown in Bladen soil (Al-toxic or P-deficient), but SC369-3-1JB did not 
(bottom). SC369-3-1JB took up approximately 6 times more P than NK212 (Brown, etal., unpublished). The PI-405107 genotype was intermediate in its response. The P 
efficiency in SC369-3-1JB made growth possible on the acid soil, but the increased P
taken up from the alkaline soil competed with the plant for Fe, and caused Fe chlorosis 
to develop. 

OVHtER GENOTYPIC NUTRIENT FACTORS 
THAT MAY AFFECT tP.ANT USE OF FE 

Phosphorus-efficient plants may be more susceptible to Fe deficiency 
than P-inefficient plants because the extra P they take up competes with 
the plant for Fe (26, 112) (Fig. 4). Zinc deficiency increases Fe uptake in 
sonic plant species (4, 85, 139, 181) sometimes to a toxic level (4). Berry 
and Reisenauer (12) dcetermined that Mo affected the reductive capacity 
of'Marglobe tomatoes. The plants receiving adequate Mo were the most 
effective in raising the redox potentiai, and those receiving no added Mo, 
the least effective. The increase in the redox potential corresponded to 
production of ferrocyanide (reduction of Fe"I to Fe-* ), and an increase in 
uptake of Fe by the plant. Iron accunulation was nmaximum at marginally 
adequate levels of Mo nutrition. 
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BORON TOXICITY 

NATURE OF THE PROBI.EM 

Except in a few localized deposits, boron is found in low concentration 
in soils, widely distributed. Ground waters vary widely in B content (186). 
Water from hot springs is relatively high in B; often the saline water of 
deep wells has a high B content. In different irrigation streams, B varies 
f'rom 0.05 to 2.11 ig/liter (186), dependent on the source of' the water. 
The B concentration of irrigation water may be more significant than tile 
natural B content of the soils (46). The narrow margin between B deli
ciency and B toxicity (46), lor ni,:;t plants, creates problems in manage
ment of B-deficient or B-toxic soils. It is not a soil chemistry problem, per 

se, but rather a soil-plani relationship problem %%,here both must he 
considered. 

Sensitive plants will tolerate 0.67 to 1.00, semitolerant 1.00 to i.33, and 
tolerant from 2.00 to 3.00 mg B/liter of* irrigation water (186). The 
maximum tolerance by any crop is 4.00 mg B/liter (186). The more 
sensitive crops are citrus, nuts, and deciduous fruits; the semeitolerant are 
truck crops, cereals, and cotton; and tile most tolerant are alfalfa, beets, 
asparagus, and palms (186). Varieties within these species may vary in 
their tolerance to B. Depending on the variety tested, both the boron 
status of a soil and the intensity of' the injury to plants can often be judged 
by analysis of the plant material. No economical method is available for 
removing B from a water or rendering it harmless. To grow crops under 
some conditions, one must use a low-B water or grow more B-toleranl 
plants (186). 

ROLE OF PI.A NT GENOTYPE 

Susceptibility to boron deficiency appears to be controlled by a single 
recessive gene in celery (128) and tomatoes (6, 173). The processes that 
limit uptake of B by plants take place in the roots (24,47). Alfalfa has been 
used successfully as an indicator plant for both deficiency and toxicity of' 
B, with less than 21 being low or B-deficient, 21-139 being normal, and 
more than 250 /'g B/g being toxic in the plant material (186). In general, 
monocotyledons require only about one-fourth as much B f'or normal 
growth as do dicotyledons (116). Boron rates recommended for alfalfa or 
beets may injure cereal grain and snapbeans (138, 142). 

T3238FER tomato is a good indicator plant for determining B avail
ability in soils, since it grows well on soils containing >0.29 /ig/g hot
water-extractable B (Fig. 5C) and does not grow well on soils containing 
less than that amount of' B (Fig. 5A, left, and 5B). Seedlings which had 
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been grown for 21 days in nutrient solutions containing adequate B (0.50 
mng/I), developed B-deficiency symptoms (Fig. 5D, left) when transferred 
to Shano soil (pH 7.1, 0.29 /ig/g hot-water-extractable B). Five kg B/ha 
corrected the deficiency (Fig. 5D, center); 15 kg B/ha caused B-toxicity 
symptoms (Fig. 5D, right). Because B use by plants is genetically con
trolled, plants can be selected or bred to fit B-deficient and B-toxic soils. 

For example, 'Rutgers' tonmato grows normally on Shano soil (Fig. 5A, 
right) and on Richland soil containing 0.04 /ig/g hot-water-extractable 
B (2 1). 

Figure 5 Comparative growth of tomatoes in Shano soil: (A)T3238FER seedlings 
(left), Rutgers (right); (B) T3238FER with no B; (C) T3238FER with 5 kg B/ha; (D) 
T3238FER with no B (left), 5kg B/ha (center), and 15 kg B/ha (right). The Shano soil 
(pH 7.1) contained 0.29 /g/g hot-water-extractable B(21). The seedlings were 21 days 
old (adequate B)before they were transplanted to Shano soil (Fig. 5D). 
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ROLE FOR PLANT BREEDING 

Of the six methods suggested by Thorne and Wann (16 1) to control Fe
chlorosis, genetic control (rootstock) seems very promising. During the 
past 30 years, genetic control of Fe uptake and use has been established in 
several other plant species (10, I1, 178, 184), with the controlling
mechanism located in the root. This new approach, or extended ap
proach, to control Fe chlorosis was not accepted very enthusiastically by
Mortvedt who suggested (114) that "It may be possible to correct this 
problem by developing crop varieties which are tolerant to low levels of
available iron in these soils. However, such selections could result in 
discarding germplasm which is superior in other traits. Therefore, re
search on improved methods of correcting iron chlorosis by soil and foliar 
application should be continued." This would mean continuing the proc
ess of trying to change the soil, for example, to accommodate an Fe
inefficient plant. Also, gerniplasm believed superior in specific traits may
be of little value if it is Fe-inefficient and if' the crop is planted in a 
calcareous soil. For example, de Mooy (42) observed that when 'Hawkeye'
soybean (Fe-efficient) was replaced by new soybean varieties (Fe
inefficient) in central and north central Iowa (calcareous soil), Fe chlorosis 
developed in the new soybean varieties. These plants were probably not 
tested for Fe efficiency before the) were released to the field, and some of
the germplasm used in the plant breeding program must have contained 
the Fe-inefficient factor or gene. 

Woolhouse (187) believes that the measurement and classification of 
the genetic potential of a species for adapting to particular soil conditions 
should enable the plant breeder to select for particular plant properties in 
relation to prevailing soil conditions. Some ofthe hidden variability can be 
made evident by culturing the plant in diverse stressed environments
(185). Jennings (87) suggests that plant breeders should "stop selecting
future varieties under optimum soil, water, and pest control conditions." 
Under natural conditions, the weaker plant varieties die and surviving
plants continue to develop through cross pollination or mutations that 
lead to certain environmental adaptation characteristics dominating
others. Harrison (75) states, "There is no doubt that in [most] cases the 
most effective way to obtain a growth pattern efficient in agiven environ
meent for a particular purpose is to breed a genotype for thejob." In some 
cases, this may mean only selecting the right plant to fit the soil. Iron- and 
B-inefficient and -intolerant plants can be used as indicator plants to 
evaluate the mineral element status of soils. By changing the plant to fit 
the soil, some of our Fe and B problems could be economically solved. 
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The plant breecder has the challenge to fit plants nutritionally to soils.The agronomist, plant physiologist, biochemist, and horticulurist will 
need to supply the geneticists with screening techniques to identity the 
tactor or trait desired in the plant. 
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Genetic Potentials fbr Solving Problems of
 

Soil Mineral Stre,:-


Heavy Metal loxicities
 

N. 0. Humphreys and A. 1). Bradshaw 

From the earliest days of aigricihure m al has practiced some form)of 
plant breeding. The )roultcts of both naturtal selection and artificial 
selection caused gradual crop implyrov'ement. Natural selection was very 
effective in adapting crops to local eltixi'llnienaital conditions. Good 
examples of this are: the differences between samples of fJoest trees of 
different provenance (188), and the differences bet ween strains of alIaffa 
grown inl the U.S.A., especially in tiheir cold hardiness (3). Modern plant 
breeding often relies heavily upol Sophisticated techniques of artificial 
selection. However, the products of' natural selection still have an impor
tant role to play especially in the early stages of a breeding program. 
Breeding work concerned with heavy inetal toxicity is no exception. The 
genetic potentials fOr solving the problems of heavy' metal toxicity have 
been revealed by bot hi natural and artificial selection. 

Throughoutt the world there are areas of derelict land where metal 
toxicity is a major limiting soil factor. Such areas have been produced by 
natural geological activity as well as by mining. Mining has often pro
duced large areas of toxic land which are surrounded by relatively fertile 
and species-rich agricultural grassland. This is particularly true itt Europe 
where mine wastes have pro\ided -awealth of inf'rmation abouit tile rapid 
evolution of platit species iniresponse to a major envirottmtntal fiactor. 
This has r-cently been reviewed by Antonovics et al. (8). It has been shown 
that certain species, although not innately tolerant have the capacity to 
evolve heavy-metal-tolerant ecot ypes which call persist on heavy-metal
contaminated soils. This caitlbe a very rapid process. For example, colt
siderable toleratice evolved itt a toptlation ofAgro.ti. .stoh/ni/e'rill only 
five years in response to Col)ppcr contamination (189). 

On the basis of in formation obtained froni studies of metal-tolerant 
ecotypes, attempts have been made by various workers to repeat the 
process of selection in artificial experimental conditions. Stch attempts 
have proved to be highly successful in particular species and full tolerance 
which is heritable has been selected in a single generation (66, 176). 
However, it is possille that material produced by artificial selection may 
differ both phenoty'pically and genotypically from material produced by 
natural selection. The characteristics of*material produced by both forms 
of selection will now be considered in futrther detail. 
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H EAVY-METAL-'[OLERANT ECOTYPES 

METAL. SI'ECIFICI''Y 

Heavy metal tolerance has been shown to be largely metal specific. Thus 

the tolerance of plants collected from heavy metal mine wastes generally 

reflects the particular metal or metals present in the wastes. However 

there is a small amount of cross tolerance. Heavy-metal-tolerant plants 

show a higher general tolerance to heavy metals than do completely 

This may result from a secondary adaptation tonon-tolerant plants (14). 

growth on mine wastes apart from true physiological metal tolerance.
 

ADIPTTION T() IN FER'TI LITY 

Tolerant plants possess physiological and morphological characteristics 

which reflect environmental factors other than metal toxicity that are 

found on mine sites. Most mine wastes are, for example, very deficient in 

plant nutrients (148). Adaptation of plants to low nutrient conditions on 

soils not containing heavy metals has been demonstrated in several species 

including Fe.stuca ovina (149), 7h7liudhnn repens (050, 15 1), Lolium p'enni' 

and Dactyli.s ghnerata (41). It is not surprising, therefore, to find that 

heavy-metal-tlerant plants from mine wastes are also adapted to low 

levels of' plant nutrients. 
jowett (90) demonstrated that tolerant Agros/imin ui. plants fiom an 

acidic lead mine were adapted to low levels of both calcium and phos

phate. Similarly, Khan (M. S. I. Khan, 1969. The process of*evolution of* 

heavy metal tolerance in ,.lgro.fti. Ie'nui. and other grasses. M.Sc. Thesis. 

Univ. of, Wales) demonstrated that tolerant plants f'rom a copper mine 

spoil were also adapted to low levels of' phosphate. Tolerance to low pH 

has also been f'ound in Mimulus (152). Khan also showed that copper

tolerant plants f'rom mine spoils differed morphologically from non

tolerant plants. 

G;ROWTH"1 RXIFE 

Mine spoil plants generally seem to have a slower growth rate than 

non-mine-spoil plants. This can be seen from an analysis of the data of 

Jowett (91) of lead mine populations of'Agrostis tenuis (Fig. 1). The correla

tions between tolerance and morphological characters in mine spoil and 

normal populations of' Anthoxanthium odoratum (7) suggest the same tihing. 
It is possible that slow growth rate is part of an adaptation to heavy metal 

toxicity. Competition experiments (40, 78) have shown that metal

tolerant plants are at a disadvantage when in competition with non
tolerant pasture plants. 
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Figure 1 The regression of yield in normal soils against lead tolerance for populations 
of Agrostis tenuis from mine and pasture sites in Wales. Data from Jowelt, 1964 (91). 

I:be,(ltie tocvollution in rclation io 
other than metal toxicity and may have been indepeiidetly selecied. 
There is evidence that low growth rate is an ada)tat ioll to muineral and 
other stress (72. 127). Som support for the possibililv that vigor is a 
character independent of mnetal tolerance conies f1'111 evidence that 
plants of l.li.O l'i dui.sfroii different parts of (;ogina nmine differ in
vigor (13) although they are similar in lead tolerance, and that plants of 

A,'grnoslis hni.v frrom a c'otpper mine when examined as spaced plants 
showed no difTerences in relative growth taae from those froin an adja
cent pasture (T. N(-Neilly, 9.6(i. The evolution of 'opper 

However, this lack oft'igor may factors 

v tolerance in 
Agr.poti. Ph.D. Thesis. Univ. of Wales). 

Further work is neecded to establish tlie true relationship bet wuei 
growth rate and netal tolerance. Froln an agricultural point of" view, it 
would be unf'ortunate if a desire( tolerance to a st ress coliitii necessar
il) involved a great reduction in )ield. lowever, the extensive analysis of' 
Finla) and Wilkinson (53) of a large range of' barley varieties does not 
suggest that such a correlation is inevitable. 
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DROUGIT TOLERANCE 

Tolerant plants survive drought effects on the coarser grades of mine 
soils much better than do non-tolerant plats (148). This is partly due to 
their ability to maintain good root growth in heavy-metal-contaminated 
soils, unlike non-tolerant plants which hardly root at all. However, there is 
recent evidence that metal-tolerant plants are more drought tolerant than 
non-metal-tolerant plants even oi non-toxic soils (R. Holliday, personal 
communication). Further investigations are required to establish the 
cause of this but there are various morphological adaptations that can be 
seen, such asa marked increase in glaucousness in tolerant Frslura ,iihra 
and an increased roo)ot/shoot ratio in tolerant ,lgro.tis teuui. (15). 

FoRMXIION o()l Eco'ns 

It is apparent from the discussion so fri that metal-tolerant ecot ypes are 
both genetically and phenotypically well-balanced. They are an inte
grated complex of adaptations able to cope with the conpleie range of 
environmental stresses round in heavy-metal-contami natedl wastes. This 
complex has been flormed and adjusted by natural selection over many 
years and is supported by a well-balanced genetic system which, because 
of dominance and epistatic gene effects, is resilient to the adverse effects 
of gene flow. In this sense they can properly be called ecotypes following 
the definition of lresson (167). The same integration of many charac
teristics into a balanced genotype can be found in old land varieties of' 
many ciop spedies, e.g. I'I'lnium pratne., (157). 

Because selection pressures are extiemely intense on mine soils there is 
a remarkable degree of uniformity among pamts in a particular pol)ula
tion, even for morphological characteristics. Also, because mine wastes 
are essentially colonizing situations, tile seed production of metal-tolerant 
ecotypes is generally good. Thus it has been found that it is necessary to 
carl,y out only tile miiinium of'selection in order to tu rii a natural ecotype 
into a commercial cultivar. Indeed it may be argued that the minimum of' 
artificial selection should be carried out so as not to upset tile natural 
balance of the ecotypes. It is perhaps best to concentrate on the analysis 
and exploitation of differences already existing between different popu
lations of' the same ecotype, tolerant to the same metal, taken from 
different sites. Smith and Bradshaw (14S) demonstrated that a particular 
population may be supeior to others over a range of environments 
because of subtle characteristics of its native site not apparent oil first 
analysis (Fig. 2). 
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Figure 2 The growth of different populations of Fesfuca rubra on seven different 
calcreos lad-incmine material: Trelogan(cmmecia-nomalnon-tolerant 

highly tolerant population; local -population native on mine waste where trial c~arried 
out). Data from Smith and Bradshaw, 1972 (148). 
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Tolerance has been shown to be highly heritable (65, 67, 109, 168) and 

does not break down in seed generations produced by tolerant plants 
nongrown on normal non-toxic soils. Tolerance is often dominant to 

tolerance; populations are thus genetically buffered to some extent 

against an influx of non-tolerant genes. 
There is potential for further selection work within ecotypes as additive 

genetic variation for metal tolerance has been shown to be present within 

tolerant ecotypes (66, 189). However, efforts to produce super-tolerant 
material must proceed with caution. There is evidence that stabilizing 

selection occurs on.mine wastes (109), though exactly how this operates is 

unclear. It may be connected with the slow growth rate which charac

terizes many tolerant plants and probably diminishes their competitive 

ability. In this case parallel selection for growth rate and metal tolerance 

will be necessary. This is an established principle in the breeding of 

resistance to adverse conditions in agricultural crops. Success depends on 
an absence of a pleiotropic relationship between growth rate and stress 

tolerance. 
Initially, metal-tolerant ecotypes go a long way towards solving the 

problems of metal-contaminated soils (69, 148). In agricultural situations 

ecotypes adapted to stress conditions similarly provide an immediate 
ready-made answer. However, appropriate ecotypes do not exist for some 
stress situations and for some species. In metal-contaminated situations 
smelter wastes, for example, sometimes contain combinations of metals 
not found in natural mine wastes, and metal-tolerant ecotypes are not 
found in some species, e.g. legumes, although they would be very valuable 
components of the vegetation of metal-contaminated soils. It is possible 
that such species may have the genetic potential for evolving metal toler

ance but are unable to colonize mine wastes because of the other limiting 
environmental factors, e. g. low nutrients. In an attempt to solve these 
problems techniques of artificial selection have been developed. 

SEED SCREENING 

SCREENING TECHNIQUE 

A simple screening technique has been developed by Walley (176). This 
involves sowing seed on a culture medium containing heavy metals and 
retaining the plants which survive and grow well over a period of 4-6 

months. A truly artificial culture medium may be used, e.g. sand or 
vermiculite soaked in a nutrient solution containing heavy metals, but 

although such a system may select straight metal tolerance, it is unlikely to 
produce tolerant plants possessing other attributes useful for growth and 
survival on toxic soils. A better method is to use a medium of mine soil 
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Figure 3 Seedlings of a normal population of Agrostis tenuis after a 6-month growth 
on a 12:1 copper waste/soil mixture. Only the few large individuals are alive. After 
Walley et al., 1974 (176). 

ameliorated with a small proportion of potting compost which assists tile 
growth and identification of tolerant plants. Such a techniqte is more 
likely to select out tolerant plants adapted to other mine soil factors. The 
intensity of selection can be %,ariedby using different proportions of mine 
soil and potting compost. 

Walley et al. (176) screened ordinary commercial New Zealand 
browntop (Agrosi, tenuis) on copper-contaminated mine soil. In un
ameliorated copper soils there were no survivors. In a mixture of 24 parts 
mine soil to I part potting compost, about 10 individuals per 1000 seeds 
survived. However, in a 12:1 mixture about 30 individuals per 1000 seeds 
survived (Fig. 3). The survivors were shown to possess appreciable toler
ance to copper. Some individlals showed almost complete tolerance after 
just one generation of selection. Thus there appears to he genetic variabil
ity for tolerance even within non-tolerant populations. 

Khan (op. cit.) tested the response of the survivors to low levels of 
phosphate. He compared this response to that found for unselected 
non-tolerant material and tolerant material selected naturally on mine 
soil (Table 1). It is apparent that tile response of the survivors from seed 
screening is close to that of the mine plants and very different from 
unselected non-tolerant plants. 
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Table 1. 	 Growth of seedlings of Agrostis tenuis In0.06 ppm P as a percentage of growth 
In4 ppm P 

Total Shoot Root
Height Tiller no. dry dry dry

weight weight weight 

Unselected 75 47 34 39 27 

Selected surviv
ors from seed 91 50 52 52 52 
screening 
Seedlings from 82 55 47 46 52 
copper mine spoil 

Data from Khan, M.Sc. Thesis, unpublished data. 

MORPItOI.OGICA. CHARACTFRISTICS OF SURVIVORS 

Measturements of morphological characteristics of' seed-screened sur
vivors grown in normal soil also showed them to resemble mine pA.ants 
more than plants raised from unselected non-tolerant seed (Fable 2). 

Thus selection for metal tolerance by seed screening also results in a 
slower growth rate and in an adaptation to low nutrient levels. Again the 
important question as to whether these correlated responses are (fie to 
the pleiotropic effects of genes or to linkage remains unanswered. 

As stated previously, tolerance is largely metal specific although there is 
a small amount of cross tolerance. Seed screening is a possible method of' 
selecting individuals which are tolerant to a number of different metals. 
Walley et al. (176) were successful in combining copper tolerance with 
reasonably high levels of zinc tolerance in Agroslis emiis by screening seed 
from copper-tolerant mine plants on zinc-contaminated mine soil. Efforts 
are now under way to try to obtain even higher levels of multiple tolerance 
by screening seed derived f'rom crosses between copper-tolerant mine 
plants and zinc-tole,'ant mine plants. 

Table 2. 	 Growth of seedlings of Agrostis tenuis innormal soil. 

Height Tiller no. 
Total 
dry

weight 

Shoot 
dry

weight 

Root 
dry

weight 

Rooti 
shoot 
ratio 

Unselected 636.55 16.27 3.41 2.01 1.40 0.73 

Selected sur
vivors from 516.05 14.21 2.67 1.69 0.98 0.58 
seed screening 

Seedlings from 517.11 12.05 2.24 1.36 0.87 0.63 
copper mine spoil 
L.S.D. at 5% 65.94 2.95 0.42 0.32 0.16 0.12 

Data from Khan, M.Sc. Thesis, unpublished data. 
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GENEIIC VARIAtItI.Iv 

Little is known about the way tolerant plants selected by seed screening 
behave genetically. Work is in progress to find out more about the domi
nance properties of the genes selected. Heritabilities have been calculated 
in material from one generation of selection (66). These indicate that 
significant additive genetic variability for tolerance exists in the selected 
material, which suggests that further selection work should be effective in 
increasing the general level ofwt(lerance. Of'coui'se the amount of'genetic 
variability in the original unselected material is critical to the success of 
artificial selection. In the early work on seed screening in Agrmli. lentis 
New Zealand browntop was successfully used as a non-tolerant Soulrce of' 
tolerant seedlings. New Zealand browntop is not an intensively bred 
cultivar but a fiairly variable ecotype. Recently, 1-uphreys and Karataglis
attempted to seed screen within modern highly selected cultivars of 
lgrostis h1,nuiA which are based on very few parent plants. "'fhe%were not 

successful ('lible 3), suggesting that the genetic constiltition of' the base 
population is impurtant. Similar results 111'c been obt lined by Nicholls 
(personal comnmnication). 

Table 3. Relative tolerances of seedlings of three varieties of Agrostis tenuis to
nutrient solutions high incopper, zinc, or lead. Seedlings were obtained fromplants growing on normal soil, copper-contaminated soil, or zinc
contaminated soil. Figures shown are root elongations relative to those in 
non-toxic solutions. 

Source ofseedlings 
Vadety Unselected Selected on Selected on 

copper soil zinc soil 

Sabovalt 
Copper tolerance 8 6 10 
Zinc tolerance 7 12 10 
Lead tolerance 8 8 6 

Tracentat 
Copper tolerance 8 13 5 
Zinc tolerance 10 13 7 
Lead tolerance 6 13 8 

New Zealand browntopt
Copper tolerance 5.58 58.2 0.3 
Zinc tolerance - - 31.8 

tData from Humphreys and Karataglis (unpublished). 
tData from Walley et al. (176). 

Work on seed screening for metal tolerance in different species shows 
the same variability in sttccess of' selection. In nost cases a greater re
sponse to selection is obtained within species known to colonize mine 
wastes (66 and Khan, op. cit.). This suggests that it is only these species 
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that possess the necessary genetic variability that can evolve metal toler
ance and therefore colonize mine wastes. However, certain exceptions 
have occurred in screening experiments. Fully tolerant individuals have 
been found in Arrhenaheum elatius for Zn (Khan, op. cit.) and DactVlis 
glomerata for Cu (66) although neither species is known to occur naturally 
on mine wastes. It is possible that such species do in fact have the genetic 
potential to evolve metal tolerance but are prevented from colonizing 
mine wastes because they are unable to evolve adaptations to other limit
ing 1actors, e.g. low nutrients. 

Other species (including Lolium perenne and Trifolium repens) have pro
duced individuals having low levels of tolerance. In the case of Lolium 
perenm' genetic variation for tolerance was demonstrated among the 
selected plants indicating that further selection may increase the level of 
tolerance. However, progress would be very slow (66). Nevertheless, 
selection on a wide range of species from lifferent parts of the world 
might produce tolerant individuals in species where tolerance has so far 
not been found. Tolerance genes may be very common in some species 
but very rare in others. 

PROBLEMS IN SCREENING 

One problem that may arise when screening for low levels of tolerance 
in some species is that a character may be selected which is not true 
physiological metal tolerance. It is possible that individuals with a rapid 
and vigorous root growth could be selected as metal tolerant in a seed 
screening experinlent; st rong root growth may help a plant to survive on 
metal-contam)inated soils in the short term. But such plants are unlikely to 
survive in the long term unless they possess true physiological tolerance. 
Evidence that this may be a problem comes from work (lone on copper 
tolerance in Alimulu guttatu.%[NI. R. McNair, 1976. The genetics of copper 
tolerance ill Alimulu.tt (Scrophulariaceae). Ph.D. Thesis. Univ. ofglibatn 
Liverpool]. Plants selected by screening non-tolerant Min1i uhus seed on 
coppei -contaminated soil were shown to be variable in their tolerance by a 
conventional rooting test. However, when differences between the root
ing of the plants in non-toxic solutions were removed by an analysis of 
(-)variance, differences in tolerance index were also removed. It is impor
tant that material selected by seed screening should always be tested in 
long-term trials to ensure that apparent tolerance is a lasting and true 
effect; general vigor may give a spurious short-term tolerance. This is 
clear from the field observations on tolerant and non-tolerant popula
tions of Festuca rubra and nornmal (non-tolerant) Lolium perenne given by 
Smith and Bradshaw (148). 

104 

http:Alimulu.tt


CONCLUSIONS 

Metal-tolerant ecotypes provide a very useful basis for solving problems 
of heavy metal toxicity. In the first instance selection work should concen
trate upon finding superior ecotypes rather than selecting within ecotypes 
for increased tolerance. Using this approach the Botany Department, 
University of Liverpool, has produced three metal-tolerant grass cultivars 
for use in the reclamation of heavy-metal-contaminated land. 

1. Festuca rubra 'Merlin' for use on neutral and basic Pb/Zn
contaminated wastes. 

2. Agrostis temnis 'Goginan' for use on neutral and acidic Pb/Zn
contaminated wastes. 

3. Agrosti t'ies 'Parys' for use on neutral and acidic Cu-contaminated 
wastes. 
These three cultivars are now undergoing commercial seed production 
and are being used in a number of reclamation schemes. Their place 
among the range of techniques available for the reclamation of metal
liferous wastes has recently been reviewed (89). 

If appropriate ecotypes cannot be found for particular Sii ,ations then 
artifical selection techniques may prove valuable. However, the products 
of artificial selection must be carefully investigated to ensure that true 
tolerance has been selected and that it is genetically stable during seed 
production. 

There is a considerable need to find metal-tolerant material for use in 
reclamation work in tropical, subtropical, and arid regions. For this, 
genera such its Agrostis and Fesluca will not be any use since they (to not 
possess the necessary climatic adaptations. But there is a range of species 
already to be found growing on naturally occurring metal anomalies 
including legumes (8). There are also populations of adventive species 
such as Cynodon dactVlo to be found growing in the neighborhood of toxic 
mine dumps. All these could be valuable material for reclamation pur
poses. 

In addition to its clear value in relation to the problems of metal toxicity, 
this work is a model of what may be possible for other stress situations. 
The development of our knowledge of metal tolerance has been con
siderably aided by the development of simple measurement and screen
ing techniques allowing large amounts of material to be assessed. Where 
the same development of simple techniques has been carried out for other 
stress tolerances, e.g. aluminum tolerance (44), similar progress has been 
possible. It seems that the development of varieties tolerant to many 
different aspects of mineral stress is a real possibility. 
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Genetic Potentials for Solving Problems of
 
Soil Mineral Stress:
 

Overview and Evaluation
 

C. E Lewis 

Plants are used to convert basic resources, namely land, water, air, and 
sunlight, into products useful to people. We cannot exist on water, air, 
and sunlight. These resources must be combined with minerals and other 
nutrients in the soil into food, fiber, and feed through the process of 
photosynthesis. How well plants make this conversion depends on the 
interaction of' the genotype of the plants with the environment. This may 
be symbolized by the equation: 

p = ge 

where p = the phenotype (what actually develops), 
g = genotype (genetic potential), 
e = environment (including soils, weather, pests, cultural 

practices, growth regulators, etc.). 

Plants are seldom grown for the total phenotype but are grown for 
fruit, stems, roots, or some special plant part. It is better to think of the 
equation: 

yq = ge 

where yq = the yield and quality of the product for which tIhe plants were 
grown. Improving yield and quality consists of breeding improved 
genotypes and providing the best environment possible. 

Yield and quality reach a maximum when some theoretically perfect 
environment is provided for the genotype. Perfection in environment is 
never achieved, so yield and quality are, to some degree, reduced. Stress 
can be defined as the departure of components of the environment fr-om 
the theoretically perfect condition. Water may be scarce or too abundant, 
temperature may be too cold or too warm; pests may interfere with 
growth; the air may be polluted; or, as the topic of this workshop suggests, 
the minerals in the soil may not be available in the right amounts or the 
right proportions. The problem of mineral stress may be reduced by 
changing the minerals in the soil and by modifying the genotype of the 
plants so they can better cope with the mineral environment that actually 
exists. 
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The traditional genetics and breeding approach to mineral stress has 
been indirect. The objectives of breeding programs are to improve the 
yield and quality of a product and to hold cost of production as low as 
possible in an ecosystem expected to endurc permanently. The avenues to 
improved yield and quality take many forms, and a major one is adaptabil
ity to the soils in the area the variety serves. Genetically diverse popula
tions are grown on soils hopefully representative of' those in the area. 
Plants wit h superior phenotyl)es are selected on the assumption that their 
superior phenotyes are caused, in part, by genotypes better suited to the 
environnent. 

Research people know that performances of individual plants are not 
trustworthy because: (1) tile microenvirontment of' the plants may be 
atypical; (2)another growing season with a different weather pattern may 
alter the environment; (3) the soil conditions throughout the area 
doubtlessly vary, whereas the initial estimate has been based on a single 
soil situation. Adequate replication of performance trials grown over 
seasons and locations finally validates any estimate of tile ability of' 
selected genotypes to perform in a superior Man ner. With analysis of 
variance total variability can be partitioned into that caused by genotype, 
location, seasons, and interactions among these causes. Genotypic 
superiority is assumed when tile variety component is statistically signific
ant, at odds generally acceptable in science. I call this an indirect ap
proach, because the genotypes of tie plants are not known and the soil 
minerals have not been measured; however, it is tr-le that, whatever tile 
genotype is, it has interacted with whatever the soil minerals are it a 
ftavorable way.

This indirect approach has been used successfully to develop varieties 

well adapted tothe soils and climate of the territories they serve. Are there 
better ways that tile genetic potential of' plants can be used to solve tile 
problem of soil mineral stress? If tile soil scientist can describe precisely 
what is causing the stress in terms of salinity, pH, mineral toxicity, or 
mineral deficiency, tile soil problem can then be duplicated under coll
trolled laboratory conditions. Various levels and combinations can be 
experimentally constructed, and genotypes can be tested with other en
vironmental variables reduced. The interaction of' genotype and mineral 
stress can be revealed more precisely' with this approach than with the 
traditional field test. Genotypes best suited to the stress condition can be 
studied genetically to determine the mode of inheritance, that is, single 
gene, two genes, or quantitative. A genetic and soils multidisciplinary 
approach can lead to more efficient programs to improve yield and 
quality. Ultimately field testing would be required to determine whether 
the laboratory conditions correctly simulated the conditions in the terri
tory that tile variety serves and whether the genotype for coping with the 
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stress was successfully combined with all the many other characters a
successful variety must have. The farmer still tends to choose his crop on 
the basis of what makes the most profit, everything considered.
 

The above approach, while more precise than the indirect one 
de
scribed first, does not explore the internal chemistry oI growth and 
development or the physiology of the interaction of' genotype and min
eral stress. It still relies on yq = ge, even though g is better understool and 
e is controlled to a great extent. Presumably, if' the physiology of' the
interaction between genotype and mineral stress were understood, still 
more precision could be used to solve mineral stress problems. Perhaps in
the future, selection for adaptability to stress can be screened in cell or 
tissue cultures. The ultimate would be inserting appropriate recombinant
DNA into cells that would be regenerated into stress-resistant plants.
These techniques are on the distant horizons ofscience but not out of'view 
of"those with vivid imaginations.

Four levels of precision in the genetic contribution toward solving
problems of' soil mineral stress have been described: (1) field screening
and testing, (2) laboratory screening plus genetic st udies, (3) physiology of' 
genotype-stress interaction, and (4) molecular and cell level. The question
is, "What potential (foes genetic diversity offer toward the solution of'
mineral stress?" My guess is, "Considerably more than has been taken 
advantage of until now." I suspect tie breeder has relied too heavily on the
indirect field test method and the soil scientist, on amending tile soil 
condition. Peihaps the time is now iight for tie breeder, tie soil scientists, 
and physiologists to jointly attack the problems. 
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Summary of the Session 

M. J. Wright, Chairman 

The research reviewed adds up to a substantial and systemat ic search 
for tolerance to, certain minerals in sizeable collections of several crops. 
Progress to date has been generally encouraging, and the potential for 
fuirther progress seems too great to neglect. 

The largest gains have been in grasses. The most striking recent 
achievement has been tile selection under artificial conditions of barleys 
so salt tolerant that they were able to grow and reproduce when grown in 
sand irrigated with ftull-strength seawater. Rapid progress ildeveloping 
fescues for rehabilitating toxic metallic mine spoils was also reported. 

Work with legumes has been more limited and progress has been 
slower. Although tile genetic heterogeneity of many fbrage leguines may 
increase the chance of eventual success, the desired association with 
nitrogen-fixing organisms presents additional problems to the breeder 
and screener. The idea of coordinated breeding of'/Ihizohium and legume, 
so as to achieve a satisfactory symbiosis in adverse soils, is both inriguing 
and intimidating. 

Speakers in this and other sections emphasized that lo physiological 
screening procedure will be used regularly unless it is simple, highly 
reliable, and adapted to programs that process hutndreds of thonsands of 
phants an nually. The question of when in tile plant breeding process one 
should use a phvsiological screening method that is not altogether suitable 
to wholesale methods was raised, but not answered. Ideally, the pnresenice 
of tolerance to soil mineral stress in the maketilp of newly collected 
materials should be discovered and reported. Although tile increased 
interest in germplasl pools, and the establishment of' computerized 
information matrices, are encouraging developments to one who 
searches for tolerance, it remains to be seen whether present screening 
methods will be found manageable. 

Plant exploration was characterized by one speakcr as inefficient, partly 
because collectors were not trained to recognize critical site conditions, 
or given adequate nmaps of' ecological Vatiables thlat would direct their 
efforts. 

Cultivars of' known sensitivity could be assembled into a "diagnostic kit" 
for sites or regions where mineral stress problems, if any, have not been 
characterized. 
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It is too earl), to be generalizing about whether there is always, some

times, or rarely an association between exceptional tolerance to mineral 

stress and slow growth. Some evidence was offered on both sides, includ

ing an observation that slow-growing Rhizobium strains are more tolerant 

of adverse soils. More studies on the reasons for. and performance of, 

such associations (when they do appear) would clarify this important 

question. Another complicating possibility is that plants nmy exclude 

some minerals to such an extent, or use them so "efficiently," that the plant 

tissue will be less satisfactory from a dietary point of view. 
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Soil Chemical Constraints in Tailoring 

Plants to Fit Problem Soils. 1. Acid Soils' 

Dale E. Baker 

The objective of this presentation is to provide a perspective for plant 
physiologists, plant breeders, and plant ecologists to relate soil chemical 
phenomena to plant adaptation on problem soils. Everyone, however, is 
encouraged to critically evaluate this presentation and the references 
cited, because research results are not adequate to enable much more 
than postulations about which principles and concepts are important. 

Anyone interested in tailoring plants for problem soils must be well 
versed in principles and practices of agronomy. Agronomy includes the 
combining of practices which maximize returns for variable and fixed 
costs of crop production. It will usually be necessary to at least partially 
correct some limiting factors in order for the grower to profit from use of 
genetic lines of crop plants which are resistant to one or more of the 
limiting flactors. In addition, it is not necessary that the resistant plant 
show a direct response to levels of the limiting flactor (1). Plant essential 
elements and compounds in soil and the environment need not be consid
ered as parts or constituents of' plants to any greater degree than they are 
thought of as tools involved in the processes of' plant growth. Therefore, 
in evaluating the complexities of' plant-soil relationships, one should not 
expect ordinary chemical ash analysis to elucidate the biosynthesis of' 
nutritious food and feed products. In this context then, soil chemical 
constraints should include adverse soil-air-water relations as well as chem
ical element deficiencies and toxicities which affect all organisms (benefi
cial and harmful) grown in and on the soil. 

PLANT-SOIL RELATIONS 

Levitt (31) concludes his text on Introduction to Plant Physiology with a 
chapter onl "Laws of Plant Physiology," but no analogous treatment has 
been proposed for soil chemistry. It is generally agreed, however, that 
each soil provides a plant root environment with unique capacity (labile 
amounts), intensity (ionic activities), and relative intensity (ionic activity 
ratios), properties affecting the biological availability of air, water, and 

Conitribution of the Pennsylvania Agric. Exp. Sin., University Park, PA. Authorized Ir 
publication on 11/12/76 as paper No. 5 199 in the Journal series. 
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ions. Baker (4, 6) evaluated the concepts of cation exchange, mole f'rac
tions, and ion equivalent fractions on exchangers in relation to the ratio 
law and energies of exchange, and developed a new approach to soil 
testing for the evaluation of' soil ion availability to higher plants. Such an 
approach shows promise for identifying soil chemical parameters which 
affect plant growth and the synthesis of lesirable plant constituents. 

Since water is the continuous phase within soils, it is possible to visualize 
the plant as standing in water even in soils where the frec energy of'water 
is less than that of pure water. Therefore, it should be possible to compare 
the perf'ormiance of' plants grown in solution culture witi that of' plants 
grown in soil. Indeed such a comparison has been successfully (fem
onsirated flor crop cultures used for growing chrysanthemums (5). Addi
tional studies of this type are needed. 

The soil constraints for higher plants involve the functional relation
ships which determine the root-water-solid interactions of essential ions 
and compounds as well as toxic substances which affect root respiration 
and ion uptake of'the plant under consideration. Important adverse plant 
parameters f'requently encountered in acid soils include adverse air-water 
relationships, low availability of' , Al and Min toxicity, acid-base imbal
ance, and deficiencies of' essential macro and trace elements. 

PLANT RESISTANCE TO ADVERSE CONDITIONS 

Observations on plant adaptation have shown that some species of' 
plants have a much wider range of' adaptation than others. Utilizing this 
gen,: ic variability in plant breeding and selection programs, plants can be 
developed with resistance to maly adverse soil condition-s. The appro
priate question for 1977, however, is to what extent can desirable plant 
commodities be produced economically on soils not now suitable for their 
production? 

Apparent resistance of'phitits to adverse soil conditions is generally (lue 
to an avoi(lance mechanism rather than a tolerance. However, Levitt (32) 
concluded that there is instfficient inf'oimation on ion injulry or' the 
resistance of' tie p~lant to it, to propose a mechanism for either." 

Avoidance mechanisms for toxic ions in plants include an increase in 
pH-around the roots as observed for an Al-resistant wheat variety (22), a 
retenti6n of' the ions in the roots (42), and more specifically ion retention 
within the cell wall of roots (56). 

Tolerance mechanisms as observed f'or selenate- and Cd-resistant 
plants are not generally beneficial if' the elements accumulate at levels 
harmf'tl to animal and human healti. Where tolerance involvcs the 
binding of metals from solution within plants, adverse effects on animal 
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and human health are more likely to occur than if' an avoidance
mechanism prevents their uptake. Since both avoidance and( tolerance 
mechanisms have been observed in plants for Cu, Ni, Pb, Cd,and Zn,
breeding to improve the avoidance mechanism to ion toxicities appearsmost desirable. In other words, commodity production (yield) might not
be a satisfactory criterion for evaluating plant resistance to adverse soil 
conditions. 

While some plant species and varieties have developed an avoidance 
mechanism for Al and Mn toxicity and poor soil aeration, Ihese ar'e not the
only problems encountered with acid soils. Deficiencies of' N, P,K. Ca, NMg,
and other essential elements are common in highly weathered, acid soils.
For these stress conditions, plant tolerance depends upon high commod
ity production per unit of the ion available within the soil, a greater
"feeding power" or solubilization mechanism for the deficient ion or
ions at the plant root surfice, and/or a root system which is more ex
tensive or otherwise capable of' utilizing ions which exist at very low solu
tion levels. 

Shuman, Baker, and Thomas (53) summarized results of'studies on Zn
accumulation characteristics of, corn hybrids. It was posttulated that dif
ferential accumulation of' Zn associated with inbred lines of, corn giving
a statistically significant hybrid x soil or hybrid x treatment interaction
would lead to the production of*hybrids that are more efficient in their
absorption and utilization of' Zn. This hypothesis should be tested for
several crops in relation to avoidance mechanisms where toxic substances 
aire encountered and in relation to tolerance mechanisms where deficien
cies are encounlt'ed. 

SOIL.CHEMICAL CONSTRAINTS TO PLANT GROWTH 

AIR-WXATER REI.ATIONSII PS 

Soils may be thought of' as concentrated surfaces. We can distinguish
soils on the basis of' the amount, nature, and distribution of surface area
within the rooting zone of' the plant. At field capacity, the ideal mineral
soil for field crop production will contain about 50% pore space on avolume basis and half' of' the pore space will be filled with water. The
air-water relationships largely depend upon the specific surface (surface 
area per unit volume or weight) of the soils and the depth to the water 
table. 

Sands have a low specific surface and a low water-holding capacity, but
the high air capacity may be conducive to the development of a deeply
rooted plant. A sandy soil with a water table at a depth of flour to five feet 
can be very productive if toxic levels of Al and areMn not present. 
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However, with deeper water tables, sands are usually less productive than 
medium textured soils because of their low water-holding capacities. 
Drip-irrigatiom systems with additions of liquid fertilizers are being used 
successfully on these soils (45). The recovery of added N and the preser
vation of nitrate-N in the upper 150 cm of soil was increased by the 
addition of' 70 kg N/ha with the irrigation water compared with other 
treatments. However, no system led to a recovery of N by corn (Zea mays 
L.) greater than 50%. For acid sands, tile pH may be adjusted with 
relatively low rates of' ground limestone, and liquid fertilizers will supply 
essential ions. The choice of plants for drought resistance or for optimum 
crop response to irrigation practices then become primary management 
considerations. 

For poorly drained soils, crop management depends uponi a combina
tion of artificial drainage, the use of' plants tolerant to poor soil aeration, 
and practices to make efficient use of essential plant nutrients. Fluhler, 
Stolzy, and Ardakani (21) recently reported on a statistical approach to 
define soil aeration as rielated to denitrification. Even in well-aerated soils, 
denitrification at anaerobic microsites within the soil was significant in 
removing the soil nitrogen needed for crop production (Fig. 1). In an 

Pt-MICRO- GAS-SAMPLINGP 2 -ELECTRODE 
ELECTRODE PROBE 

~IANAEROBIC AEROBIC WATER 

Figure 1 Schematic of an aggregated soil with different aeration sensors inserted.
 
From H.Fluhler, L H. Stolzy, and M. S. Ardakanl (21). © 1976 The Willames & Wilkins
 
Co., Baltimore, MD. Reprinted by permission.
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excellent review on soil aeration, Fritton (23) pointed out that crop yield
reductions on poorly aerated soils are not limited to nitrogen losses alone,
but are associated with plant diseases as shown by Miller and Burke (36),
differential tolerance of plants to 02 deficiency, and differential tolerance 
of plants to air pollution.

In order to reduce losses of N through denitrification some studies have 
been conducted to ascertain the feasibility of maintaining a supply of 
ammonium-N as a source of N for crops. For plants sensitive to ammonia, 
some zeolites show promise as NH 4* exchangers or adsorbers. 

Of the metals important in plant nutrition, the availability of Mn is 
affected substantially by changes in soil aeration. Other oxidation/
reduction systems in soils include Fe **/Fe**, NO:i-/NO2 -, acetic acid/
acetaldehyde, fumaric acid/succinic acid, lactate/pyruvate, and cystine/
cysteine, all of which are affected by soil pH. The availability of metals 
increases under reducing conditions and decreasing pH. Hesse (24) has 
presented a discussion of the background and theory of oxidation/
reduction potentials and their potentiometric measurement. 

The first step to overcome soil limitations to the tailoring of plants to fit 
poorly drained soils is to understand and control the chemical and biolog
ical processes involved in denitrification. Selection for differential avoid
ance or tolerance of' plants to Mn toxicity, low oxygen diffusion rates, or 
low root respiration in relation to oxygen-carbon dioxide balance, which 
are important problems in poorly drained soils, might be a feasible ap
proach for plant breeders. In contrast, Reuss and Danielson (46) suggest
that in well-aerated soils, plant photosynthate may be wasted by high rates 
of aerobic root respiration and this process could also be under plant 
genetic control. 

PHOSPHORUs AVAILABII.TY 

Over the world, a deficiency of P may be more limiting to crop produc
tion than suboptimal air-water relations in soils and the associated prob
lems with N fertilization, plant diseases, ion toxicities, and oxygen or 
water deficiencies. While the expression "fixed phosphorus" has been 
declared obsolete in the Glossary of Soil Science Terms (54), the process of 
conversion of soluble, readily available phosphate fertilizers to insoluble,
adsorbed or precipitated forms is still real and accounts for a very low 
recovery of added P by crops on many soiis. Generally, the more deficient 
the soil is in P, the less efficient crops are in removing added fertilizer P. 
Fisher (20), in the Environmental Phosphorus Handbook, lists 206 mit

3 -erals which contain P.For the cations associated with the P04 radical, 51 
contain Fe 2*, 44 contain Fe 3 , 60 contain A!3 ,56 contain Ca2 , and 45 
contain Mn2 or '+.Van Wazer (57) pointed out that any P-containing
compound, when exposed to the combined action of air, moisture, and 
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organisms over a sufficiently long length of time, will be transformed into 
all orthophosphate. In soil-plant relations, the important soil processes 
include: (a) P sorption on surfaces, (b) precipitation to form materials of 
low solubility, (c) formation of soluble complexes with metal ions (seques. 
tration), and (d) hydrolytic degradation of' esters and condensed phos

-phates. Condensed phosphates are defined as P04:' tetrahedra sharing 
oxygen atoms so as to produce P-0-P bonds. 

Since phosphate anions aire multiple-charged negative radicals, they 
react readily with multiple-charged lrositive ions to give precipitates. 
According to the step rule some unstable and metastable forms of precipi
tates are produced before stable forms appear. Thus, adsorbed P might 
consist of amorphous precipitates with Fe and Al on soil particle surfaces 
(3, 51). The adsorption is related to precipitation processes in that elec
trostatic forces between the negatively charged phosphate and the 
positively charged edges are involved. For example, silicate clay minerals 
with positively charged edges adsorb phosphate which destroys edge-to
face interaction and causes the clay platelets to lose their "house of cards" 
structure (57). 

The sorption (adsorption or precipitation) of P by soils is a very com
plex process with some of the P subject to reversible sorption-desorption 
and some remaining fixed and not subject to exchange with dissolved 
phosphates (3). The behavior of' phosphate in soil systems needs much 
more study from the point of view of'soil-plant relations. The significance 
of the phenomena becomes evident when one realizes that t lie level of' P ill 
soils is only 0.04 to 0.37 compared with 3 to 9% for Al, and 1.4 to 4%7 for 
Fe. The latter elenents are responsible for P sorption and fixation in soils. 
In P we have a trace element, from the geoclienical point of' view, which is 
a macro-element in plant nutrition. In some soils which are initially low 
with respect to plant availability of' P fertilizer P has been added to 
substantially increase the abundance of P within the plow layer (I 1). 

It is not possible to chemically reduce the soil levels of' Al and Fe, but 
their reactivity with P may be reduced somewhat by increasing the base 
saturation of'acid soils (33). Where it is impossible to substantially increase 
the relative abundance of' soil P, tile nmanagement of' crops must involve: 
(a) the use of'crops which are capable of'removing soil P (P from apatite or 
rock phosphate, adsorbed P, or precipitated iron and aluminuml phos
phates), or (b) the use of' crops with a high P-removal capacity as green 
manure crops to supply organic-P to more valuable crops which follow ini 
the rotation. Sweet clover has been used as a source of N and P for crops 
such as corn-oats-clover, but even under these systems high yields of'corn 
and small grain were not frequently obtained on low 1)soils. Band place
ment of fertilizer P is a method of increasing fertilizer 1)efficiency of 
crops, and plant breeders should decide in advance if this practice is to 

132 



be included as a part of tile managcment to be used with tile varieties 
the) develop. 

In addition to studies to elucidate the soil chemical reactions of P, 
additional work is needed to determine the plant physiological 
mechanisms associated with differential accumulation of P by plant 
species. In Fig. 2, for example, results for two widely different soils were 
compared with respect to their release of P to buckwheat and millet (3).
Buckwheat is generally considered to be a species tolerant to low soil 
fertility while millet is a less tolerant species. Removal of P was similar for 
the two crops on the Marshall soil which is a low fixer of P,but al all levels 
of P, the buckwheat removed more P than the millet from the Oxisol, a 
bauxite soil of Jamaica, W.I. Fig. 3 shows that buckwheat was superior to 
millet in its removal of recently added P:11. Buckwheat apparently was 
superior to millet in extraction or feeding power on recently precipitated 
phosphate which was not in equilibrium with much of the labile P in the 
soil. At higher rates of P where equilibrium between labile soil P and P3 
was more complete, the specific activity of*plant P was more nearly equal 
for the two crops. These are the only resots obtained by the author which 
indicate a soil-plant interaction with respect -oion solubilization by plants. 
In contrast, the results in Fig. 4 represent extremes in P accumulation 
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Figure 2 Average amounts of phosphorus absorbed by two plant species grown for
three weeks on soils treated with different amounts of phosphorus. Data from Baker,
1964 (3). 

133 



5 

AI0Turghi Millet I 
a' xTokyo Buckwheat 

3 

uX 

o 250 

Rates of P (ppm.) 

Figur6 3 Average specific activities of phosphorus in plants grown for three weeks on
six soils treated with different amounts of phosphorus. Data from Baker, 1964 (3). 
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observed for corn hybrids under field conditions. Several experiments 
have failed to yield results of the nature of those presented in Figs. 2 and 
3. Nye and Foster (41) reported results for a greenhouse study involving 

3 2 three soils and nine crops treated with p . The crop species did not differ 
with respect to the specific activity of P (P3 2/P). They concluded that plants 
do not have a means of increasing significantly the size of the labile pool of 
P which maintains the equilibrium level of P in solution. However, some 
plant species removed different amounts of P from soils low in available P 
because they apparently were more efficient in their absorption. While 
plants capable of eitracting non-labile P from soils have not been found, 
there is evidence that some can tolerate very low activities of P in solution. 
Baker and Woodruff (13) and Baker et al. (12) have associated this 
tolerance with the volume of soil per plant and also with the genetic 
control over depth of rooting. From ion diffusion considerations, there 
appear to be only two possible explanations for greater tolerance among
plants for low solution P. First, some plants may be more efficient in 
converting energy from photosynthesis for active uptake of the HPO4 or 
H2PO4- ions. Such a mechanism would produce a greater free energy
gradient at the root surface of absorption. Second, the mechanism must 
involve a greater root surface area for P absorption. In addition to genetic 
control of rooting depth and root surface area per plant, it has been 
postulated that plant species and varieties could differ with respect to 
associations with vesicular-arbuscular mycorrhizae on roots. Mosse (38)
showed that effective strains of Endogone greatly increased the growth of 
plants on P-deficient soils. Such associations could be an efficient way 
of increasing plant toleran-- to low soil P (27, 47, 50). Prior to breeding
and selecting plant variet, o more efficiently remove soil P, it seems 
important that the physiological processes leading to greater tolerance 
be elucidated. 

ALUMINUM AN) MANGANESE Toxicr' 

For highly acid soils with a pH range below 4.8 to 5.5 depending on the 
soil, high availability of Al and Mn are often the limiting factors for the 
production of most field crops. The critical soil pH depends upon the 
crop, soil composition with respect to the abundance ofAl and Mn, Al and 
Mn solubilities as affected by the presence of other ions, oxidation poten
tial, and the age or stability of the compounds formed from solutions. 

A recent treatment of the subject of the chemistry of Al in soils by
McLean (33) is highly recommended for those interested in the Al 
chemistry of soils in relation to crop production and soil management. In 
fact, the technical level and coverage of the presentation is superior to 
what can be accomplished as a part of the topic under consideration here. 
Total soil Al ranges fiom 2. 1% A120: for Spodosols developed under 
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moist, cool climates to 11.7% Al203 for Oxisols developed under moist, 
hot climates, and 13.8% A1203 for Aridisols developed under dry, hot 
climates. McLean points out that very high levels of reactive A] requiring 
up to 45 or more metric tons of lime per hectare to neutralize the 
exchange acidity would be equivalent to only 0.5% Al in this form. In 
Aridisols, the Al remains predominantly as a part of the primary silicates 
and silicate clays, while in Oxisols much of the Al ends up as crystalline 
gibbsite. Reactive Al and thus Al toxicity in soil varies with its form. The 
monomers usually designated as Al*-are most toxic followed by adsorbed 
Ai** which is more toxic than OH-Al polymers. As indicated above, 
AI(OH):, as gibbsite and Al in coordination with oxygen of' silicate miner
als is less reactive and becomes toxic to plants only at very low pH ranging
from 4.0 to 4.5. The Al removed from soil by IN KCI gives an adequate 
measure of the minimum amounts of' reactive Al to be neutralized with 
lime, for plant species somewhat tolerant to Al. Generally the minimum 
lime requircinent isequal to i .5to 2 times the equivalents of exchangeable
Al. Recently Mehlich (34) has proposed a new buffer pH method for 
rapid estimation of' exchangeable acidity in soils high in Al. 

At present, the tolerance of" plants to Al is classified by their growth 
rates at specified concent rations or activities of' Al in the soil solution. The 
Al activity in soils is a f'unction of'the soil pH and the amount of exchange
able Al in the soil. Breeding for Al tolerance will necessarily involve 
tolerance to low availability of P and Ca unless sonic effort is made to 
adjust the availability in soil of each element to a constant level. From the 
results available (3, 11, 15, 55) equal test levels f'or Pby the Bray number I 
method (30) or equal levels ofsolution P should be prerequisite to studies 
of' Al tolerance among plant species and varieties when using different 
soils. For Ca, all soils cou Id be ad justedl to an equal saturation of't he cation 
exchange capacity or better yet a constant suspension activity of' Ca and 
Mg can be achieved as will be discussed in a subsequlent section. 

For Nin deficiency to occur' in acid soils, the labile amount and con
sequently the total amoull in the soil must be relatively low. For example, 
a NI n-deficient soil fom the coastal plains of' Delaware released only 0.04 
ppm soil Mn using the test method of Baker (7), and the calculated vatte 
for pMn was 9.6 compared with respective test levels ranging friom 1.0 
ppm Mn for a soil from Colo'ado to 34.7 ppmn Mn for asoil from Georgia.
The pMn results for the soils from Colorado and Georgia were 8.1 and 
4.0, respectively. It appears that if'pMn is less than 4.0 by the new method 
a Mn toxicity could be expected for some plants, and a Nildeficiency can 
be expected at some value of pMn between 8.1 and 9.6. Unlike Al toxicity, 
Mn toxicity in plants generally does not affect root growth (49) but 
decreases shoot growth which results in a decrease in shoot/root weight 
ratios (25). Delineation of'the important soil chemical limitations to tailor
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ing plants for tolerance to acid soils involves the determination of the most 
limiting plant growth factor which might be Al toxicity, Mn toxicity or 
deficiency, poor aeration, low availability of P,a deficiency of Ca or other 
bases, or a deficiency or toxicity of one or more trace elements. 

The results of Table I are presented here to indicate the viewpoint of 
the author that soil chemical problems may be identified with respect to 
deficient or toxic levels of several elements. While the suggested calibra
tion values have not been adequately tested, I believe they should be 
indicative of soil levels of several elements. For example, a substantial 
response to lime can be predicted for most crops on soils with a pAl of 
9.5 or less, although some plant species will grow at higher levels of Al. 

CAI'ON AVAIIAIIT'' 

Soil chemical elements which are essential for plant growth include 
cations of K, Ca, Mg, Fe, Mn, Zn, and Cu. Other cations which are 
potentially harmful to plants and animals include Cd, Al, Sn, Pb, Hg, and 
Ni. Uptake of cations by plants depends upon the cation exchange and 
other adsorption properties of the soil in relation to the amounts of each 
ion which are labile (adsorbed amount in equilibrium with that in true 
solution) compared with the amounts in true solution (activity). Soil 
properties affecting cation availability have been reviewed recently by 
Baker (5, 8). My objective here is not to pursue an understanding of the 
mechanisms uf cation adsorption or binding in soils, but rather to con
sicler the status of the art or science with respect to methods of predicting 
the soil chemical factors which are limiting for the growth of field crops. 
The long time use of pH as an indicator of the availability to plants of'trace 
elements provides ample evidence of the effect that one cation has on the 
availabilities of others. For example, Bradford (R. R. Bradford, 1965. 
Effect of chemical treatment of' soil on differential accumulation of cat
ions by corn hybrids. M.S. Thesis. Dept. of Agronomy, Penn. State Unixv.) 
showed that toxic levels of' Nm in an acid soil could be corrected by 
additions of'calcitic limestone to increase the pH or by additions of epsom 
salts (MgSO4) to supply Mg. Both treatments increased Mg uptake and 
decreased Ni uptake by corn hybrids. 

My goal for several years has been to develop routine soil testing 
methods which predict ion availability for major field crops. The current 
state of'the art with respect to cations is indicated in Table 1.The author is 
indebted to many other investigators who sent samples foir analyses by the 
new method. Results obtained fbr samples known to be from soils defi
cient in a particular element have been enclosed within the table. 

The samples reported in Table I were selected from a total of' 84 
collected from 23 states of U.S. and one from Mossvale, Australia. 
Many of the samples had been reported as low in K, but the results 
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Table 1. Chemical potentials of several ions in widely different soils as calculated from results obtained by a new approach to soil testing. 

Values enclosed are for samples reported by other investigators as being deficient in that element. 

Soil Series Location pK pCa pMg pMn pZn pCu pFe pCd pH pAl 

Rex FL 3.55 2.62 3.18 7.50 11.52 L T7 18.82 13.69 5.15 10.17 
Bowie LA 3.53 2.60 3.17 7.76 10.50 1,,.d6 20.19 14.15 6.35 11.53 
Yahola LA 3.41 2.56 3.01 7.65 11.91 14.75 20.96 14.32 7.45 13.40 
Sutherlin CA 3.51 2.69 2.88 6.41 11.41 14.23 19.44 13.70 5.90 11.28 
Buxton VT 3.84 2.50 3.34 7.10 11.62 14.40 20.33 13.95 6.90 11.88 
Montevallo GA 3.20 2.62 3.27 4.00 8.77 12.21 18.07 11.55 6.10 9.44 
Drummer IL 3.45 2.60 2.98 5.89 10.68 13.60 18.35 12.82 5.55 10.61 
Unclassified ND 2.89 2.48 3.12 7.04 11.34 14.51 20.99 13.31 7.80 12.66 

- Scottsbluff CO 2.98 2.48 3.34 8.00 F1223 15.20 21.27 13.98 7.90 13.51 
00 Rayne PA 3.64 2.58 3.25 4.97 10.32 13.24 17.78 12.12 4.80 8.56 

Weymouth OK 3.18 2.52 3.09 7.84 12.58 15.20 2 14.56 7.70 13.45 
Mossvale Aust. 3.44 2.60 3.23 3.98 9.37 12.16 16.92 1.09 4.95 8.21 
Bangor ME 3.74 2.55 3.24 7.08 12.03 14.36 20.09 13.77 6.00 10.93 
Russell IN 3.70 2.62 2.99 7.26 11.78 14.88 20.13 14.04 6.50 12.30 
Kenyon IA 3.64 2.57 3.16 5.67 10.73 13.78 18.40 12.80 5.50 10.36 
Reading KS 3.41 2.45 3.33 7.28 11.84 14.78 20.62 13.35 7.80 12.42 
Newaygo MI 3.59 2.61 3.22 7.10 12.19 14.82 19.85 14.07 6.30 11.48 
Nicollet MN 3.56 2.63 2.90 6.14 10.91 14.08 18.99 12.94 6.00 11.53 
Putnam MO 3.59 2.56. 3.20 5.16 10.39 13.26 18.43 12.09 5.55 10.30 
Piano W 3.30 2.65 2.94 7.09 11.46 14.72 20.28 13.81 6.70 12.19 
Sand DE 3.46 2.56 3.21 .6 12.78 15.44 20.96 15.73 7.20 12.17 



indicate that for most of these soils a deficiency would not occur unless 
crop removai was sufficient to deplete the level at root absorption sites 
producing a localized higher K potential. It is believed that for plant
abundant nutrients like K and N, as nitrate, tie diffusion dynamics 
operating at the soil-solution-plant root interfaces require that a higher 
equilibrium activity of the ions (lower potential) be maintained in soil than 
would be required if ion adsorption were low compared with rates of 
diffusion. These principles have been discussed by Barber (14) in relation 
to his concepts of diffusion, root interception, and mass flow as avenues 
for the movement of ions from soil to plant roots. 

Results for Ca by the new method (Table 1) are of less value than for 
other elements because the activity of Ca is fixed and highly buffered by 
the testing solution in order to maintain a desirable Ca activity in all soils 
tested. By holding the Ca activity relatively constant, the test levels for K, 
Mg, and other elements will reflect their activities and activity ratios. The 
use oC buffer pH to estimate lime requirements cannot be replaced by the 
method as currently developed. 

The Mg and Cu potentials reported for many soils of Table I are higher 
(lower in the soil) than those considered desirable, especially when animal 
nutrition effects are considered. The need for soil additions of Mg has been 
recognized in manny states in recent years to prevent hypomagnesernia in 
cattle. Based on the results obtained for these widely different soils there 
may be a greater need for Cu by crops and animals at n)y, locations. The 
Rex sand from a virgin site in Florida becomes deficient in Cu within a few 
years after clearing because of a combination of low labile Cu and a high 
Cu potential. [he test level for Cu on the Rex soil was only 0.07 ppm and 
that for the sand of Delaware was only 0.06 ppm. On the other hand, high 
Cu potentials for soils from Colorado and Oklahoma were associated with 
test levels of 0.08 ppm and 0.09 ppm, respectively, and both have a high 
pH and are known to be deficient in Fe and Zn. Corrections of the 
deficiencies of Fe and Zn should lead to response to additions of chelated 
Cu on these soils. 

The new method has been excellent for detecting both deficient and 
toxic levels of Mn as indicated previously. The method also shows promise 
for detecting Al toxicities, but measurements of exchangeable acidity 
must be relied upon at the present time to predict corrective treatments. 
Generally, a deficiency of Zn has been associated with a relatively high pH; 
exceptions might include samples from Michigan and Maine which are 
included in Table 1. 

The calibrations for Cd have been obtained from results with sewage 
sludge treated soils of Pennsylvania (9). Of the samples analyzed, only the 
soils from Georgia and Australia would be expected to supply higher 
levels of Cd in plants than those considered as normal background con

139 



centrations. The high limit of' 12 for pCd is intended to prevent accumula
tions of Cdl within the food chain. 

SUMMARY AND RESEARCH NEEDS 

Problem soils often exhibit more than one chemical constraint for the 
economical production of field crops. The tailoring of plants to fit prob
lem soils requires testing of the soil and the application of Leibig's "Law of 
the Minimum" to ascertain which limiting factors may be completely or 
partially corrected economically by soil treatments and which could be 
resisted by crop plants bred for tolerance or avoidance. The evaluation of 
chemical constraints requires a soil profile characterization wit i respect to 
air-water relations, supplies and potentials of essential and phytotoxic 
elements, and the cost of*corrective treatments in relation to both ione
tary and resource considerations. Research needs to tailor plants to fit 
problem soils include the following in my order of priority:

1. )evelop an understanding of' the physiological mechanisms of 
avoidance and/or tolerance exhibited by plant species and cultivars 
known to be resistant to suboptimal soil conditions. These studies should 
include mycorrhizae and symbiotic and non-symbiotic N fixation. 

2. For poorly drained soils and somewhat poorly drained soils our 
understanding is inadequate to enable a prediction of practices which 
lead to efficient use of fertilizer N for optimum plant growth as aff'ected 
by disease resistance, ion uptake, and root/shoot ratios of plants in rela
tion to seasonal changes in oxidation/reduction potentials and oxygen 
diffusion in soils. 

3. Soil test calibrations aire needed for selected sp cies and cultivars to 
be grown on problem soils. 

4. The efficient use of resources fbr partial ce'rrective treatments on 
problem soils requires new approaches to soil fertility experiments. For 
example, what species and cultivars respond to nominal application rates 
and placement of' ground rock phosphate on high Al, acid soils? 

5. Crop rotations for problem soils might efficiently use green manure 
on other crops to supply nutrients to subsequently grown crops which are 
more desirable for food or fiber. 

6. For problem soils, it will be important to develop cultural practices 
which require a minimum energy input per unit of energy output. 

In conclusion, tailoring of plants to fit problem acid soils has a potential 
f'or the production of food and fiber on soils which are now too low in 
productivity to compete with well drained, highly fertilized and limed
acid soils. From the technology developed by this research approach, the 
energy input-output relationship could be improved for both new and 
existing food- and fiber-producing lands. 
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Soil Chemical Constraints in Tailoring
 
Plants toFit Problem Soils. 2. Alkaline Soils
 

J.J. Mortvedt 

Naximumn crop production results from planting high-yielding cul
tivars on soils of good tilth containing opt imum levels of available plant 
nutrients under fiavorable weather conditions. Yields are reduced when 
one or more factors are limiting. The main constraints to crop production 
on problem alkaline soils are low or unblanced soil fertility, high levels of 
free CaCO: or exchangeable Na' , salinity, and poor external or internal 
crainage. 

Some species may be able to produce adequate yields on soils of low 
fertility but the quality of their produce also may be lower than that of 
produce grown on soils with medium to high soil f'rtility. For example, 
some f'orage species may produce acceptable yields on low P soils bill the 
resulting forage is too low in P to provide adequate P nutrition for 
livestock. Ozanne et al. (43) reportel increased feed intake as well as body 
weight gains by sheep fled subterranean clover (Tri'/dium .%uhterranum) 
which had been fertilized with superphos1phate in Australia. Near linear 
increases in body weight gains were obtained when P fertilize' rates were 
increased three times beyond those needed for maximtin forage yields. 
Use of mineral supplements to provide dietary P at levels above those 
found in forage at maxiimum yields probably is more economical than 
higher P fertilizer rates. 

Crop needs are highest for the primary nutrients, N, P.and K, anid 
levels of these nutrients in the soil must be adequate to maintain crop 
quality as well as yields. Development of cultivars which grow well on soils 
low in available N, P and/or K will result in produce which could be of 
inferior qtality. Keeney (29) reported that application of 200 kg/ha of N 
and 50 kg/ha of P increased the crude protein concentrations of four 
single-cross corn (Zea mavs L.) hybirids by 10( over that of the control, 
while a balanced NPK treatment increased the protein concentration by 
an additional 10%. (oncentrations of all essential amino acids except 
methionine were highest in grain from the balanced fertilizer treai'nenM. 
Average grain yields increased from 1,400 to over 8,000 kg/ha with 
fertilizer applications (TIable 1). 

The purpose of this paper is to discuss nutrient availability in alkaline 
soils and effects of unbalanced soil fertility on crop production. Costs of 
modifying problem soils versus the expected returns through higher 
yields and better quality crops also are discussed. in general, the use of 
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proper fertilizers, soil amendments, and tillage practices, along with 
planting crop cultivars with high yield potentials, provide the highest 
economic returns on the problem soils of the world. 

Table 1. Yield and crude protein content of four Wisconsin corn lnbreds as influenced by NP or 
NPK fertilizers. 

Wisconsin 
Inbred No. 

Fertilizer 
treatment 

Grain yield
kg/ha 

Crude 
protein, %t 

273 control 1,900 7.9 
NP 8,800 7.6 

NPK 8,700 9.8 
1,694 control 1,400 7.9 

NP 7,300 8.0 
NPK 8,100 8.0 

1,710 control 700 6.5 
NP 8,100 8.3 

NPK 8,000 8.0 
1,718 control 1,600 5.8 

NP 8,000 6.8 
NPK 8,000 7.7 

Average control 1,400 7.0 
NP 8,050 7.7 
NPK 8,200 8.4 

ttotal N x 6.25 Data from Keeney (29). 

NUTRIENT AVAILABILITY IN ALKALINE SOILS 

CAI.CAREOUS SOILS 

Most calcareous soils have pH levels up to 8.3 and contain 0.5% to 10% 
free lime in the upper horizons, but some soils derived fr'om marl may 
consist of as much as 95% carbonates. Most calcareous soils are found in 
the semiarid and arid regions of the world. 

Nitrogen availability from soil organic matter decomposition is con
trolled by microbial activity in soils. The optimum soil pH for nitrification 
is about 7.5. However, the nitrification rate of fertilizer N may be deter
mined by the pH of the soil-fertilizer reaction zone rather than by that of 
the unamended soil. Nitrite accumulation which may be toxic to seedlings 
may occur in alkaline soils, especially after band application of urea or 
diammonium phosphate. Volatilization of N as NH:; from ammonium-N 
occurs in calcareous soils so urea and some ammoniun phosphates should 
not be surface applied to these soils without immediate incorporation. 
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Phosphorus availability is controlled by Ca activity in alkaline soils. 
Applied P is held by surface adsorption or may be precipitated as basic 
calcium phosphates in these soils. Optimum soil pH for plant availability
of applied P varies markedly in calcareous soils but usually is sufficient to 
be of value for most crops. The need for P is perhaps greatest soon after 
seedling emergence so band applications of H20-soluble P sources are of 
benefit, especially on soils testing low in available P. 

Plant availability of Kis decreased by high levels of available Ca and/or
Mg. Liming acid soils above pH 6.0 may decrease the availability of K in 
these soils. Calcareous soils generally are high in available Kand deficien
cies of Kare rare in medium- to heavy-textured calcareous soils. Irrigated
calcareous sand or gravelly soils may be low in available K, however. 
Fixation of K is related to the type of' clay minerals in soils rather than to 
soil pH; more K is fixed by weathered micas than by kaolinitic clays.

Ample quantities of available Ca and Mg are found in soils between pH
5.5 and 8.5. Effects of Ca and Mg in limed soils on plant nutrition are 
usually related to resulting imbalances with Kand micronutrients. Over
liming injury may be due to deficiencies of B, Fe, or Nfn in sonic crops.
Release of S from soil organic matter is related to microbial activity:
S-oxidizing bacteria are active over a wide soil pH range.

Availability of B decreases moderately with increased soil pH, but few B 
deficiencies are reported on calcareous soils because the level of available 
B is adequate. Limited rainfall conditions which usually are associated 
with development ofcalcareous soils also result in minimal leaching loss of 
B from the root zone. There is some indication that B requirements of' 
plants are larger under conditions of abundant Ca supply. The solubility
and availability of' Mo increase with soil pH and deficiencies are uncom
mon in calcareous soils. 

Solubility of Cu, Fe, Mn, and Zn decreases with increasing soil pH, but 
Cu deficiencies are less related to soil pH than are those of the other 
metallic micronutrients. In calcareous soils the relatively insoluble cal
cium zincates may form to limit the amount ofavailable Zn. Deficiencies of 
Fe are more common than those of Mn on calcareous soils; plant uptake
of Fe also is reduced by hiLh bicarbonate concentrations in soil solution. 

SAI.INE-ALKALI SOILS 

Formation of saline soils is related to rainfall and internal as well as 
external soil drainage. Large quantities of soluble salts are formed during
weathering of rocks and minerals. In humid climates these salts are 
leached out of the soil profile into the groundwater. These salts may
accumulate in a lower soil horizon or may be carried to lower drainage 
areas where water evaporates and the salts accumulate in semiarid or arid 
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climates. About 25% of the earth's land surtace is sufficiently arid to make 
salt accumulation common. Saline soils occur mainly in the western 
United States, Mexico, Canada, the Pacific slopes of South America, 
northern and southwestern Africa, and parts of Russia, China, India, 
Pakistan, the Middle East, and Australia. 

Saline soils contain sufficient salts to reduce growth of most plants; the 
electrical conductivity of saturation extracts of these soils is > 4 
millimhos/cm. Alkali soils contain sufficient exchangeable Na (> 15%1 of 
the cation exchange capacity) to interfere with the growth of most plants. 
Saline-alkali soils exceed both of thie above criteria. The soil pH of saline 
soils seldom exceedis 8.5; that of alkali soils ranges f'rom pl-I 8.5 to 10. 
Leaching of saline-alkali soils without a source of Ca to replace Ni results 
in dispersal of soil colloids which reduces soil permeability. Internal 
drainage ishighly restricted and plant root growth is reducedldue to low 
soil oxygen levels. Proper soil management therefore is essential for 
optinmum crop protction on these soils. Plants are more sensitive to 
salinity during germination than in later growth stages, so proper 
seedbed preparation is very essential to minimize salt concentrations in 
the surface soil for optinmn seedling emergence. Methods of'diagnosing 
problelms on saline and alkaline soils are liscussed in Agriculture Hand
book No. 60 (48). Costs to modif*y saline and/or alkali soils may be quite 
high; therefore, planting cultivars which are tolerant to these soil condi
tions may be preferrced over modifying soils for optimll growth. 

Plant growth on saline soils also llay be reduced by nutriient imbalances 
resulting from high concentrations of one or more nutrients in soil 
solution. Many fruit tree species are sensitive to B even though they (1o not 
accumulate B in high concentrations nor develop typical leaf symptoms. 
Tolerance to bicarbonate injury varies greatly among crop species. Injury 
by high salt concentrations is commonly related to increased Na and K 
anti decreased Ca uptake. 

RESPONSE OF CUIl'IVARS TO MICRONUTRIENTS 
IN ALKAlINE SOILS 

Numerous reports have shown that cultivars of some crops (liffcr 
widely ill their capacity to extract plant nutrients f'rol the soil. This 
capacity is especially important when crops are grown on soils with low or 
marginal levels of'available nutrients. Plant availability of Fe, Zn, and Mn 
decreases with increasing soil pH and use of Fe-, Zn-, anl/or Mn-toleranl 
cultivars is a suggested practice for problcm alkaline soils. 
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IRON 

Differences among cultivars in tolerance to low levels of available Feare quite pronounced in some species. Soybean [Glycine niax (L.) Merr.]cultivars range from high tolerance to high susceptibility to Fe chlorosison calcareous soils. Some states routinely include Fe tolerance insoybean performance theirtests and cultivars are given a chlorosis score.High-yielding cultivars with some resistance to Fe chlorosis should beconsidered for planting on soils where chlorosis has been evident
ill previous years.


Corn is 
 more tolerant than grain sorghum [Sorghum bicolor (L.)Moench] to low levels of available Fe. Most cultivars of arecornefficient, although Brown (18) 
Fe

reported differential Fe uptake by twocorn genotypes grown on a calcareous soil. Results also showed P x Fe andCu x Fe interactions which differed with cutivar. Mikesell et al. (35)related interference of P to decreased Fe utilization by Fe-inefficient linesof*grain sorghum. Thus high levels of' available P as well as high soil pHmay affect Fe uptake by certain sorghum cultivar's.Soil applications in inorganic Fe sources are rather ineffective f'or cropsbecause the available ferrous form rapidly oxidizes to unavailable ferricf'orms. Thus, f'oliar spray applications of' FeSO 4 are recommended. Whileseveral Fe synthetic chelates and natural organic complexes are effectivefor crops, they aIre usually too expensive to be economicalagronomic crops. Results of a 
for most 

recent survey in 22 states westMississippi River in the United States showed that 
of' the 

ha, or 57 more than 4.8 millionof the total cultivated area, is deficient in availableFe-inefficient crops (37). Use of' Fe-ef'ficient 
Fe for 

varieties along with floliarsprays f'or crops on soils containing low or marginal levels of' available
Fe appears to be the most practical method of' controlling Fe chlorosis at
this time.
 

MANGA NESE
 
Deficiencies of' Mn 
 are widespread f'or soybeans but differential response to Mn has not been reported. Band application of' several Mn
sources at planting or f'oliar application 
are used to correct NIn deficiencies. Murray and Benson (40) reported differential Mn response by twocultivars of oats (Aven,'a saliva L.). In a field study without added Mn
average yields of the 'Park' and 'Cayuse' cuhivars were similar over a
3-year period. Cayuse outyielded Pa;'k with a fcliarspray Of'imiSO at

tiilering, indicating that Cayuse had a higher yield potential than Parkwhen Mn was not limiting (Tble 2). Results of another study (19) showedthat Park was more Mn-efficient than Cayuse at very low levels of'availableMn. Studies at limiting as well as nonlimiting levels of' a nutrient thus ;irerequired to understand differential response of' cultivars to a nutrient. 
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Table 2. Yield of two oat cultivars as affected by foliar application of MnSO4. 

Oat yield, kg/haMn applied, 
kg/ha 1971 1972 1973 3-year average 

Cayuse
 

0 2488 3694 2738 2973
 
1.8 3787 4482 3143 3804
 
3.6 4121 4912 3224 4086
 
7.2t 4104 4615 3205 3974
 

Park 
0 3073 3582 2355 3003
 
1.8 3909 4348 2518 3591
 
3.6 3889 4121 2594 3535
 
7.2t 3940 3914 2690 3515
 

tMn rate was 9kg/ha In1971. 	 Data from Murray and Benson (40). 

ZINC 

Differential response to Zn has been shown for several crops. Judy et al. 
(28) showed that both 'Sanilac' and 'Saginaw' navy beans (Phaseolus viii
garis L.) responded to applied Zn even though Saginaw did not appear to 
be severely Zn deficient. Sanilac yields were less than Saginaw yields 
without added Zn, but vields of Sanilac equaled or exceeded those of 
Saginaw as the rate of applied Zn increased (Table 3). 

Table 3. 	Yield and Zn concentration of two cultivars of navy beans as affected by Zn source 
and rate. 

ppm Zn in plants eWld,kg/haZn applied, Zn 
kg/ha source Sanilac Saginaw Sanilac Saginaw 

0 - 19.6 21.4 511 1,257 
2.0 ZnSO4 19.4 25.7 1,566 1,808 
4.0 ZnSO4 31.9 31.0 2,050 2,473 
8.0 ZnSO4 36.0 38.4 2,513 2,184 
0.4 ZnEDTA 24.1 27.4 2,185 2,211 
0.8 ZnEDTA 28.5 31.7 2,600 2,083 
1.6 ZnEDTA 31.7 30.8 2,628 2,231 

Data from Judy et al.(28). 

Variation in tolerance to low levels of available Zn also has been re
ported in corn and soybeans. Shukla and Raj (52) related differences in 
Zn response among corn genotypes to their ability to exploit soil Zn and 
transport Zn to the shoots. Paulsen and Rotimi (44) showed that high P 
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levels decreased growth of'"P-sensitive" 'Lincoln' soybeans more than the 
"P-tolerant" 'Chief' culhivar. Added Zn overcame the depressing effects of 
P on Chief but not <' Lincoln soybeans.

Deficiencies of some nutrients may delay mnaturation of crops. Boawn et 
al. (17) showed that early season Zn deficiency delayed the maturation 
date of' beans. Because Zn ('ficiency generally develops in irregular
patterns in a field, the resulting variation in ripening makes it impossible
to harvest the entire field at optimum maturity. Vise of Zn-efficient cul
tivars and/or application ofZn Fertilizers will measurably reduce variabil
it)' in ripening. Early maturit s .Also is important for crops in regions with 
relatively short growing seasons. 

Deficiencies of Zn are widespread in a number ot crops on neutral and 
alkaline soils in mail)'areas of Ih,. world. Soil applications of'Zn before or 
at planting time or f'oliar al)licaitions are used to correct Zn deficiencies. 
Rates ranging from 0.5 to 10 kg/ha of' Zn are recommended for use on 
Zn-sensitive crops. Much work has been conducted on the P-Zn interac
tion in many crops. While the exact mechanism is not completely uider
stood, most agree that high P levels reduce Zn translocation within the 
plant; no evidence has been sho,wnfor inactivation of' Zn byl) in the soil.

A marked residual response i Zn has been reported on mal%, soils. 
Boawn (16) reported similar residual availability of fetilizer Zn for corn 
for a period of fivu years on boih a calcareous subsoil and a nion-calcareous 
surface soil, each with a soil p1-I of 7.6. Vinande el id.(58) reported
residual availability of' ZnSO4 for navy [)eans and corn for at least three
 
yeals on several calcareous Michigan soils. Later results showed that crop

yields were nlaintained at least eight years after ZnSO4 applications equiv
alent to 28 kg of Zn/ha. Annual applications of Zn nay not be required

after the level of available Zn has been increased above the critical level,

because applied Zn remains available for several years after application.

Soil tests can be used to estimate further need for Zn application.
 

SOIL FERTILITY AND FIELD CUI;IVAR
 
SCREENING PROGRAMS
 

Most crop species will not grow well oil soils of' low fertility status.
Problem soils can be modified by applying fertilizers and other amend
ments but costs of modification must be offset by increased crop produc
tion. Low soil fertility can not be completely offset by adaptation of' crop
cuhivars; sone amendments, especially N, P, and K fertilizers, probably
will be needed for economic crop production. Selection of'cultiars which
will grow well with a minimum expenditure for soil anendilents may be 
very profitable, especially in the short run. 
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Introduction of cuhivars developed in another country or region can 
result in unforeseen problems in a new region. For example, introduction 
of some high-yielding rice (Oryza saliva L.) cultivars from the Philippines 
into Latin America resulted in Zn-deficiency problems. Because the level 
of'available Zl apparently was lower in sone Latin American soils than ill 
the Philippine soils where these varieties were developed, fertilizers con
taining Zn are req1uired to obtain high yields ill Latin America. 

Some testing programs for varietal alaptation have been hampjered 
because le variations found ill soils ofta region have not been taken into 
account. Many of tile varietal test plots have been located on experiment 
station failis with soils generally of a higher fertility stat us and managed 
much better than those of, the average farm in the region. Results from 
experiment stations thus give response on soils under better than avcrage 
management. Recon incn(Ilafions based on these tests may omit the cul
tivars which would have dlone better under the soil conditions and man
agement practices which are prevalent in tile region. 

Suggestions for screening programs to overcome some of the above 
problems are: 

I. Preliminary tests should include differential response to fertilizers 
on several soils. Withbout such trials some potentially high-yielding cul
tivars requiring fertilizers may be deleted from further trials because of' 
their pool- performnice. 

2. Off-station tests should be conducted on fields of low, average, and 
high soil fertility and with varying le'els of management so that cultivars 
can be selected for each level of" f'ertility and management. 

3. Interaction of ot lici fact ors, slch is cl'op ouality and insect, disease, 
and lodging resistance with soil fertility in ust be studied during response 
tests. Research results have shown marked interactions between some of 
these factors ,,ndtheir effects must be balanced against yields obtained ill 
these tests. 

4. Econiomic analyses are essential to determine if costs of inputs re
quired for tdie cultivars selected for high levels of'soil management will be 
retured by resulting high yields. Cultivars with a lower yield potential 
lly be the most economical ill the shoort run f'or some areas if' the input 
costs for these cultivars are much lower and sufficient capital is dif'ficult to 
obtain. Efforts should be made to modify soils for maximum crop procluc
tion as soon as economically feasible. 

5. Development of'cultivm's for problem soils requires an interdiscipli
fiary approach. Cooperation betweel agronomists, crop physiologists, 
plant geneticists, and soil scientists is essential in determining which 
species and culivars will respond to various management practices. Each 
must tinlerstand the limitations of the ecosystem under consideration to 
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determine tie combination of soil management and selection of crop
variety which will provide the greatest return to the grower. 

SUMMARY 

Crop production on problem soils can bc increased )y niodifying the 
soil in the root "one to fit the plant, adapting plants to Fit existing or 
slightly modified soil conditions, or using a coibinat ion of both methods. 
The latter is probably the most economical approach. The main soil 
constraints to crop production on alkaline soils are low or unbalanced soil 
fertility, high levels of free CaCO:t or exchangeable Na' , salinity,and pool
external or internal drainage. Scveening pIoganms for tolerance of rice 
cultivars to soil salinity and alkali conditions, as well as low levels of 
available P or Zn are now being conducted (26, p. 126-132). Similar 
programs for other crop species should be considered.

Adapting crops to existing soil conditions minimizes tlie costs required
For modifying the soil but the resulting c'rops inay be low in yield and/or 
poor in qlality. Optimtm returns ma resut from use of cuIltivars which 
have high yield potentials but Will be tolerant of less than optimuml soil 
conditions. Soil fertility levels inmust be su f'icient to allow maximum 
growth of these cultivars. 

Crop(I quality is intimately associated with balanced soil fertility and the 
latter must he aonsidercd in all breeling programs. An excellent review 
on the role of fertilizers in crop quality was recently written by Munson 
(39). The aut hor concludes his review with a plea to researchers to 
evalhate their results in terIs of crop quality as well as yields. The main 
role of firtilizers isto produce ioire food but products of higher quality 
may bejust as important. Another recent article concerning the relation
ship of soils and fertilizers to crops and nutrition was written by Allawav 
(2). Both articles are highly recommended for those involved in ,lop 
production research. 

Programs to screen culthivars for adaptation to problein soils should 
include the effects of soil modifications on resthing crop yields and 
quality. Otherwise some genetic material which is superior only when thesoil has been nolified for optimun production will be discarded. The net 
result is that returns from crop production will not be so high as is 
economically possible on many problem soils. 
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Summary of the Session 
M. Drosdoff, Chairman
 

One of the major objectives of tile workshop 
was to provide opportunities for interaction between soil scientists and plant scientists relativeto resolving mineral stress problems in soils for economic crop production. These problems occur under a wide range of conditions which facefarmers throughout the world but these problems are especially acute forthose farmers in developing countries where access to technology andmaterials for correcting soil mineral s tress conditions are either not avail
able or are too costly.

Although the focus of the workshop was on adaptation of crop varietiesto soil mineral stress conditions, the organizing committee felt that thereshould be an opportunity for soil chemists to present their views on thesoil chemical constraints in tailoring plants to fit problem soils. Dr.Dale E.Baker of Pennsylvania State University presented a paper on the soilchemistry problems in acid soils and Di'. J. J. Mortvedt of the Soils andFertilizer Research Branch of TVA presented one on alkaline soils.In his paper, Di; Baker discussed his new approach to soil testing forthe evaluation of soil ion availability to higher plants. It was suggested thatthis approach shows promise for identifying soil chemical parameters thataffect plant growth and the synthesis of desirable plant constituents.Important adverse plant parameters frequently encountered in acid soilsinclude adverse air-water relationships, low availability of P,toxicity of Aland Mn, acid-base imbalance, and deficiencies of essential macro andtrace elements. Di. Baker believes that the appropriate question for 1977is "to what extent can desirable plant commodities be produced economicall), on soils not now suitable for their production?" He points outt thatproblem soils often exhibit more than one chemical constraint for theeconomical production of field crops. The tailoring of' plants to fit problem soils requires testing of the soil to determine which limiting factorsmay be completely or partially corrected economically by soil treatmentsand which could be resisted by crop plants by breeding Foi tolerance oravoidance. The evaluation of chemical constraints requires a soil profilecharacterization with respect to air-water relations, supplies and potentials of' essential and phytotoxic elements, 
 and the cost of correctivetreatments in relation to both monetary and resource considerations."Delineation of the important soil chemical limitations to tailoring plantsfor tolerance to acid soils involves the determination of the most limitinggrowth factor which might be Al toxicity, Mn toxicity or deficiency, pooraeration, low availability of P, a deficiency of Ca or other bases, or adeficiency or toxicity of' one or more trace elements." 
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Considerable attention in Dr; Baker's paper was given to availability of 
phosphorus and he stated that "a deficiency of P may be more limiting to 
crop production than suboptimal air-water relations in soils and the 
associated problems with N fertilization, plant diseases, and ion toxicities 
and oxygen or water deficiencies." He recommended more research to 

elucidate the soil chemical reactions of P and additional effort gi''en to 
determine the plant physiological mechanisms associated with differen
tial accumulation of' P 1 plat species. 

Dr. Mortveclt stated in his paper that the main constraints to crop 
production on problem alkaline soils are low or unbalanced soil fertility, 
high levels of free CaCO:i or exchangeable Na, salinity, and pool- ex
ternal or internal drainage. Though some species may be able to produce 
adequate yields on soils of low fertility, he cautioned that "the quality of 
their prodluce may be lower than that of' produce grown on soils with 
medium to high soil fertility." This was particularly true of the primary 
nutrients, N, 1, and K, and he cited several examples to illustrate this 
point. 

The matter of' nutrient availability in alkaline soils including calcareous 
and saline-alkali soils was highlighted by Di. Mortvedt. He discussed the 
factors affecting the availability of N, 1, K, Ca, Mg, and the micronutrients 
in these soils and the nutrient imbalances in the soil solution which may 
occurl. He gave particular attention to t lie response of' cultivars of' various 
crops to micronutirients in alkaline soils. 

With reference to soil fertility and cultiva screening programs, D. 

Mortvedt stated that "low soil fertility cannot be completely offset by 
adaptation of' crop cultivars; thus some amendments probably will be 
essential for economic crop production." He stated further that "some 
testing programs for varietal adaptation have been hampered because the 
variations f'ound in soils of a region have not been taken into account." In 
his paper Dr. Mortvcdt made several suggestions for screening programs 
which might overcome some of lhese problemls, e.g.: preliminary screen
ing tests should include differential response to fertilizers on several soils; 
off-station tests should ble conducted on fields of low, average, and high 
soil fertility as well as management so that cultivars can be selected foir 
each level of' fertility and management; development of' cultivars for 
problem soils r-equircs an interdisciplinary approach. 

DISCUSSION 

The discussion opened with a comment about the statement made that 
with low soil P there is low yield and poor quality of' crop. The discussant 
stated that this need not be true if' a species or variety is used that will 
utilize the P present in the soil more efficiently. However, there should be 
a minimum level of' P and other nutrients to give reasonably good crop 
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yield and quality. Tlhe plant may grow well on low f'ertility soils but the 
quality may not be so good. The objective is to develop varieties which will 
be efficient in the utilization of the P which is present. 

It was suggested that we may need to accept somewhat lower yields that 
may be economically f'easible especially in developing countries where 
fertilizer may not be available or is too costly. There is always the question 
of atradeoff between level of'crop yield and quality and the cost of inputs. 
The objective should be to use fertilizers and lime where it is possible and 
appropriate but to have crop varieties that canl utilize these most effi
ciently. 

Reference was mace to the matter of'a relationshipl between crop yield 
and crop quality. One discussant stated that there was not necessarily any
correlation. For forage crops, evaluation by livestock performance is the 
critical test for both production and quality. 

A question was raisel whether a differential uptake of manganese by
different varieties was related to growth or yield of crop. In a test with two 
oat varieties it was found necessary to use very low levels of' soluble Mn to 
get a differential response. There is also a calcium ef'fect which needs to be 
considered. 

Investigations in the Punjab of' Inclia have measured the tolerance of 
cereal varieties to micronutrient deficiencies oil sandy and loamy sand 
soils. Field studies have been conducted for the past five to six years at 
eight centers. Differences in responses to zinc deficiency and other mi
cronutrients were observed at the lif'ferent locations. More details and 
results were presented later in the workshop. 

With regarcl to crop quality, studies on the nutritional composition of 
wheat are being conducted at Oregon State University. Wheat has to meet 
food quality standards of' the Food and Drug Administration and it is 
difficult to relate nutrient composition to crop quality. There is a strong 
environmental effect on plant composition and a number of factors have 
to be considered. It is (lifficult to isolate the eff'ects of any one factor oti 
crop quality. The comlbination and interaction of factors are important. 

The question was raised about using plant composition to determine 
nutrient requirements when tile complex soil sulbstrate activity is so im
portant. In reply it was stated that plant composition is not the criterion 
but rather the problem is one (,ffitting tile plant to the soil. An example 
was given of'the diff'ermetial requirements when cotton f'ollowed soybeans 
in a rotation on a soil high in manganese. To grow a good crop ofsoybeans 
it was necessary to lime the soil to correct manganese toxicity. However, 
liming resulted in a boron deficiency in tile subsequent cotton crop. If' a 
soybean variety tolerant to high manganese was available and lime not 
reluired, then boron ldeficiency oi tile cotton would not have beef) a 
problem. A similar situation was reported for sugar beets and potato 
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rotation in Maine. To resolve these problems, it will be necessary to have 
both soil and plant analyses in order to determine which varieties are best 
adapted to the particular soils of a region. 

It was suggested that it would be helpful to evolve a classification system 
in which critical levels of plant tolerances to soil stress conditions could be 
quantified. This might be done by correlation with soil test levels or some 
other technique. 

Another suggestion dealt with soils which can hardly grow a crop under 

natural conditionfs. One could start with an adapted species and then 

gradually improve the soil by growing other adapted species sequentially 

until the soil could produce more preferred crops satisfactorily. Selected 

species could help correct the soil stress conditions. The problem is that 

most farmers in developing countries will not plant anything unless they 
can get something from the crop the first year. 

It was pointed out that we really don't know what crops to grow on what 

soils. It is somewhat of a gamble. It would be important to establish 

parameters and criteria of what certain crops really require. At present, 

fertilizer recommendations for many crops on many soils are made on a 

trial and error basis. There should be a more concerted research effort to 
establish the requirements of species and varieties for specific soil condi

tions. This would be of tremendous help in evaluating so-called arable 

land. We talk in general terms of' arable land but don't specify arable 
for what. 

It was pointed out that what the workshop was doing was adding one 

more factor to a whole system of crop production. Using adapted vari
eties is not a panacea to solve all the problems, disregarding what has 

been done before. Any single approach is not the answer. For example, 
the development of Opacue-2 corn resulted in a higher lysine product but 
there was a sacrifice of yield. This relationship is nothing new but what we 
are doing here is adding another ingredient of genetically adapting plants 

to problem soils. 
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Plant Efficiencies in the Use of
 

Nitrogen, Phosphorus, and Potassium
 

G. C. Gerloff 

This review is concerned with variations in the efficiency with which the 

three primary fertilizer nutrients are utilized by plants, and particularly 

the possibility that strains of agricultural and horticultural species may be 

developed which are more efficient in the use of N, P,and K than are the 

commercial strains now in general use. The economic advantages that 

could result from this achievement are obvious and would be most wel

come in an era of shortages of food, energy, and other resources. 

Although strain differences will be emphasized in this discussion, the 

extremes in efficiency of N, 1, and K utilization by different species also 

are of interest, because they indicate the potential for improving efficien

cies within particular economic species through plant breeding. In this 

connection, it seems particularly useful to recognize unusual efficiency 

capabilities of wild and native species which evolved through mainy years 

of exposure to unusual environments. Some of these wild plant efficiency 

adaptations, particularly in the utilization of P, were recognized and 

studied by ecologists well before the current interest in developing 

economic crop strains adapted to specific soil conditions. The physiologi

cal and morphological bases for these adaptations should be of much 

interest in nutritional plant breeding programs. 
The results to be discussed primarily will be from recent studies. The 

numerous literature reports of strain, variety, and inbred differences in 

growth and yield under deficiency of a specific element, dating at least 

back to 1926, are not intentionally ignored (97, 104, 136, 202). However, 

most of these papers are not appropriate for the present discussion 

because of failure to meet the critical requirement that to be accepted as 

strain must yield approxian inefficient strain under nutrient stress, a 

mately the same as efficient strains under optimum supplies of the ele

ment. This has been a key point in out studies and its purpose is to avoid 

labeling as inefficient a strain with a severe physiological deficiency that 

does not specifically involve element utilization. That strain would yield 

poorly under a variety of conditions. 
Several discussions that a number of years ago prophesied the re

search potential in the area of nutritional plant breeding deserve to be 

seems particularly appropriate toacknowledged (67, 151, 213, 214). It 

recognize that Lyness (136) anticipated the general theme of this work

shop with a statement in a paper published 40 years ago: 
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"Careful experimentation will reveal the fertilizer requirements 
of every variety to be grown, and if this is known in advance by 
the grower, much time and money will be conserved and the 
same or vastly superior results will be attained. P-deficient va
rieties will probably never do well on soils of low fertility but, on 
the other hand, phosphorus-efficient strains may not make as 
high yields on soils with a high natural fertility as those less 
responsive to phosphorus feeding." 

There are two primary goals in this presentation. One is to review some 
of the available evidence indicating that differences in the efficiency of N, 
P, and Kutilization by plants do exist and have been recognized. A second 
emphasis will be to discuss the physiological, morphological, and anatom
ical mechanisms responsible for these efficiency differences. 

EFFICIENCY IN NUTRIENT UTILIZATION 

The first results are from a series of studies of N, P, and Kutilization by
strains of snapbeans (Phaseolus vulgaris L.) and tomato (Ljcopericon es
cuht'nturn Mill.). 

POTASSI UM 

The experimental plants included 14 commercial varieties of snip
beans, 19 genetic stocks, and 33 introductions from parts of the world 
where fertilizer practices often are different than in this country (192). 

The 66 strains were grown in nutrient culture in a slightly modified 
Hoagland and Snyder solution (103) with the trace element concen
trations specified by Johnson et al. (108). All plants were exposed to an 
artificial selection pressure of a growth-limiting supply of K. Only 5 ppm
K was added to the culture medium. With seeds as large as snapbeans, 
variations in K due to differences in seed size had to be eliminated. This 
was accomplished by selecting seeds of uniform size within each strain and 
by analyzing seeds of each strain so that compensatory Kcould be added 
to make the same total amount of K available to each plant. 

The data in Table I present the differences in oven-dry yields of five 
snapbean strains representing the extremes of efficiency in K utilization. 
Yields with inadequate (34 ng) and adequate (660 mg) K available to 
three plants are indicated. There were marked yield differences under K 
stress, with efficient strain 58 producing 47% more dry weight than 
inefficient strain 63 (8.83 vs. 6.00 g per three plants). Strain 38 also was 
considered inefficient; strain 46 was efficient. The yield data at 220 mg K 
per plant show that with adequate K,inefficient strains produced approx
imately as much growth as efficient. Strain 46 performed very well under 
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Table 1. Yields of efficientand inefficient strains of snapbeans when grown innutrient cultures 
with inadequate and adequate amounts of potassium. 

K available 
to 3plantst Strain 38 

Oven-dry wt. (shoots and roots)$ 

Strain 46 Strain 58 Strain 63 Strain 66 

34 mg 6.62 g 7.65 g 8.83 g 6.00 g 6.64 g 
660 mg 17.05 35.26 17.76 14.01 16.31 

tDifferences Inseedpotassium content were compensated forby supplementary additions of potassium 
to the culture solutions. 

*MWeight of 3plants; dead leaves which fell from the plants during the growth period were collected and 
Included inthe weighings. 

both stress and adequate K. It was the second highest yielding strain 
under K deficiency and also was extremely vigorous under high K, pro
ducing double the yield of strain 58, the second highest yielding strain. 

Experiments also have been carried out on the response of tomato 

strains to K stress (unpublished data). Yields of strains 94 and 98, repre
senting the extremes in response, are presented in Table 2. Because of the 
small size of tomato seeds, variations in K from that source were insig
nificant. Yield of inefficient tomato strain 94 was 0.95 g oven-dry weight; 

efficient strain 98 produced approximately twice as much tissue (1.97 g) 

from 5 mg of K. With 200 nig K available to each plant, yield of strain 94 

was 8.26 g and of strain 98 was 6.48 g. 
As a convenient means of expressing efficiency in element utilization, 

we have adopted calculation of efficiency ratios, the mg of plant dry 

weight produced per mg element absorbed by a plant or plant part. This 

facilitates comparisons of efficiencies of nutrient utilization among strains 

of a species, and, probably of greater importance, facilitates comparisons 

of efficiencies between species. Efficiency ratios for the extreme responses 

from both the snapbean and tomato K experiments are included in 

Table 2. 

Table 2. 	Yield and efficiency ratios (mg dry wt/mg element in plant) of strains of snapbeans 
and tomato representing the extremes inefficiency of utilization of N, P and K. 

Species Stress Level of Strain Oven.dry Efficiency 
element stress element yield ratio 

Snapbean K 11.3 mg/plant 63(l) 6.00 g 157 
58(E) 8.83 294 

Tomato K 5 mg/plant 94(1) 0.95 g 173 
98(E) 1.97 358 

Snapbeant P 2 mg/plant 1(l) 0.87 g 562 
11(E) 1.50 671 

Tomatol N 	 51(l) 2.51 g 83 
62(1) 2.71 88 
34(E) 3.51 110 
63(E) 3.62 118 

tData from Whiteaker et al., 1976 (223). 	 *Data from O'Sullivan at al., 1974 (159). 
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PHOSPHORUS 

In studies similar to those with K, 54 strains of snapbeans were screened 
for capacity to grow under P stress (223). The extremes in response with 2 
mg P available per plant were 0.87 g dry weight for strain I and 1.50 g for 
strain 11, a 72 percent difference (Table 2). 

The graph in Fig. I supports the prediction by Lyness (136) that strains 
which were most efficient under P stress would not be the most effective 
under optimal P)supply. Strain 1, which was anong the least efficient at 2 
mg P,produced almost the highest yield at 31 and 62 mg P. It was classified 
as an "inefficient-responder." The most efficient strain at 2 mg P (strain 
11) was considered an "efficient-non-responder" because of relatively 
poor yield at 31 and 62 mg P. Strains 7 and 12 were "efficient-responders," 
because they produced close to maximum yields at both low and high P. 
Strains 3 and 5 were inefficient at both low and high P and were rejected 
for further study. Howell and Bernard (106) also established significant 
differences in the response of soybeans to high levels of P. 
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Figure 1 Yield responses of 12 snapbean lines to three levels of phosphorus when 
grown in nutrient cultures. Data from Whiteaker et al., 1976 (223). 
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NITROGEN 

In another study (159), 146 strains of tomatoes from various parts of 

the world were screened for efficiency in N utilization. Thirty-five mg per 

plant was the growth-limiting level of N. Yields and efficiency ratios of 

four strains representing extremes in N efficiency are presented in 
Table 2. 

Two strains (51 and 62) were considered inefficient; two as efficient (34 

and 63). On the same amount of N, efficient plants produced an average 

of 40 percent greater dry-weight yields than did inefficient plants. 

PHYSIOLOGICAL, MORPHOLOGICAL AND ANATOMICAL 

MECHANISMS FOR VARIATIONS IN N, P,AND K EFFICIENCY 

Maximum benefit from the demonstrated differences in efficiency of 

N, P, and K utilization, and from other comparable differences to be 

recognized, will be realized when the physiological mechanisms and plant 

structural fcatures responsible for the variations are understood. Rela

tively little work, unfortunately, has been done on these problems. As a 

result, only some of the possible mechanisms for efficiency differences 

can be considered in this section, with supporting evidence included when 

available. 

THE RoOT SY'sTEMN1 

Several aspects of root structure and function could be responsible for 

variations in N, P, and K uptake from the low concentrations present in 

average soil solutions. Root system membranes contain the biochenical 

mechanisms responsible for ion removal friom the environment following 

arrival at root surfaces. Measurements of Km and Vniax values for the 

roots of different species suggest that tile effectiveness of the uptake 

mechanism does vary among species (1, 52, 66). Morphological features 

such as the number of roots, the degree of subdivision of the root system, 

and the rate of growth and extension of the root system also may regulate 

ion uptake by determining the amount of active surface exposed to the 

soil solution during root growth. 
Ion-uptake mechanism. Table 3 (120) summarizes the results of a study 

of the rate of P uptake by snapbean strains using the excised root tech

nique employed successfully for many years in elucidating the general 

features of ion uptake. Phosphorus uptake was measured as zP accumu

lated in 3.5 cm terminal segments of' snapbean roots during 30 minute 

exposure to a 10 -"M (0.031 ppm) initial P concentration. 
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Table 3. 	Comparison of weights and phosphorus absorption rates of excised roots of 15 
strains of snapbean. 

Mg Pig dry wtl3O' x 10- 3 	 Avg.
Strain 	 -oven-dry

Rep I Rep 2 Avg. t root wt, mgt 

4 15.5 17.5 16.5 7.7 
1 13.7 16.0 14.8 10.9 
5 15.6 13.7 14.7 9.2 

39 16.5 12.4 14.4 11.3 
15 13.1 15.1 14.1 8.9 
6 15.1 12.7 13.9 10.5 

10 15.0 12.6 13.8 10.1 
3 12.7 10.9 11.8 13.6 

26 12.2 10.4 11.3 14.3 
23 10.9 11.5 11.2 12.7 

7 12.3 10.0 11.1 9.6 
20 9.7 11.9 10.8 11.7 
11 9.8 10.8 10.3 12.7
58 10.0 9.6 9.8 10.0 
38 8.3 8.2 8.2 14.3 

tDeterminedfrom 30 minute uptake of32p from nutrient solution containing I x 10- 6MP 
*Equal numbers of roots of each strain were used in absorption tests. 

Data from Undgren, 1976 (120). 

Uptake rates for roots of 15 snapbean varieties varied by approximately 
100 percent, from a maximum of 16.5 in strain 4 to a minimum of 8.2 in 
strain 38. 

In evaluating these results, it is critical to note that if individual roots 
differed markedly in diameter and size, greater uptake efficiency could 
be due to greater absorbing surface exposed in the smaller roots rather 
than differences in the uptake mechanism. Iii support of this view, the 
highest uptake rate per unit weight was for strain 4 with the smallest 
individual roots (7.7 mg), while the lowest absorption rate was for strain 
38 with the heaviest roots (14.3 mg). 

However, strains with real differences in root capacity for P uptake do 
seem to have been identified in this study. The basis for this evaluation is 
the wide variations in P uptake by strains with roots of approximately 
equal individual weight, for example between the 14.8 uptake rate for 
strain I and the 9.8 rate for strain 58. The individual root weight of these 
two strains varied .nly from 10.0 to 10.9 mg. Only strains with roots of 
comparable weight were selected for additional studies on P uptake and 
the inheritance of efficiency in P uptake. 

Root/shoot ratio. "alble 4 presents evidence of varietal differences in 
the proportion of total plant growth present as the root system when 
plants are grown under P deficiency (unpublished data). 

The data compare the amount of root and shoot growth and the ratio of 
shoot/root growth when snapbeans were grown with a growth-limiting P 
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Table4. 	Variations Inthe proportion of the total growth present Inthe root systems of snapbean 
strains grown under Inadequate and adequate phosphorus. 

2 mg P 	 31 mg P 
Strain Shoot Root Top/root Shoot Root Top/root 

dry wt. dry wt. ratio dry wt. dry wt. ratio 

6 777 mg 124 mg 6.27 1465 mg 242 mg 6.05 
9 719 103 6.98 1096 145 7.56 
4 872 310 2.81 1504 269 5.59 

11 1141 356 3.20 1233 181 6.81 

supply and with approximately optimum P.The shoot/root ratio ofstrains 
6 and 9 was approximately the same for plants grown at 2 and 31 mg of P. 
In contrast, a much higher proportion of the total plant developed as 
roots in strains 4 and II under P deficiency than under adequate P. The 
average top/root ratio of those two strains under 31 mg P was 6.20; under 
2 mg P, the ratio was only 3.0 1. 

Absorbing zone. The length of the root zone capable of the maximum 
rate of element uptake could be responsible for differences in rates of 
uptake by the entire root systems of various strains. However, this was not 
a factor in the snapbean studies reported by Lindgren (120). Rates of 
uptake by excised roots were determined for four successive 3.5 cm zones 
back from the root tips. P uptake was approximately the same for the 
entire 14 cm of root in each snapbean variety. 

Biochemical changes under deficiency. Phosphatase activity increases 
when plant tissues become P deficient. Woolhouse (229) suggested that 
adaptation of plants to P stress might be a result of high phosphatase 
activity. Clark and Brown (50) showed that phosphatase acthity of two 
corn inbreds did increase under P stress. Furthermore, the increase in 
phosphatase activity was greater in the inbred that was more efficient 
under P stress. The more efficient inbred also was able to lower the pH of 
the culture medium faster during growth than was the inefficient inbred. 
It might in this way increase P availability. 

As a final comment on root efficiency in nutrient absorption, it is 
important to recognize that root access to soil nutrients may well deter
mine whether biochemical or morphological root factors are more critical 
in nutrient uptake in natural environments. If access to soil nutrients is a 
limiting factor, morphological features of root systems will be critical and 
the efficiency of ion uptake mechanisms will be of secondary importance. 
Only when arrival of ions at root surfaces is non-limiting can the uptake 
mechanism be a key factor in overall uptake. Access to nutrients particu
larly seems to be a problem in relation to P. There is evidence that, in soil, 
diffusion and mass flow of P at times do not bring adequate P to root 
surfaces to meet plant needs (20, 79). 
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NUTRIENT TRANSFER TO XYLEM 

Deliver), to the shoot of ions taken up by active accumulation 
mechanisms requires that these ions be released to the xylem fiom root 
cells for subsequent upward movement. A significant recent contribution 
on ion movement in intact plants has been the accumulation of evidence 
that, similar to initial uptake f'rom the environment, ion release to the 
xylem probably is an active process involving secretion from cells adjacent 
to the xylem conducting elements (66). For this reason, it is not surprising 
that rates of active ion uptake by excised roots may not correlate with rates 
of ion delivery to the shoots of intact seedlings. 

In our!work, a comparison of rate of' active P uptake by excised roots 
and rate of P delivery to the shoots of intact seedlings of the snapbean 
varieties considered in Table 3 indicated that the relative rates probably 
were not the same. This must be confirmed. However, in all future studies 
on element uptake, we anticipate using intact plants rather than excised 
roots. 

RE.EXPORT OF EtEMENTS FROM OLDFER PI.ANT PARTS 

Differences in the re-export of mobile elements from deficient or 
senescing plant parts could be another basis for variations in N, P, and K 
efficiency. Weak re-export would result in the retention of elements in 
old, relatively inactive leaves rather than utilization in active, young ter
minal parts. The reverse could also occur, i.e., vigorous re-export could 
result in depletion of nutrients in lower leaves and reduced activities there 
at times when maximum overall plant efficiency would require continued 
peak metabolism in older leaves. 

Analyses of' individual leaves and parts of inefficient tomato strain 94 
and efficient strain 98, for which yield data are presented in Table 2, 
showed that K concentrations were much lower in all parts of strain 98. In 
the terminal growth of' strain 98 the K concentration was only 0.29%; in 
strain 94 the concentration was 1.03% . Rather than benefiting from 
greater re-export, the efficient strain seems to function at a lower K 
concentration in all plant parts. 

In a comparable study of the changes, at several growth stages, in K 
concentration in various parts of an inefficient and an efficient snapbean 
strain (Table 1), potassium concentrations were lower in prinmary and first 
trifoliate leaves of the inefficient strain when deficiency symptoms were 
comparable in both strains. Potassium was not trapped in the primary 
leaves of the inefficient snapbean as deficiency developed, and weak 
re-export was not a factor in K inefficiency. 
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SUBSTITUTION OF ELEMENTS 

The recognized capacity of Na to substitute partially in the metabolic 
functions of K could be tie basis for intraspecific variations in K efficiency 
in some species. The capacity to accumulate Na when present in the 
environment varies considerably among species. 

Snapbean is a species which rakes tip very little Na and in which there 
would not be significant substitution of Na for K. The Na concentration in 
the snapbeans considered in Table I varied only from 0.03 to 0.06%. 

In contrast to snapbeans, tomato strains 94 and 98 (Table 2) contained 
from 1.12- 1.37% Na in the shoots and slightly higher concentrations in 
the roots (1.22- 1.46%). Comparisons of the growth of these strains in 
solutions with and without Na showed that, under severe K deficiency, 
there was no indication that Na substituted more effectively for K in 
efficient strain 98 than in inefficient 94. 

The effects of Na on red beets were quite different than on tomatoes 
and snapbeans (13). The addition of Na to K-deficient cultures increased 
yields of both K-efficient and K-inefficient red beets by 2.7-3.7 times. 
Making Na available also eliminated yield differences among efficient and 
inefficient strains. Fhe greater efficiency of some strains under K stress, 
and in the absence of Na, apparently involved a function in which Na 
could substitute for K. 

EFFICIENCY IN METAIOI.I(C REACTIONS 

The primary basis for the differences in N, P, and K utilization dis
cussed in this review seems to be in the efficiency of element utilization in 
metabolic processes. 

Obviously, if strains produce different amounts of growth fr'om a 
specific amount of an element, the strain that produces the highest yield 
must have the lowest overall element concentration. This would suggest 
greater efficiency in element utilization in metabolic processes. However, 
another possibility must be recognized. It is that greater element re
export to terminal growing regions of efficient plants might result in the 
maintenance of equal element concentrations in the active regions of both 
efficient and inefficient strains. 

Several items of evidence indicate that the demonstrated N, P, and K 
efficiency differences were associated with metabolic effectiveness. First, 
the lower leaves of K-efficient snapbeans, P-efficient snapbeans, and 
N-efficient tomatoes had less severe deficiency symptoms and were larger
in size than were comparable leaves of inefficient plants, even though K, P, 
or N concentrations were equal in leaves of both efficient and inefficient 
types, or were lower in the efficient strains. Second, in the K-efficient and 
-inefficient tomatoes considered in Table 2, the K concentration was lower 

169 



in every part of the efficient plants, yet they produced 100% more growth 
than the inefficient. 

Proof that growth and metabolic functions do continue at lower tissue 
concentrations in efficient plants must await comparative studies of 
specific reactions in which the elements participate. Preliminary studies 
(223) indicated that at the same leaf P concentration, the photosynthetic 
rate was higher in leaves of deficient, P-efficient plants than in compara
ble leaves from deficient, P-inefficient plants. 

NO:, REDUCTION 

One aspect of efficiency in N utilization for which the mechanism is 
understood and on which there has been considerable research is NO3 
reduction. Hageman and his associates (190, 233) demonstrated marked 
differences in the nitrate redulction capacities of' corn varieties and in
breds. Furthermore, nitrate reductase activity showed a significant posi
tive correlation with grain protein and grain yield (58,64). This suggested 
that nitrate reduction at times may be a limiting step in N utilization in 
plant growth. 

UTILIZXION OF NH4 -N 

The use of N-serve and similar compounds to prevent or delay nitrifica
tion of NH4 -N to N0a -N in the soil, and thus reduce loss of NOa by 
leaching, indicates the need to develop strains tolerant of high levels of 
NH4 ions that can be toxic to some l)lant species, if N isderived solely from 
that source. Recognized species variation in capacity to utilize NH4 -N 
without injury suggests breeding for ammonium tolerance will be 
possible. Commercial cranberries, for example, have been found able to 
utilize only NH4 -N (93). 

EFFICIENCY MECHANISMS IN WILD PLANTS 

For a number of years, ecologists and plant physiologists have been 
interested in adaptations of wild plants to a variety of unusual nutritional 
environments, including adaptations to low concentrations and supplies 
of essential elements. Of the three elements considered in this discussion, 
most of the wild plant research has been in Australia and England on 
efficiency in P utilization (51, 94, 95, 162, 182, 204, 230). Some of the 
indicated wild plant efficiency mechanisms would be useful in economic 
crops, for example highly efficient mechanisms for uptake from low 
environmental supplies and unusual efficiency in element utilization in 
metabolic processes. Other wild plant efficiency mechanisms may not be 
adaptable to economic plants, for example a slow growth rate which could 
permit more efficient re-use of elements and high overall efficiency in 
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element utilization. Another impractical mechanism for economic crops
would be a capacity to reduce the growth rate during temporary periods
of nutrient stress before severe deficiency effects develop and affected 
plant parts die. 

DISCUSSION 

Our studies on N, P, and K efficiency during the last ten years differ 
significantly in several aspects from earlier comparable efforts. As already
mentioned, this includes the requirement that to be labeled as inefficient 
under a stress level of a nutrient, a strain must produce yields equal to 
efficient strains under non-stress levels. In addition, in all our studies
varieties of above-average efficiency in element utilization have been 
emphasized. Below-average efficiency was emphasized in many early
studies, for example, Fe utilization in soybeans (222), Mg in celery (164), B 
in celery (165), and B in tomato (219). These deficiency-susceptible va
rieties and strains could be very useful in studies of physiological
mechanisms and metabolic pathways. but they do not offer the economic 
and practical advantages currently of interest. 

Several aspects of the screening technique to be used in nutrient effi
ciency studies deserve comment. Each investigator must evaluate the 
merits of soil versus a synthetic nutrient solution as the culture medium in 
a specific study. Soil has the advantage of being the natural medium for
plant growth. However, this must be balanced against lack of uniformity
and difficulty in reproducing culture conditions. Because of better con
trol of the nutrient environment, we have used nutrient cultures in all our 
screening and breeding work. It is recognized that this results in a some
what unnatural situation with the supply of a growth-limiting nutrient 
adequate at the start of an experiment but almost exhausted during the
last part of the growth period. Addition of the limiting element in incre
ments during plant growth probably would be preferable. An even more 
desirable technique would be the large-volume, continuous flow cultures
used by Loneragan and Asher (125) to establish minimum culture 
medium concentrations of several elements for maximum yield of various
species. The desirable features of these time-consuming techniques must 
be balanced against plant breeding requirements for techniques that are 
simple enough to permit screening large numbers of strains in a reason
able time. 

In our screening procedure, every plant is grown in a separate con
tainer. There is no competition for nutrients. This isconsidered desirable 
to avoid misinterpreting more efficient absorption of elements from a 
common supply by some plants, due to larger or more efficient root 
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systems, as indicating more efficient utilization in growth following entry 
into those plants. 

Whenever possible, efficiency extremes established in nutrient cultures 
should be verified in a deficient soil. Inefficient snapbean strain 63 and 
efficient strain 58 (Table 1)were grown in a P-deficient soil. In agreement 
with the nutrient culture results, strain 63 showed severe K deficiency in 
the primary leaves; strain 58 was nearly normal. 

Two aspects of efficiency in N, P,and K utilization particularly seem to 
warrant further st udy. One aspect is P uptake by plant root systems from 
P-deficient soils. As already discussed, there is evidence that access to the 
root surface ismore critical in the uptake of P from soil than is the uptake 
of other elements. The indications that an) of' several aspects of root 
morphology and biochemistry could be the basis for increased P efficiency 
in such soils make this a potentially productive research area. Variation in 
the utilization of K is another promising aspect of efficiency research. The 
niany and diverse roles of' K in metabolism and the demonstrated wide 
variations in species requirements for K suggest that physiological bases 
for considerable variations in efficiency do exist, and that metabolic 
differences in efficiency probably are more likely for that element than 
for N or P. 

The value to nutritional plant breeding of' recognizing the extremes of' 
efficiency in element utilization within the plant kingdom is emphasized. 
Evidence that growth can occur and metabolism can proceed at quite 
different protoplasmic concentrations of essential elements in different 
species gives the plant breeder confidence that comparable intraspecific 
differences can be established in economic plants. For example, Grundon 
(94) compared the yields of tomato and white clover to the yields of six 
species of"heath" vegetation from Queensland, Australia, when all were 
grown at several levels of' N, P, or K. There was little difference in the 
utilization of N. However, heath vegetation was much more efficient in 
the utilization of' P and K. The efficiency ratio foi) P utilization by heath 
species was as much as 4x greater than for tomato; the ratio for K 
utilization was as much as 2.5x greater. The adaptation of the heath 
species to low P and K seemed to be (fue primarily to efficient utilization of 
P and K in growth processes. The heath species were very susceptible to P 
toxicity. 

The results presented seem promising. Yields of efficient and ineffi
cient strains of' snapbean and tonato differed by as much as 44% in the 
utilization of' N, 72,7( for P,and 1 '.,for K. If'general success is to be 
achieved in increasing plant efficiency in nutrient utilization, plant scien
tists must become more efficiency conscious. They must routinely include 
nutrient efficiency when characterizing and describing the mineral nutri
tion of' plant species, strains, varieties, and populations. We must 
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routinely calculate (i) comparative efficiencies of root systems (per unit of 
weight) in absorbing nutrients from the environment and transporting
nutrients to shoots, and (2)efficiencies of plants in utilizing nutrients for 
growth and dry matter production. 

There will be a need to produce food in areas of the world where 
manipulation of fertility levels will be less feasible than it has been in 
developed countries. The results reviewed in this workshop suggest that 
in the near future two real alternatives will be available for improving 
plant growth in nutrient-deficient soils. One will be the traditional ad

justment of nutrient supplies to plant needs through fertilizer and lime 
additions; the other alternative will be to select plant strains adapted to 
and of above-average efficiency under specific nutritional deficiencies. 
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Plant Efficiencies in the Use of 

Calcium, Magnesium, and Molybdenum 

R. B. Clark 

Plants differ markedly in their ability to take up and use Ca, Mg, and 
Mo. These differences are often manifest by adaptation of certain plants 
to specific soil conditions and the predominance of certain species over 
others. For example, certain plants grow well on acid and serpentine soils 
because of their favorable ability to compete for Ca at low levels and 
because of their ability to tolerate high levels of toxic metals (21, 71, 72, 
183, 218). Legumes and herbs (dicots) usually contain higher concen
trations of Ca and other divalent cations than grasses and cereals 
(monocots); monocots usually contain higher K and monovalent cations 
than dicots (126, 220). Differences among plant species for differential 
uptake and use of mineral elements have been recognized for a long time 
(54), but only within recent times have differences within plant species 
been documented (27, 29, 67, 82, 92, 97, 142, 150, 151, 187, 213). 

DEFINITION OF MINERAL EFFICIENCY 

The term "mineral-efficient plant" has appeared frequently in recent 
literature. What is a mineral-efficient plant? Efficiency is defined as out
put divided by input (R. D. Munson, 1974. Plant breeding and nutrient 
concentration or uptake: a perspective. Mimeo of talk presented at Am. 
Soc. Agron. NatI. Mtgs., Nov. 11, 1974, Ch*,:ago, IL). Some people define 
a mineral-efficient plant as one that yields the most dry matter for the least 
amount of mineral applied or taken up. However, this may not be a plant 
that yields the highest total output. A mineral-efficient plant, as defined 
and used for the most part in this discussion, is a plant that grows better, 
produces more dry matter, and develops fewer deficiency symptoms than 
another plant when grown at low levels of a mineral elemi-nt. This 
definition may not necessarily mean that the mineral-efficient plant pro
duces the highest amount of dry matter per unit element at high levels of' 
nutrients. More mineral-efficient plants may have a greater ability to take 

'Contribution of Agricultural Research Service, USDA, and )epartment of Agronomy, 
University of Nebraska, .incoln, NB 68583. Published as I'.wer No. 52,12,Journal Series, 
Nebraska Agricutturat Experiment Station. 
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up and make mineral elements more available and have a lower require
ment for elements. 

Differential efficiency of plants for uptake and use of mineral elements 
may be better understood if mineral requirements for plants are better 
understood and defined. For example, Loneragan and colleagues (126, 
127, 128, 129, 131) noted that many of the Ca requirements of plants 
deserved redefinition. These authors placed Ca requirements of plants 
into three categories: "solution Ca requirement, functional Ca require
ment, and critical Ca concentration." The solution Ca requirement is the 
minimum level of Ca in the growth medium required by the plant to attain 
maximum growth. This considers the growth medium levels and has no 
relation to internal plant Ca. The functional Ca requirement is defined as 
the minimum Ca concentration in the functional sites of the plant that 
sustains maximum growth rates. Inasmuch as Ca is essentially immobile in 
plants, Ca concentrations in some plant parts may become very high, but 
are not related to amounts required for growth. Functional Ca concen
trations remain relatively constant in a plant organ while yield increases. 
Calcium concentrations of 0. 1 to 0.2% have been noted for legumes and 
herbs and 0.05 to 0. 1% in grasses and cereals (128). Critical Ca concen
trations are those Ca concentrations actually present in plant organs at the 
time Ca becomes limiting to growth. These values may be relatively high, 
and higher concentrations were noted for legumes and herbs than for 
grasses and cereals (127). 

FACTORS AFFECTING Ca AND Mg UPTAKE AND USE 

SOIL, 

Many factors affect the efficiency of plants to take up mineral elements 
from soils. This concerns the availability of the mineral elements. In 
addition to having sufficient amounts of the minerals present in the soil, 
the form and chemistry of the mineral are important. Factors affecting 
Ca, Mg, and Mo availability in soils have been reviewed (8, 57, 65, 121, 
140). Interactions of Ca, Mg, and Mo with other mineral elements like K, 
Mn, Al, Fe, heavy metals, total salts, etc., must also be considered and play 
important roles in the availability of these three elements and the effi
ciency with which a plant can take them up (22, 71, 72, 102, 157, 200). In 
this connection, Ca and Mg efficiencies in plants may also be associated 
with Al tolerance in plants (76, 77, 118, 132). Once the mineral elements 
are made available in soils, plant availability depends on transport to and 
into the root. Factors affecting ion transport from the inner soil region to 
the root and into the root have been discussed in recent reviews (123, 145, 
158, 224). 
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ENVIRON MENTAL. 

Many environmental and growth factors such as temperature, mois
ture, aeration, planting date, planting rates or population, density rates 
and kinds of fertilizer added, location, and stage of growth alter Ca, Mg, 
and Mo nutrition and the efficiency with which they are absorbed (17, 
109, 110, 116, 146, 150, 161). In addition to ion interactions, temperature 
and moisture play about as important a role in uptake and accumulation 
of minerals as any other environmental factors. Chang et al. (41) reported 
severe Ca deficiencies in tobacco grown at 29 C compared to 23 C. Walker 
(216) found that temperature differences as small as I C could cause 
variation in response to Ca -leficiency in corn. Soil temperatures above 28 
C or below 23 C inhibited corn growth and at the higher temperatures, Ca 
deficiencies appeared. Apparently Ca was not getting to the meristematic 
regions of the new leaves at the higher temperatures. Calcium concen
trations were highest in plants grown at the lower and higher tempera
tures and were lowest at temperatures at which optimum growth oc
curred. These reduced Ca concentrations may not have been due to 
reduced Ca uptake, but may have been caused by mineral dilution from 
the higher growth rates (208, 209). High temperatures (29 C) during the 
light cycle enhanced Ca deficiency in corn compared to low (23 C) light or 
dark cycles (217). High temperatures during the dark cycle did not 
aggravate the Ca deficiency. Porter and Moraghan (166) also noted a Ca 
deficiency in corn that was induced by high temperature. In their study 
one inbred was more susceptible to this Ca deficiency than the other. 
Higher incidence of blossom-end rot (BER) of tomato, bitter pit of apple, 
and various cracking and breakdown disorders of fruits have been caused 
by reduced Ca in the fruits (139, 193). Walker (personal communication) 
found that higher humidities overcame Ca deficiency that was induced in 
corn by high soil temperature, and Bible et al. (19) found that the number 
of tomato fruits affected by BER was reduced when plants were grown in 
mist chambers. Water and Ca movement from fruit to leaves have been 
noted in plants grown under low moisture or water stress conditions (173, 
193). 

GEN ETI C 

Differences in efficiency of nut-ient uptake are controlled by the gene
tics of the plant. The observed genetic control of' mineral nutrition in 
plants has been attributed to differences in absorption from the growth 
medium or in movement of the elements within tissues (67, 71). 

Cation exchange capacity. Some investigators have found that 
genotype or species differences in mineral uptake may be attributed to 
the cation exchange capacities (CEC) of roots (34, 63, 126, 215, 220) and 
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to the valence of the cation (63). Legumes and herbs (dicots) had CEC 

values about twice those of grasses and cereals (monocots); dicots prefer

entially absorbed divalent cations while monocots preferred monovalent 
found CEC values of seven clones of ryegrass tocations (63). Mouat (147) 

range from 17.2 to 24.9 meq/ 100 g dry wt of roots. The CEC values of six 

of the clones varied only from 17.2 to 20.9 meq/100 g dry wt; these 

differences were significant. In addition to CEC properties of roots, the 

rooting patterns of plants are important. Harvey (97) noted that corn 

inbreds had large differences in root patterns and suggested that these 

differences might explain some of' the differential nutrient responses 

observed in these inbreds. Baker et al. (10) suggested that differences 

among corn hybrids for mineral accumulation may be attributed to dif

ferences in depth of rooting of the plants. Raper and Barber (168) noted 

differences in root growth patterns of'Harosoy 63' and 'Aoda' soybeans. 

Harosoy 63 had a more extensive root system than Aoda. The capacity for 

mineral element absorption, however, was about twofold greater for 

Aoda than for Harosoy 63 at higher nutrient levels (169). At lower 

nutrient levels, the capacity for each variety to absorb nutrients was about 

the same. Under lower nutrient conditions, Harosoy 63 would have the 

advantage in nutrient uptake because of'its more extens;ve rooting system 

(169). 
Genotype. Varietal, cultivar, genotypic, or clonal differences within 

plant species must be considered in plant efficiency for mineral elements. 

Differential uptake, accumulation, translocation, and utilization of min

eral elements have been noted and reported for many plant species. To 

remain within the scope of this article, a review of all plant species cannot 

be included. Extensive studies have been conducted with corn, so the 

remainder of this article will deal primarily with results noted for corn. 

Several articles and reviews on differential responses within plant species 

for mineral element uptake and utilization have appeared (21, 27, 29, 67, 

82, 97, 142, 150, 151, 187, 213, and Munson, 1974, op. cit.). 

DIFFERENTIAL RESPONSES OF CORN TO Ca AND Mg 

At an early date, Hoffer (104), Gregory and Crowther (92), and String

fielc and Salter (207) noted that corn lines differed when grown under 
various nutritional conditions. Gregory and Crowther (92) suggested that 

corn might be bred for adaptation to certain mineral stress conditions. 
Harvey (97) noted that many of the differences in corn lines for nutrients 

were inherited. Certain strains of corn were found that grew better than 

other strains at low levels of Ca (59). The inbred line Tr required 50 ppm 

Ca to grow normally compared to 10 ppm Ca for the open-pollinated line 
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Reid yellow dent. Sayre (184, 185, 186, 187) conducted extensive studies 
on differential accumulations of mineral elements in corn. He measured 
differential accumulations of not only Ca and Mg, but of nearly all 
essential mineral elements as well as many of the nonessential elements. 
Calcium and Mg concentrations in ear leaf samples of 31 inbred lines 
grown in gravel culure ranged from 0.28 to 1. 1%Ca and 0.3 to 1.5% Mg 
(186). In field experiments, Ca concentrations ranged from 0.69 to 1.78% 
Ca in 13 inbreds and from 0.50 to 1.90% Ca in 3 1 other inhred-hybrid 
entries (187); Mg concentrations in these same plants ranged from 0.06 to 
0.34% and 0.45 to 1. 17% respectively. 

Genetic studies were conducted over an extended period on many corn 
lines for differential uptake and accumulation of mineral nutrients at 
Pennsylvania State University under the leadership of Drs. W. 1. Thomas 
and D. E. Baker. From these studies, differences in uptake and accumula
tion of nearly all of the nutrient elements were noted (9, 10, II, 12, 14, 15, 
24, 55, 86, 87, 88, 89, 90, 152, 210, 211, and W. I. Thomas and D. E. 
Baker, 1971. Genetic control of' nutrient uptake by corn. Mimeo of talk 
given at Am. Assn. Ad%'. Sci. symposium. Mineral elements in the food 
chain. Dec. 29, 1971, Philadelphia, PA). When inbreds and single crosses 
were grown under field conditions, Thomas et al. (211) noted ranges in 
Ca and Mg concentrations of 0.74 to 1.2617 Ca and 0.1 I to 0.227 Mg and 
Gorsline et al. (87) found ranges of' 0.84 to 1. 1 4% Ca and 0. !1 to 0.2 1% 
Mg. Even though these ranges in Ca and Mg concentrations were not as 
great as those found among inbreds and hybrids by Sayre (187), they were 
significant. Differential accumulations of' Ca and Mg were heritable, but 
Ca and Mg concentrations had no relationships to each other (87, 211). 
The uFtake and accumulation of Sr and Ca were found to be controlled 
largely by the same gene acting in an additive manner and correlations 
between Ca and Sr and Sr:Ca ratios were very high (88). Additive gene 
actions were not noted for most of the other essential mineral elements 
(89). Differential accumulation of Ca and Mg by mature corn plants 
grown in the field could be predicted from young plants grown in the 
greenhouse (1I) and corn lines consistently maintained their relative 
accumulation levels regardless of location (Thomas and Baker, 1971, op. 
cit.). Even though one hybrid accumulated high or low concentrations of a 
particular element, this did not mean that other elements would be 
accumulated in the same nmanner (11). Baker et al. (11) also suggested that 
differential accumulations of' particular mineral elements had indepen
dent mechanisms from other mineral elements and that these 
mechanisms were controlled by different genetic factors. In another 
study, Baker et al. (9) suggested that differences in mineral element ratios 
indicated different capacities of plants to selectively absorb minerals like 
Ca and Mg. Results fi'oni later work indicated that leaf Ca and Mg in 
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double-cross hybrids were not correlated with results found in single cross 
parents (55) and that the genetic control of Ca and Mg accumulation was 
associated with two or three genes (90). Barber (14) reported that the 
locus for the accumulation of a large number of mineral elements was 
probably chromosome 9 and Naismith et al. (152) presented evidence to 
indicate that this was indeed the case for Ca as well as for P and Mn. 
However, a common genetic mechanism for the control of Ca, P, and Mn 
accumulations was not found (152). 

Studies somewhat similar to those discussed for corn were conducted 
on St, Ca, and other mineral element accunulations in barley, wheat, and 
soybeans at Minnesota (70, 113, 114,151, 170, 171, 172, 231). The results 
and conclusions for these crops were similar to those found for corn; that 
is, tile heritabilities for differential mineral accumulations were large 
enough that selection within species was feasible. The element most 
amenable to selection appeared to be Ca (1 70). 

Brown (28) noted differential abilities of two corn genotypes for Ca 
(list ribution to the newly emerging leaves. He noted that if sufficient Cu 
was not present, Ca deficiencies appeared. No deficiency symptoms were 
observed when Cu was added; however, differential Fe deficiencies were 
noted with relatively high Cu levels. Differences were noted among corn 
inbred seedlings for tie accumulation of Ca and Mg at various pH values 
( 33) and the inbreds showed similar rankings as pH changed in response 
to tie addition of' lime. Ranges among six corn lines for Ca and Mg 
concentrations at various pH values reported by Lutz et al. (133) were: 
0.39 to 0.737 Ca and 0.05 to 0.09% Mg at pH 3.9; 0.65 to 0.82% Ca and 
0.05 to 0. I0(7 Mg at pH 5. 1; and 0.82 to 1.14% Ca and 0.10 to 0.27% Mg at 
pH 6. I. Rivard and Bandel (177) pointed out that even though 120 corn 
hybrids showed significant ranges in Ca (0.39 to 0.55% in immature whole 
plants and 0.36 to 0.65% in ear leaves) and Mg (0.26 to 0.42% in immature 
whole plants and 0.23 to 0.3417 in ear leaves) accumulations, these differ
ences were not large enough to interfere with tile interpretation of plant 
analyses. Bruetsch and Estes (33) noted differences in Ca and Mg accumu
lation in mature plants of 12 commercial corn hybrids of different matur
ity classes to range froni 0.21 to 0.34% Ca and 0. 13 to 0.21% Mg. Differ
ences among these corn lines for Ca, but not for Mg, accumulation were 
associatedl with maturity class. Later maturing lines tended to have higher 
Ca than early maturing lines. Differential responses between two corn 
inbreds for Ca were noted when a tenperature-induced Ca deficiency was 
imposed on the lines (166). 

Clark and Brown (49) grew a large number of corn inbreds (36 for Ca 
efficiency and 44 for Mg efficiency) on soils known to induce Ca and Mg 
deficiencies. The corn inbreds chosen for this study were selected because 
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many represented commonly used lines for open-pollinated hybrid pro
duction (205) and some lines showed differential responses to particular 
mineral elements (10, 30, 89, 184). Large differences were noted among 
inbreds for Ca (0.29 to 0.93%) and Mg (0.033 to 0. 119%) concentration 
and the inbreds were grouped according to their Ca and Mg efficiency (49 
and R. B. Clark, 1974. Differential mineral uptake by maize inlbreds. Ohio 
Agric. Res. Dev. Center, Agronomy Dept. Mimeo 217). Parameters used 
to assess Ca or Mg efliciency of the inbreds were Ca and Mg concen
trations, dry-matter yields, and degree of Ca orNIMg deficiency. A number 
of the more efficient and inefficient inbreds were grown in nutrient 
solutions at varied levels of (a and Mg (Clark. unpublished data). The 
inbred Oh43 was found to be one of the most Ca-eflicient and the inbred 
A251 to be one of the most Ca-inefficient inbreds of' those tested. As for 
Mg, B57 was one of the most Mg-efficient inbreds and Oh40B was one of* 
the most Nig-inefficient inbreds. Each of' these two groups of ilibreds was 
studied more extensively and the results obtained are discussed. 

I)IFFERENTIAI. Ca EFFICIENCY IN CORN INBREDS 

Oh43 grew better, developed fewer Ca deficiency or toxicity symptomis, 
and produced mcn'e drv matter when grown at both low and high levels of 
Ca (Fig. 1, R. B. Clark., Un)ublished (lata). Oh143 produced the same 
amount of'dry matller al about one-f ourth tile aoiOUnt of'Ca in solution as 
did A251 (Talble I). L.arge differential responses between the inbreds 

It 

Figure 1 A251 and Oh43 corn inbreds (alternating every other plant) grown (left to
right) at 0,0.037, 0.15, 0.62, 2.5, 10.2, and 25.4 mM Ca. Note the markedly better
growth of Oh43 at the lower Ca levels than A251. 
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Table .	 Dry-matter yields, Ca and Mg concentrations and contents, and efficiency factors of corn inbred tops and roots of plants grown at 
varied levels of Ca and Mg. 

Dry-matter yields Concentration 	 Contents Efficiency FactorSlution 	 . .... . .. . . .Soltion Tops Roots Tops Roots Tops Roots Tops Roots 
Wiable level- ____ __ 

0h43 A251 0h43 A251 0h43 A251 0h43 A251 0h43 A251 0h43 A251 0h43 A251 0h43 A251 
mM g/plant 	 mg/plant g dry wt/g elem.0 

Ca 0 0.28 0.14 0.08 0.05 0.32 0.40 0.33 0.46 0.9 0.6 0.3 0.2 88 35 24 11 
0.037 1.15 0.40 0.53 0.29 0.24 0.44 0.27 0.31 2.8 1.8 1.4 0.9 479 91 196 94 
0.15 2.56 1.12 1.04 0.41 0.32 0.39 0.24 0.34 8.2 4.4 2.5 1.4 800 287 433 121 
0.62 2.92 2.51 1.07 1.00 0.52 0.66 0.38 0.44 15.2 16.6 4.1 4.4 562 380 282 227 
2.5 3.05 2.17 1.23 0.77 0.84 0.86 0.54 0.84 25.6 18.7 6.6 6.5 363 252 228 92 

10.2 	 2.45 1.16 0.77 0.33 1.08 1.24 0.84 1.42 26.5 14.4 6.5 4.7 227 94 92 23 
25.4 	 1.03 0.70 0.21 0.14 1.97 1.62 1.12 1.10 20.3 11.3 2.4 1.5 52 43 19 13 

B57 Oh40B B57 Oh4OB B57 Oh40B B57 Oh4OB B57 Oh40B B57 Oh4OB B57 Oh40B B57 Oh40B 
Mg 0.006 0.70 0.24 0.10 0.03 .027 .019 .027 .041 0.19 0.05 0.03 0.01 2593 1263 370 73 

0.031 1.44 0.52 0.30 0.08 .040 .033 .029 .050 0.58 0.17 0.09 0.04 3600 1576 1034 160 
0.12 2.53 1.00 0.94 0.21 .062 .045 .054 .073 1.57 0.45 0.51 0.15 4081 2222 1741 288 
0.62 2.37 2.05 0.88 0.61 .200 .094 .070 .085 4.74 1.93 0.62 0.52 1185 2181 1257 718 
1.2 2.52 2.23 0.96 0.77 .285 .125 .105 .090 7.18 2.79 1.01 0.69 884 1784 914 856 
2.1 2.22 2.68 0.81 1.13 .295 .165 .125 .115 6.55 4.42 1.01 1.30 752 1624 648 983 
3.1 2.18 2.77 0.82 1.09 .375 .200 .175 .145 8.18 5.54 1.44 1.58 581 1385 469 752 
4.1 2.02 3.68 0.72 1.27 .355 .225 .240 .200 7.17 8.28 1.73 2.54 569 1636 300 635 



were also observed when they were grown together in the same container.Oh43 also grew better and maintained near-maximum growth rates over 
a wider range of Ca than did A251 (Table 1). When 20-fold higher thannormal K and Mg levels were added to nutrient solutions to interact with
Ca, dry-matter yields of A251 decreased nearly half, but the high K andMg levels had no effect on Oh43 dry-matter yields. High K and Mg alsoinduced Ca-deficiency symptoms in A251 but not in Oh43. Calcium
concentrations in Ca-inefficient A251 tops and roots were slightly higherthan in Ca-efficient Oh43 at all but the highest Ca level (Table 1). Thus, Cauptake and translocation did not appear to be the reason for the Cainefficiency of A251. A251 appeared to have a higher solution Ca re
quirement and critical Ca concentration than Oh43. Differences betweenthe inbreds for functional Ca requirement appeared to be relatively small,although it was slightly higher for A25 1. The only elements to showdifferential concentrations with varied Ca level were Mg, P, and Mn; Mgand Mn decreased more and remained lower and P was higher in A251 
than in Oh43. 

DIFFERENTIAL Mg EFFICIENCY IN CORN INBREDS 

When B57 and Oh4OB were grown at various levels of Mg, B57 produced more dry matter and developed fewer Mg-deficiency symptomsthan Oh4OB at the lower Mg levels (Fig. 2 -upper, 47). However, above 1.2mM Mg, Oh40B (lry-matter yields were greater than those of B57 (Table1). To produce comparable dry matter at low Mg levels, Oh40B required
ten times more Mg than B57. Regardless of Mg level in solution, B57 topscontained about twice the Mg concentration of Oh40B tops (Table 1). Onthe other hand, Oh40B roots contained higher Mg concentrations thanB57 at low Mg. When the inbreds were grown together in the same

container under identical conditions, B57 
was more Mg efficient than
Oh40B. B57 grew better and produced more dry matter than Oh40B,
even though Mg concentrations in the tops 
were the same. Concentrations of Mg in the roots of Oh40B were more than twice those of B57.
The Mg-inefficient inbred Oh40B had the ability to take up as much Mgas the Mg-efficient inbred B57, but Oh40B was unable to translocate Mgto the tops. This indicated that factors regulating Mg translocation in 
these plants were located in the roots. 

These results agreed somewhat with those found by Foy and Barber(74) and Schauble and Barber (188) for the Mg-efficient WF9 and Mginefficient Oh40B inbreds ofSayre (184). Foy and Barber (74) found thatthe CEC ofOh40B was slightly higher than that of WF9, but this could notaccount for the observed differences in Mg efficiency. They also observed 
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Figure 2 Upper: 0h40B (left) and B57 (right) corn inbreds grown (left to right) at 0.006,0.031,0.12, and 0.62 mM Mg. Lower: Oh40B (left) and 857 (right) corn inbreds grown(left to right) at 20, 10, 5, 2.5, and 0 Mg Al/liter. Note the better growth at the lower Mglevels and the greater AI tolerance of B57 than 0h40B. 

higher Mg in the nodes and stems of Oh4OB and attributed the differ
ences between tile inbreds for Mg accumulation to an immobilization of
Mgin thestemsand nodes. When thestem and node Mgwasextracted, no 
differences in solubility of Mg .compounds were noted between the in
breds (188). Schauble and Barber (188) also found no differences be
tween the inbreds for nodal morphology or Mg-protein complexes and
suggested that higher accumulations of Mg by Oh4OB nodes were (aused
by a deficiency of the metabolic system responsible for Mg translocation. 
Clark (unpublished data) found B57 to be more Mg efficient than WF9 at 
low Mg levels. 

184 

http:0.031,0.12


Even though Mg deficiencies affect growth of both tops and roots, root 
growth was affected by Mg more than top growth (46, 47). If improved 
root growth depends on photosynthate from the leaves, B57 appeared to 
get more Mg to the leaves so that more photosynthesis could take place at 
lower Mg levels than Oh4OB. Top/root ratios of the two inbreds indicated 
that a normal ratio was achieved at lower Mg levels in B57 than in Oh4OB 
(47). Although the mechanism controlling Mg translocation is unknown, 
Oh4OB roots contained higher concentrations of P, Mn, Zn, Fe, Cu, Mo,
and, in many cases, K than B57 roots. Many of these elements are known 
to interact with Mg (22, 45, 102, 200). When B57 and Oh4OB plants were 
grown at 8-fold higher than normal levels of solution Ca, the high Ca 
caused Oh4OB dry-matter yields to decrease by 50% from the maximum 
and this was significantly more than the decrease noted for B57 (27%).

An interesting aspect of differential Mg efficiencies of B57 and Oh4OB 
was that B57 was more Al tolerant than Oh4OB (Fig. 2-lower, 48). Low 
levels of Al appeared to benefit B57 growth, but not Oh40B growth (Table
2). Mineral element concentrations and contents decreased in the roots 
Table 2. Dry-matter yields and Al, Mg, Ca, and Pconcentrations of B57 and Oh4OB tops and 

roots of plants grown at varied Al levels (expressed as percent of control). 
Mg AJ Dry-matter yields Al Mg Ca P 

B57 Oh40B 
 B57 Oh40B 
 B57 Oh4OB B57 Oh40B B57 On4OB 

Tops 
0 
2.5 
5 

10 
20 

Controlt 

100 
125 
109 
38 
29 

0.71 

100 
84 
33 
17 
14 

1.74 

100 
203 
297 
503 
717 
29 

100 
127 
473 
543 
940 

30 

100 
62 
53 
61 
44 

.348 

100 
54 
42 
32 
25 

.252 

100 
77 
86 
75 
43 

0.65 

100 
54 
46 
43 
34 

0.82 

100 
114 
109 
79 
84 

0.86 

100 
86 
47 
48 
49 

1.16 

Roots 
0 
2.5 
5 

10 
20 

Controlt 

100 
130 
102 
36 
25 

0.36 

100 
86 
40 
22 
16 

0.42 

100 
2080 
2380 
2410 
2640 
107 

100 
1850 
2130 
2160 
2350 
116 

100 
76 
34 
34 
18 

.119 

100 
41 
18 
7 
2 

.310 

100 
133 
100 
117 
108 

0.12 

100 
89 
50 
6 
56 

0.18 

100 
133 
112 
83 
90 

0.96 

100 
113 
93 
76 
76 

0.92 
tDry-matteryieldsare expressed as glplant, Al as jglg,and Mg, Ca, and P as %of dry matter 
and tops of both inbreds as Al became toxic, but Oh4OB showed greater 
decreases in mineral elements than B57 (Table 2). Decreases in Mg con
centrations were especially dramatic in comparison to the other elements. 
Magnesium concentrations decreased more than any other element in 
both tops and roots. Decreases of P and Ca concentrations, the two most 
commonly reported elements to be affected by Al (7 1), were markedly less 
than the decreases of Mg. In fact, Ca concentrations of B57 roots were no 
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lower than plants grown without Al. Decreases in Mg concentrations of 
Oh40B tops and roots were markedly greater than those of B57, roots 
being affected more than tops. At the higher levels of Al, Oh40B also 
developed Mg deficiencies in the leaves. As mentioned above, Mg
deficiencies affected root growth more than top growth and one of the 
most pronounced effects of Al is its effect on root growth (72). Even 
though Ca and P deficiencies are commonly noted as symptoms of Al 
toxicity, Mg may also be closely associated with Al toxicity, particularly in 
roots. This is also supported by data of Al effects on mineral elements in 
the corn inbreds Pa36 and WH (48). Concentrations of Mg decreased 
more than those of Ca and P when these inbreds were grown with Al and 
these decreases were greater in Pa36 roots and tops than in WH. Pa36 is 
also more P efficient and more Al tolerant than WH (50). 

DIFFERENTIAL RESPONSES OF PLANTS TO Mo 

GENERAL. 

Diff'crential responses of plants to Mo have been recognized for many 
years. Ever since the whipiail symptom in cauliflower was diagnosed as a 
Mo deficiency (56, 143), this deficiency has been reported for plants from 
many parts of the world (44, 142). Different bri-ssicas (98, 154, 163) and 
other plants (4, 107, 117, 141, 179, 206), as well as plants within the same 
species (44, 62, 81, 117, 134, 154, 178, 221, 232), differ markedly in their 
susceptibility to Mo deficiency. Brassicas, lettuce, tomato, and sugar beet 
were found to be highly susceptible (99), clovers and alfalfa to be moder
ately susceptible (99), and large-seeded legumes, grasses, barley, most 
cereals, and potatoes to be relatively tolerant to low Mo or Mo deficiencies 
(99, 107, 163). Seed-borne Mo may be largely responsible for many 
differences in Mo-deficiency symptoms and plant susceptibility to Mo 
deficiency (44, 62, 96, 100, 141, 160, 178, 221). Seed from different 
sources may also contribute to differences between plants for Mo defi
ciency (178, 221). Differences in plant concentrations or contents of Mo 
have also been noted (4, 60, 61, 99, 107, 117, 141, 179); legumes and 
dicots usually contained higher Mo than grasses and cereals. To induce 
Mo deficiencies in some plants, seeds usually have to be produced under 
low Mo conditions for at least one or two generations to reduce seed
borne Mo to a level where deficiency symptoms would appear (62, 100, 
141, 160). Some seeds have been found to contain ten times more Mo than 
the amount needed by the plant (141). 

CORN 

Differential responses of corn to Mo were noted by Noonan (155). The 
'Ensign' genotype developed some deficiency symptoms and tasseled one 
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week later than plants grown with added Mo, but no significant reduction 
in yield was noted. 'Golden superb,' the other genotype used, showed no 
deficiency symptoms, tasseled at the same time, and yielded the same as 
plants grown with Mo. Dios and Broyer (62) studied differences in four 
corn hybrids of Spanish and American origin for differential Mo uptake. 
They noted that the two Spanish hybrids (M.B. 380 X 692 and M.B. 5 X 6) 
and one American hybrid ('Golden bantam') were more highly suscepti
ble to Mo deficiency than the other American hybrid ('Peoria'). They 
reported Mo concentration ranges in leaves from 0.48 to 8.53 /ig/g when 
the plants were grown with added Mo and from 0.032 to 0. 110 /1g/g with 
no added Mo. Seed-borne Mo in the M.B. 380 X 692 hybrid was one-ninth 
that in the other three hybrids. Second generation seeds of the latter three 
hybrids from plants grown on low Mo had slightly lower Mo than that 
found in first generation seeds, but these seeds still contained over seven 
times more Mo than first generation M.B. 380 X 692 seeds. Total Mo 
uptake by these hybrids could not be attributed to secd-borne Mo, be
cause the plant with the lowest total Mo uptake took up seven times more 
Mo than the amount contained in the seed. Differences between the corn 
hybrids for Mo uptake were attributed to differences in the ability of the 
hybrids to absorb Mo from the soil. Weir and Hudson (22 I) noted differ
ences in two corn hybrids for susceptibility to Mo deficiency. They ob
tained seed of both hybrids from 18 different locations and noted that the 
seeds of each varied considerably for Mo concentrations, depending on 
location. Molybdenum concentrations ranged from 5.01 to 0.20 jig Mo/g 
seed and these were planted so that Mo-deficiency symptoms could be 
noted on the plants. Plants from seeds with >0.08 jig Mo/seed developed 
no Mo deficiency symptoms; plants fiom seeds with 0.03 to 0.06 jig 
Mo/seed developed mild to moderate Mo deficiency; and plants from 
seeds with <0.02 jig Mo/seed developed severe Mo-deficiency symptoms. 
Lutz et al. (134) noted ranges among corn inbreds for Mo concentration 
when grown in a soil at various pH values to be 4.5 to 6.6 jg Mo/g at pH 
3.9, 1.9 to 3.1 /ig Mo/g at pH 5. 1, and 3.0 to 4.1 ig Mo/g at pH 6.1. 
Regardless of pH, one inbred (C103) had lower Mo concentrations than 
any of the lines tested. This line also produced less dry matter than any of 
the other inbreds (135). As pH increases, Mo uptake usually increases (69, 
180), but Mo uptake decreased in all corn lines at pH 5.1 compared to the 
lower or higher pI of 3.9 and 6.1 (134). 

DIFFERENTIAL Mo EFFICIENCY IN CORN INBREDS 

When corn inbreds were grown on various soils to induce mineral 
stresses (49), Brown and Clark (31) noted that Pa36 grew poorly on the 
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acid (low P, high exchangeable Al) Bladen soil (Fig. 3-top). This was 
surprising because Pa36 was P efficient and Al tolerant compared to the 
inbred WH (50). When spectrographic data of Pa36 and WH plant 
material grown on this soil were checked closely, it was noted that Pa36 
contained markedly lower Mo than WH (31). When the two inbreds were 
grown with added Mo, Pa36 responded to the Mo to overcome deficiency 
symptoms (Fig. 3-middle) and WH did not respond to added Mo, but 
grew normally without added Mo (Fig. 3-lower). Without added Mo, 
seed-borne Mo could account for total Mo uptake by Pa36, but not by 
WH. WH was considerably more Mo efficient than Pa36. To further 
substantiate that Mo deficiency was the malady in Pa36, nitrate which 
accumulates in Mo-deficient plant tissues (99, 221, 226) was measured in 
the two inbreds with added Mo. Nitrate concentrations in leaf tissue of 
Pa36 grown without Mo were four to five times higher than those of WH 
leaves grown under the same conditions. Nitrate decreased in Pa36 as Mo 
concentrations increased in the leaves. At the high Mo treatment, nitrate 
concentrations of both inbreds were the same. Nitrate concentrations in 
WH leaves were no different with added Mo. Molybdenum concen
trations in WH leaves were higher than those in Pa36 at all Mo treatment 
levels. WH had a greater ability to extract Mo from the soil for plant use 
than Pa36. 

Ca, Mg AND Mo EFFICIENCY FACTORS IN CORN 

The amount of dry matter produced per unit of mineral element is a 
parameter used by some people to determine plant efficiencies for miner
als (Munson, 1974, op. cit.). Munson pointed out differences in efficien
cies among corn, soybean, and alfalfa varieties for N, P, and K. As might 
be expected, he noted larger differences in efficiency among plants of 
different species than among plants of the same species. He also noted 
wide differences among plants when the efficiency was determined on a 
grain yield basis compared to a total dry-matter yield basis. Some differ
ences among corn lines for g dry matter produced per g element ranged 
from 299 to 534 (33), 359 to 732 (133), and 33 to 237 (49 and R. B. Clark, 
1974, op. cit.) for Ca, and 487 to 786 (33), 3300 to 5180 (133), and 329 to 
1396 (49 and R. B. Clark, 1974, op. cit.) for Mg. Ranges in g dry matter 
produced per /ig Mo were 0.78 to 1.54 (134), and 1.7 to 149 wi'h added 
Mo and 19.2 to 686 without added Mo (62). Some of these differences in 
mineral element efficiencies were relatively small while others were large. 
The greatest differences were noted for plants grown at low levels of the 
mineral element. 
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Figure 3 Top: Pa36 (left) arid WH (right) corn inbreds grown on acid Bladen soil. Pa36(middle) and WH (lower) grown on acid Bladen soil with (left to right) 0, 0.6, 1.8, and 5.4kg Mo/ha. Note the poorer growth of Pa36 on Bladen soil (top), the Mo-deficlencysymptoms on Pa36 at 0 and 0.6 kg Mo/ha treatments, and the positive response ofPa36 to added Mo (middle). Plants were removed from the soil (middle and lower) forphotography. 
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Differences in plant efficiency for mineral elements may change when 

plants are grown at different levels of mineral elements. Plants grown at 

low levels of a mineral element may be efficient, but when grown at higher 

levels of the element, they may be inefficient. For example, when the corn 

inbreds B57 and Oh4OB were grown at varied levels of Mg, B57 was more 

efficient in dry matter production per unit Mg than Oh4OB at low Mg 

levels, but Oh40B was more efficient than B57 at the higher Mg levels 

(Table 1). On the other hand, Oh43 was more efficient in producing dry 

matter per unit Ca than A251 at all Ca levels in which the inbreds were 

grown (Table 1). 

INHERENT DEVELOPMENT OF MINERAL EFFICIENCY
 
IN PLANTS
 

Varieties, lines, or genotypes developed in certain regions, states, areas,
 

or on particular soils may show efficiency or inefficiency to certain min

eral elements without prior knowledge of these traits. For example, wheat 

and barley varieties developed in acid soils are usually more Al tolerant 

than varieties developed in neutral or alkaline soils (73, 174). Even differ

ences in Al tolerance were noted for wheat varieties developed in adjoin

ing states (78); varieties developed in Ohio were generally more Al toler

ant than varieties developed in Indiana. Of the many corn inbreds grown 

in various soils for differential responses to mineral stresses (49), it was 

noted that many of the inbreds with parents derived from the Lancaster 
severe Mg deficiencies and inbredsopen-pollinated variety developed 

derived from the stiff stalk synthetic open-pollinated variety developed 

few, if any, Mg deficiencies (Clark, unpublished data). Another interest

ing observation from this study was that many of the inbreds with A and B 

prefaces (Minnesota- and Iowa-developed lines) showed more severe Zn 

deficiencies than lines developed elsewhere. Many other examples like 

these could be cited. Differences in plants for mineral efficiency should be 

identified so that these traits can be used and considered when developing 

improved varieties or strains. Close cooperation between plant 

physiologists and plant breeders will be required if progress in this area is 

to be made. 

CONCLUSION 

As noted from this, as well as the other papers given at this workshop, 

many differences exist within plant species for efficiencies and inefficien

cies as well as tolerances and intolerances to mineral elements. We have 
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not taken advantage of these traits in our efforts to improve plants for 
many existing soil problems. Breeding plants for differential mineral
efficiencies or tolerances should be a factor considered in plant improve
ment programs. This approach should be particularly suited in countries
where fertilizer, lime, and transportation costs are high and chemical 
treatment of soils may be impractical. 
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Plant Efficiencies in the Use of 
B, Co, Cu, Mn, and Zn 

J. F Loneragan 

From the point of view of this workshop I consider "the plant's efficiency in use ofa nutrient" to mean "the relationship between the nutrientpresent in the soil below a unit area of land and the rate of production of aplant growing on it." This definition stresses the need to take into account
all of the factors in the soil-plant system when assessing the efficiency ofnutrient use by plants. It also recognizes the importance of time and of the 
nature and quality of the product.

The concept of efficiency can thus not be divorced from the soils andclimate in which the plant is to be grown and from the use to which theproducts are to be put. Thorough testing of plant efficiency in nutrient use would often be tedious and slow, as for example when pasture plantsare being assessed for animal production. For this reason, comparisonsamong plant species and cultivars are frequently made from the capacityof their vegetative growth to respond to a specific nutrient added to adefined external medium. While valid in some cases, in others this procedure may be misleading. Problems arise because the behavior of nutrientsin the system under test may be very different from their behavior insystems of production. This paper reviews the ways in which nutrientbehavior in the plant processes of absorption, utilization, and growth mayinfluence the plant's efficiency in the use of the essential micronutrients B,
Co, Cu, Mn, and Zn in soil-plant systems. 

NUTRIENT ABSORPTION 

Ability to absorb nutrients has long been known to be a major cause ofdifferences among plants in their behavior on soils. The genetic potentialfor using this property has also been known for some time as demonstrated for example by the wide variation in the contents of B,Cu, Mn, Zn,and other nutrients in the leaves of citrus of the same scion grafted onto a 
range of root stocks (201).

The properties of plants which control their ability to absorb nutrientsfrom soils differ with both the nutrient concerned and with soil properties. The extent to which the micronutrients behave independently ofeach other may be gauged from Fig. I which depicts the Cu, Fe, Mn, and 
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Figure 1 Geometric mean concentrations of different trace elements in tops of 24 
annual crop and pasture species grown at Gidgegannup, Western Australia. Data for 
Mn, Cu, and Zn are means for three harvests and three rates of trace element applica
tion. Those for Fe are at the intermediate rate of trace element application only. 
Reproduced with permission from data of Gladstones and Loneragan, 1970 (65). 

Zn concentrations in the tops of 24 crop and pasture species grown on the 
same soil in southwestern Australia. 

The species are arranged in ascending order of Mn concentration from 
30 ppm in Medirago truncalula to 550 ppm in Lupinus albus. The two 
species with the most disparate Mn concentrations had similar concen
trations of Cu and of Fe; the concentrations of Cu, Zn, Fe, and Mn in the 
remaining species also varied widely and independently. 

Both physiological activity of roots and soil chemical reactions contrib
ute to the independent behavior of micronutrients. All evidence 
suggests that, with the possible exception of Cu and Zn which sometimes 
compete in absorption, each micronutrient enters the plant from solution 
via an independent and specific mechanism (124). Soil chemical reactions 
influence absorption by controlling the properties of trace elements in the 
soil solution-their form, concentration, and rate of replenishment from 
soil surfaces. The dominant reactions vary with micronutrient and with 
soil; for B and for Zn, reactions with Fe oxides of the oxyanion and the 
hydrated cation respectively appear dominant in many soils (121, 167); 
for Co and for Mn, the formation and reactions of MnO2 are often 
important (137); for Cu, reactions with both soluble and insoluble organic 
matter may dominate (189). In each case, particular properties of the 

plant root may aid in the release of specific micronutrients as shown for 
example by the release of Mn from insoluble oxides (26). 
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Soil properties may also influence nutrient absorption through the 
distribution of nutrients in the soil profile. Where tile availability of 
micronutrients varies with soil depth, plants such as alfalfa with deep 
roots may be expected to behave differently from plants such as subterra
nean clover with shallow roots. But while the attribute of rooting depth 
may be an important determinant of nutrient absorption for plants grow
ing oil soils with low nutrient availability in their surface horizons, it may 
be of little value for plants growing on soils in which nutrient availability is 
limited by soil reactions. For these reasons, we should not be surprised to 
find that the ranking of plants according to their ability to absorb mi
cronutrients may vary from one soil to another. For example, on the acid 
lateritic soil used for the growth of plants in Fig. 1, three cultivars of 
Trifolium subterran'um maintained higher Zn concentrations in their tops 
and made more growth than did Medicago truncatil/a (84). But on an 
alkaline calcareous soil, T sub'rraneuum grew poorly and responded 
strongly to Zn whereas Al. Inuncatu/a grew well and showed little response 
to Zn (115). 

Even in the relatively simple system of water culure, the comparative 
capacity of'plant species to absorb nutrients may be reversed by changes in 
the composition of the solution. For example, the 'Mt. Barker' cultivar of 
subterranean clover absorbed Mn faster than did AlMedicago lornala, when 
the Ca concentration in solution was 2500 liM. Decreasing the Ca concen
tration to 250 /all enhanced Mn absorption by both species but it en
hanced Mn absorption by the medic so much more than by the clover that 
at this low concentration of Ca, the medic absorbed Mn twice as fast as did 
the clover (18 1). 

Clearly, any selection program which aims to maximize absorption of 
nutrients must define the soil conditions under which the selected plants 
will be used. It must also recognize the potential importance to nutrient 
absorption of interaction with soil micro-organisms including nematodes, 
root-rot fungi, and mycorrhizae. For example, peach seedlings with en
domycorrhizal roots appeared healthy and took up more Zn when grown 
on a soil in which the uninfected seedlings suffered from Zn deficiency 
(83). The effectiveness of both ecto- and endomycorrhizal associations in 
increasing absorption of Zn from solution has been attributed to increases 
in both size and activity of mycorrhizal roots (23). These results suggest 
the possibility of using genetic variation in mycorrhizal-host association as 
a means of increasing absorption of nutrients from soils. 

While increasing the rate of absorption of a nutrient from the soil may
increase the efficiency of its use by plants, it does not necessarily do so. 
The next section discusses how the efficiency of nutrient use may be 
modified by the behavior of the nutrient in the plant following its 
absorption. 
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UTILIZATION 

There have been many suggestions that plant species differ in their 
capacity to utilize absorbed nutrients. However, discussion of this subject 
has frequently been confused by failure to recognize that nutrient utiliza
tion involves at least two distinct processes-the movement of nutrients to 
functional sites and the nutrient requirement at the site of function. 

NUTRIENT MOVEMENT 

The movement of nutrients to functional sites involves two processes: 
transport in the xylem from roots to organs of the plant tops, and retrans
location in the phloem from those organs. 

Xylem transport. The condition "brittle stem" in tomato cultivar T3238 
has been shown to result from B deficiency arising from the failure of 
absorbed B to move from roots to tops of plants. When grown in nutrient 
solutions the leaves of T3238 have much lower concentrations of B than 
the leaves of the normal 'Rutgers' variety whereas the roots have higher 
concentrations (Fig. 2). 
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Figure 2 Relationship between concentrations of B in tops and roots of two tomato 
cultivars and Bconcentrations Instandard culture solutions. Reproduced with permis
sion from data of Wall and Andrus, 1962 (219). 
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In T3238 a single recessive gene controls this physiological deficiency 
which may result in crop failure on soils of low but normally adequate B 
supply. Thus, on one soil T3238 suffered from "brittle stem" and pro
duced less than 3% of the fruit produced by Rutgers cultivar growing on 
the same soil and showing no symptoms; application of B overcame the 
symptoms and increased yields (165, 219) to 93% of those of untreated 
Rutgers. 

The ability of T3238 to accumulate B in its roots against transport to 
tops was evidenced at high as well as at low concentrations in solution (Fig. 
2) and might allow this cultivar to tolerate unusually high concentrations 
of B in solution. Ability to retain nutrients in their roots against transport 
to tops is also an important factor in the tolerance of some species to high 
concentrations of other micronutrients in their environment as for 
example in the case of Mn (2, 149, 181). However, the performance of 
plants under conditions of high nutrient supply may be quite different 
from their performance at low nutrient supply as has been shown for both 
Mn (181) and Zn (37, 38). For example, at high concentrations of Zn in 
flowing culture solution Medicagosativaretained more than 75% of the Zn 
it absorbed in its roots compared with 35% for 'Bacchus Marsh' cultivar of 
7'rifolium subterraneum; at very low solution concentrations the species 
behaved similarly, each retaining only about 30% of the absorbed Zn in its 
roots (M. D. Carroll, 1967. The comparative zinc nutrition of plants.
Ph.D. Thesis. Univ. West. Australia). 

The effect of solution Zn concentration on distribution of Zn just 
presented is relatively simple since it involves growing plants in solutions 
of constant composition. The development of Zn deficiency in this system 
would correspond to its development in plants growing on soils with low 
Zn concentration in solution but with an infinite capacity for renewal of 
Zn from the soil solids. The development of Zn deficiency in plants 
growing on soils with a low capacity for renewing Zn absorbed by roots in 
the soil solution could be expected to differ. On these soils Zn deficiency 
would develop as it does in standard culture solutions where the initial 
concentration may initially be at a luxury level which rapidly decreases to 
deficiency (37). When Medicago s,:tiva and Trifolium subterraneum were 
grown to Zn deficiency in standard culture solutions of initially high Zn 
concentration, the amount and concentration of Zn in their roots was very 
much higher than in tops until growth slowed from Zn deficiency. From 
this time, the Zn concentrations in roots and tops decreased but the 
concentration in roots decreased more rapidly than in tops until finally 
roots had a lower concentration than tops when expressed on a dry matter 
basis. Moreover, although the Zn concentrations in roots of the medic 
were initially nearly three times higher than those of the clover, at final 
harvest they were slightly lower (Carroll, 1967, op. cit.). Clearly, excess Zn 
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accumulated in roots was available for the growth of both species as the Zn 
supply became deficient. 

Distribution of Cu between roots and tops responds to Cu supply in 
much the same way as Zn. However, in the case of Cu, some species seem 
to retain higher concentrations in their roots than tops during develop
ment of Cu deficiency and this has been suggested as contributing to their 
sensitivity to Cu deficiency (3). These studies on Zn distribution, like the 
studies on Zn absorption, indicate once again the importance of defining 
the nutrient system under which the plants will be used in comparative 
studies of plant efficiency in micronutrient use. Studies on the redistribu
tion of micronutrients in plant phloem underline this point yet again. 

Phloem transport. It has long been known that B which has accumu
lated to toxic levels in the old leaves of plants cannot be redistributed to 
the young leaves fast enough to prevent them from developing B defi
ciency after the plants have been transferred to B-free solutions (25). In 
this respect B appears to behave like Ca, for which the efficiency of use by 
plant varies in a striking way with the conditions of supply under which 
the deficiency develops. Thus at low but constantly maintained concen
trations of Ca, plants grew well with no symptoms of deficiency and with 
only 0.1 to 0.2% Ca in their tops; by contrast, plants transferred from high 
to low Ca concentrations developed acute Ca-deficiency symptoms with 
five times these levels of Ca in their tops as shown in Fig. 3 for 7rifolium 
subierranuwn (122. 128, 131). 
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Figure 3 Relation between Ca concentration intops and relative yields of Trifolium 
subterraneum cv. Mt. Barker after 18 days' growth either inconstant Caconcentrations 
Insolution (0)or transferred after 11 days from 1000 to 0.3/iM Ca (X). Reproduced with 
permission from data of Loneragan, Snowball, and Simmons, 1968 (131) and Lonera
gan and Snowball, 1969a (128). 
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The plants which grew best at low and constantly maintained Ca con
centrations were those which had a sufficiently high rate ofCa absorption
to meet their functional requirements. But when the total suppl) rather 
than the concentration of Ca is limited, plants such as legumes and herbs
with high rates of 'a absorption would be expected to exhaust their Ca 
supply faster and hence develop Ca deficiency sooner than plants such its 
grasses with much lower rates of Ca absorption regardless of the Ca 
content of their tops and of' their functional Ca requirements. These
considerations explain why legumes and herbs appear more sensitive to 
Ca deficiency than do grasses in standard culture systems but behave alike 
in a flowing culture with constant Ca concentration (122, 129). 

While some evidence suggests that B may move in the phloem to 
developing underground fruits (35), there is abundant evidence that in 
most plant species, B behaves in a manner similar to Ca. Thus in standard 
water culture systems or in soils with a low capacity for renewal of B to the
soil solution, plants which absorbed B rapidly would be expected to 
develop B deficiency sooner and with higher concentrations of B in their 
tops than would plants which absorbed B more slowly. In these systems 
the plant wth the highest B absorption would have the lowest efficiency of
B use -a result which could change, as it did for Ca, under different 
conditions of limiting nutrient supply. 

A recent report suggests that the mobility of Mn in phloem may also be 
as low as that of Ca, possibly because of its insolubility in the phloem sap
(212). This is consistent with an earlier report that Mn did not move from
leaves of oats during development of grain (225). However, it is not 
consistent with reports that leaves of onions lost 40%, of their Mn to
developing bulbs (36) and that leaves of stgar cane lost most of their Mn
 
to stems during senescence (148). 
 It thus appears that the behavior of Mn 
is complex, varying either with species, stage of growth, or environmental 
conditions. The behavior of Cu and Zn are also complex since these 
elements appear to have a partial but not complete mobility from old
leaves to developing organs. As a result, considerable difficulties may be 
encountered in attempting to assess the efficiency of the use of these 
nutrients. Recent work with Cu illustrates the difficulties. 

In wheat, Cu can move very rapidly from old leaves of plants given an 
adequate or luxury supply of Cu. But in Cu-deficient plants, movement of 
Cu may be delayed appreciably. These effects of Cu supply on movement 
of Cu from old leaves were so marked after 49 days' growth that the 
concentration of Cu in the oldest leaf of wheat plants, given adequate and
luxury supplies of Cu, had dropped below that of plants suffering from 
acute Cu deficiency. Moreover, the concentration of Cu in the plant tops 
as a whole gave no indication of the Cu status of the plant. From this time,
the concentration of Cu in the whole tops of plants with sufficient Cu for 
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maximal grain production was indistinguishable from that in plants so Cu 
deficient that they produced no grain whatsoever. 

Subsequent experiments have shown that the ability of plants to move 
Cu from leaves to developing grain varies both with N supply and with 
plant cultivar (Hill, unpublished data). Such variation could be extremely 
important in seeking plants with the maximum capacity to utilize Cu from 
soils. Similar considerations may also be important in the efficiency of use 
of Zn, since the movement of Zn from leaves to developing fruits is known 
to vary with their Zn status. Subterranean clover plants given luxury 
supplies of Zn moved up to 25% of the Zn in their old leaves and petioles 
into developing fruits, whereas those given deficient or marginal supplies 
moved little or none at all (176). In oats, Zn appears to have behaved in a 
similar way (225, 228). 

These results with Cu and Zn show the extent to which their movement 
from old leaves depends upon the Cu or Zn status of the plant. Con
sequently the level of nutrient stress should be considered when drawing 
conclusions about nutrient movement and making comparisons of per
formance among plants. 

FUNCTIONAL. NUTRIENT REQUIREMENT 

Efficiency in the utilization of nutrients depends on the functional 
requirement of plants for nutrients as well as on their ability to move 
nutrients to functional sites. However, I have already mentioned how the 
low mobility in phloem of nutrients such as B and Ca combined with 
differences in the system of supply under which nutrient deficiency 
develops may lead to very large differences in the critical concentration of 
nutrient present in plant tops when deficiency symptoms appear. This 
creates difficulties for the definition of the functional requirement of any 
nutrient which does not move rapidly and freely to the sites of its function 
in the plant (122). For this reason Shive's old dictum "that the boron 
requirement of the monocotyledon for normal growth and development 
is very much lower than is that of the dicotyledon" (194) cannot yet be 
accepted as indicating any difference in the functional B requirements of 
these plants. Dicotyledons absorb B much faster than monocotyledons so 
that, in standard culture systems, they could be expected to have much 
higher concentrations in their tops when B deficiency develops regardless 
of their functional B requirements. 

Similar difficulties prevent acceptance of most claims for differences 
between species in "requirements" for the partially mobile micronutrients 
Cu, Mn, and Zn. However, a recent study which attempted to separate 
phloem transport from tissue requirement suggests that the shoot tips of 
Trifolium sublerraneum require 4-5 ppm of Cu for their function while 
those of Arachishypogaea only require 1-2 ppm (L. Nualsri, 1977. Copper 
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nutrition of peanuts. Ph.D. Thesis. Univ. West. Australia). Such a large
difference in the nutrient requirement of two species would contribute in 
a substantial way to differences in the efficiency of use of Cu for growth of 
these plants. 

Recent work also suggests that wheat plants may have a higher Cu 
requirement for microsporogenesis than for vegetative growth so that Cu 
deficiency at the early boot stage may be critical for formation of fertile 
pollen and hence for grain formation (91); the net result of Cu deficiency 
at this stage was similar to that of the more acute Cu deficiency cf Fig. 4
which prevented flower development completely. The extent to which 
these results with wheat apply to other plants is not yet clear. 
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Figure4 Effect of Cu supply on the concentration of Cu inwhole tops and inoldest andyoungest leaves of wheat plants grown on a sand from Lancelin, Western Australia.Reproduced with permission from Loneragan, Snowball, and Robson, 1976 (130). 
For a few trace elements, distinct differences among species in func

tional requirements are known. Thus many and possibly all C4 but no Ca 
plants require Na for growth (32) while Equietum arvense has a distinct 
requirement for Si in its tissues (43). Present evidence also suggests that all 
plants relying on symbiotic activity for N require Co (68, 101) whereas 
plants supplied with fixed N require little if any (227). 

GROWTH
 

So far I have stressed the roles which absorption, distribution, and 
functional requirement may play in determining the efficiency of use of 
micronutrients. Growth is also important and in many situations is dom
inant. 
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Growth rate assumes especial importance when plant response to a 
nutrient is used as a criterion of plant efficiency in use of that nutrient. For 
example, at the low levels of N naturally present in a sandy Western 
Australian soil, both vegetative growth and grain production of wheat 
were low and did not respond to Cu or Zn. Addition of N fertilizer to the 
soil enhanced growth so strongly that it induced deficiencies of both Cu 
and Zn (42). Clearly, the adequacy of micronutrient supply from the soil 
to the plant depended upon the growth rate of the plant. 

In this experiment, soil N largely determined the growth rate of a 
particular wheat cultivar and hence its responsiveness to micronutrients. 
In other situations, genetic factors could largely determine the growth 
rates of different plats under particular environmental conditions and 
in this way influence their response to nutrients in low supply. Plants with 
inherently low growth rates would appear particularly tolerant of low
nutrient soils. Conversely, plants with the genetic capacity for high growth 
rates might appear particularly sensitive to nutrient deficiencies, as for 
example may have partly explained the response to higher concentrations 
of Zn in flowing culture solutions of Medicago Iruncalula compared with 
Trifoliu msuberrae in, (39). 

These considerations suggest that the relationship of soil nutrier.: to the 
rate of growth of' plants would be a better measure of efficiency of 
nutrient use than its relationship to responsiveness to added nutrient. But 
this may also have serious limitations. Ultimately, as proposed in the 
introduction to this paper, the criterion of efficiency of nutrient use must 
be the relationship of soil nutrient to the nature and quality of the product 
and the rate at which it is generated. Even when this criterion is adopted, 
growth may impose stresses which on interacting with nutrient absorp
tion, distribution, and function may have surprising results as the follow
ing example shows. 

On the low-Cu, low-Zn, and low-N soil to which I have just referred, 
addition of N enhanced vegetative growth especially when Zn was also 
added. However, addition of N only enhanced grain yield in the absence 
of Zn; in the presence of Zn, addition of N depressed grain yield to 
one-third of controls even though N increased vegetative yields more 
than 8-fold (Fig. 5). Addition of Zn depressed the rate of Cu absorption by 
roots to a small extent and promoted early vegetative growth when N was 
also added. Addition of N promoted vegetative growth vigorously (42). 
The combined effects of Zn and N induced such severe Cu deficiency that 
plants retained most of their Cu in their leaves and formed little grain for 
the reasons already discussed. 

Recent experiments (153 and Hill, unpublished data) have shown large 
differences among wheat cultivars in their efficiency of use of Cu to 
produce grain. Such differences appear to be related to differences 
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Figure 5 Effects of N, Cu, and Zn fertilizers on the grain yield of wheat grown on a 
loamy sand from Badgingarra, Western Australia. Reproduced with permistion from 
Chaudhry and Loneragan, 1970 (42). 

among the cultivars in their ability to absorb Cu, to mobilize Cu and N 
from their old leaves, and to form tillers. As a result, the ranking of 
cultivars according to their efficiency in use of Cu to produce grain is not 
constant but varies with the Cu and N status of the soil used. These results 
recall my early remarks stressing the need to relate efficiency of nutrient 
use to specific soil and climatic environments and to the product itself. 
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Genetic Potentials in Nitrogen,
 
Phosphorus, and Potassium Efficiency
 

W. H. Gabelman 

Most scientists deeply interested in the topic of this workshop are aware 
of the significant role that plant breeders play in providing biological 
systems better adapted to interactions of the various environmental 
parameters which tend to limit plant growth. We must have genetic 
differences if we are to develop cultivars with differing responses. Th? 
breeder must be able to estimate genetic variability and be able to mold 
genetic differences using effective techniques. If we can detect genetic
variation related to inorganic nutrition, we can logically assume that this 
genetic variation can be incorporated into cultivars via breeding. The 
purpose of my discussion today is to present evidence for genetic varia
tion in inorganic nutrition with particular emphasis on the identification 
of genes contributing to greater efficiency in plant growth under low 
levels of N, P, and K. 

Evidence for genetic variability can be obtained in a variety of ways.
Different families tend to have differing nutrient requirements for op
timum growth, suggesting the existence of genetic variation for mineral 
nutrition. The earlier paper by Bradshaw and Humphreys has provided 
an insight into the natural evolution of these differences. 

Intraspecific differences become much more meaningful to agricul
turists who must adapt plants to problem soils. The evidence for intra
specific genetic variation in plants has been documented in a number of 
review papers referred to earlier (18, 82, 97, 213) as well as studies on 
specific problems (136,202). It should be noted that most of the evidence 
for genetic variation which has entailed close genetic scrutiny has com
pared the performance of atypical plants to those considered to be nor
mal. These papers document our knowledge of abnormal responses in 
mineral nutrition that were under genetic control. To a certain extent 
they provide us an insight into the nature of the normal process. 

In the work that Dr. Gerloff and I initiated, we set up several criteria 
that we wanted to meet. He has indicated some of these in terms of the 
process by which we detect differences. I would like to add to his com
ments the procedures which we use to detect and identify genetic variabil
ity. Using water cultures, we determined a level for one element at which 
significant differences in growth between strains could be detected. We 
attempted to identify strains that grew very well as well as strains which 
grew poorly. It was important that this latter group grew poorly because 
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of the lack of an adequate amount of the element under study, and that 
the same two strains responded to added increments of the limiting 
element. 

After strains were identified, we produced additional seed of the parent 
strains, made reciprocal Fi hybrids, made backcrosses of each of the 
reciprocal Fi hybrids to their parents, and from the reciprocal Fi hybrids 
we produced F, hybrid seed. After we had enough seed of each of these 
progenies we then simultaneously tested all progenies, including the 
parent strains, in a common environment, except that each plant was 
grown in a single container. By this method we minimized environmental 
variation which might occur if different progenies were grown at differ

ent times even under the best of environmental control. This provided a 

base for making comparisons between progeny, as will be seen in the data 

that I will present. We would like to have carried the F., populations into 

the Fi generation and simultaneously carried the backcross population 

into F2 progeny of those groups so that we could obtain better estimates of 

heritability. In most cases we were very much concerned about dry matter 

production per plant and therefore sacrificed the plant. We did keep in 
mind the need for heritability studies, and these are now being continued 

on a modified basis. It is possible, using the technique indicated by 

Gamble (80), to obtain some evidence of heritability from these limited 
progenies. 

POTASSIUM 

The first macroelement which we studied was potassium (191). Differ
ences in growth of the bean, Phaseolus vulgaris L., correlated with defi
ciency symptoms. Genetic analysis was based on deficiency symptoms on a 
graduated basis; 0 represented no deficiency symptoms and 5 repre

sented almost complete death of the plant. The efficient parents all fell in 

the 0 and I categories, whereas the inefficient plants tended to be 4 and 5, 
although all material from 2 through 5 were grouped as inefficient in our 
genetic analysis. Table 1 indicates the nature of a simple genetic analysis 
between efficient and inefficient strains. The data support the concept of 

control by a single pair of alleles with efficiency recessive. In this particu
lar study two efficient and two inefficient strains were studied and the 
results were the same in all matings. The hybrid between the two efficient 
strains was also efficient so we can assume that the genes for efficiency in 
these two efficient strains were at the same locus. Although we did not run 

a genetic analysis on all the efficient strains that we isolated, it is interest
ing to note that about 4% of all the strains screened were classified as 
efficient. 
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The data obtained in our research on Kefficiency in beans did indicate 
the presence of modifying genes. The segregating progenies indicated 
the presence of intermediate types and showed evidence of transgressive 
segregation. 

We have also worked with the tomato, Ly'co/lrsicon escuentum Mill. Tile 
large seed size of the bean is a serious problem in standardizing tests, 
particularly from the standpoint of adjusting for the amount of K or all) 
other element under study that might be stored in the large cotyledons. 
The tomato has a very small seed and therefore very little reserve of 
nutrient in the seed. Amris Makmur, a student'from Indonesia, is cur
rently studying the variability in growth at low levels of K in the tomato. 
Differences of 100% in dry matter production were found. Genetic 
analysis has been completed in three of the matings between efficient and 
inefficient parents, and in all cases the trait appears to be quantitatively 
inherited. Thus, the pattern of inheritance to low levels of K is %,ery 
different between the bean and the tomato. 

PHOSPHORUS 

Dr. Gerloff has indicated the range of differences in dry matter produc
tion by beans when grown at either 2 or 3 mg of P per plant. This study, 
which was carried out by Gary Whiteaker, detected differences of about 
70% in dry matter production (223). The studies suggest a series of 
different genetic controls (Tables 2 and 3). In the Fi generation, several 
matings give evidence of overdominance for efficiency; in other families 
the Ft progenies were about the same as the more efficient parent; and in 
one progeny the Fi hybrid performance was near the mid-parent mean. 
We can assume therefore that there are many patterns of inheritance to be 
expected governing efficiency in P utilization by beans. 

Table 1. Observed and expected ratios of efficient:inefficient genotypes when asingle gene 
difference is assumed for potassium efficiency. 

Ratio 
Generation Pedigree .... c...tinf cient . X2 Prob. 

Observed Expected 

P1 
P2 

63 
58 

1:13 
17:0 

0:1 
1:0 

Fi 63x58 1 :20 0:1 
BCP 1 63x(63x58) 0 : 22 0:1 
BCP2 58x(63x58) 11 : 8 1: 1 0.474 .50-.25 
F2 (63x58) self 30 : 77 1: 3 0.525 .50-.25 

Data from Shea, Gabelman, and Gerloff, 1967 (191). 
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Table 2. Distribution of P efficiency ratio (PER) * (tops) for the family line 3 x line 11 when cultured under P stress at 3 mg P per plant. 

No. of plants per class midpoint Total 

450 500 550 600 650 700 750 800 850 900 plants300 350 400 

3 467.± 76t 2 3 2 3 1 11P1 
11 732 ± 72 2 5 4 1 3 15P2 

3x11 Fi 779 - 54 2 5 5 2 1 15 
(3x11)- 1 F2 711 t 126 2 4 2 1 1 6 3 4 1 24 
(3x 11)x3 BC 679± 163 1 1 1 2 2 6 4 5 2 24 

t±SE- t mg dry wt yield/mg Pin tissue. Data from Whiteaker, Gerloff, Gabelman, and Lindgren, 1976 (223). 

0Table 3. Distribution of PER (tops) for the family line 1 x line 9 when cultured under P stress at 3 mg P per plant. 
00 

No. ofplants per class midpoint Total 
Pedigree Generation Mean 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000 1050 1100 plants 

1 617.± 25t 8 7 15 
9 625 ± 42 1 7 5 2 15 

P1 

P2 


1 x9 Fi 776 ± 61 1 2 6 4 2 15 
9 x 1 763 75 2 7 4 1 1 15F1 
(1 x 9) x 1 BC 824 ±65 3 4 5 12 6 30 
(9x1)x1 BC 787± 112 1 5 8 10 2 1 2 1 30 
(1 x9)x9 BC 780 123 2 1 2 8 5 9 1 1 1 30 
(9x1)x9 BC 852 127 1 1 1 1 3 4 3 4 9 2 1 30 
(1 x9) - 1 F2 707 ± 124 1 4 2 4 1 1 7 20 19 12 10 2 83 
(9x1)-1 F2 693=97 3 2 2 1 5 15 20 22 8 2 1 81 

t = SE. Data from Whiteaker, Gerloff, Gabelman,and Lindgren, 1976 (223). 



Inspection of the F2 and backcross generation data indicates that thereis great opportunity for recombination and subsequent selection of typesthat are considerably more efficient than the more efficient parent.Heritability studies by which Fa progeny are regressed on the F2, and F2 ofthe backcross is regressed on the backcrosses, have not been completedbut are under study by Mr. Iyiola Fawole from Nigeria.
In our studies on efficiency in P we studied the response of the bean toadded P. Some strains grew quite well in water culture with P at a level of186 mg per plant. Robert Rice, who completed this study, found thattolerance to high levels of P was maternally inherited, with efficiency

being associated with large-seeded types (175).
We continued our studies on efficiency in P looking at uptake ofphosphorus by detached roots. Dale Lindgren isolated differences ofconsiderable magnitude, and completed a simple genetic study of thesedifferences(120). The data, which are now in press, indicate that thesedifferences are heritable and are probably independent of factors such asstrain differences in the surface area of roots. Data obtained comparing Puptake by detached roots and whole plants suggested that other factorswere much more important in determining the amount of P taken up bywhole plants. Morphological differences in root systems became exceedingly important here. The data tend to suggest that estimates ofefficiencyusing detached roots be treated with some caution. 

NITROGEN 
One study on efficiency in tomatoes growing under stress levels of Nhas been completed (159). John O'Sullivan found the Fi hybrid betweenefficient and inefficient plants to be somewhere near the mid-parent
mean (Table 4). The F2 progeny vary greatly with recombination fol the
very efficient types being quite rare. Most of the segregation tends to be
for extreme levels of inefficiency. On the other hand, 
 the backcrossprogenies gave more recombinants with high levels of efficiency. Cumulative dominance gene effects and cumulative additive x additive geneeffects (Table 5) as measured by methods reported by Gamble (80),accounted for most of the variation found in these studies. 

DISCUSSION 
The material presented here, most of which has been obtained bystudents working with Dr. Gerloff and myself, has been limited to vegetative growth ofthe plant. We deliberately avoided studies involving flowering and fruiting behavior since we felt that the information on the vegetative growth of the plant needed to be understood first. Several factors 
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Table 4. 	 Mean, variance, standard deviation and frequency distribution of total plant dry wt in g for the parental lines 63(E) and 62(I) and 
populations derived from them. Plants were grown under N stress at 35 mg of N per plant. 

Number of plants per class midpoint 

Pedigree 2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 No. of Mean S
Plants 

Pi (63) 
Fi x Pi 
F, (63 x 62
F2 
Fi x P2 
P2 (62) 

--

) -
-

1 
-
-

-

-
-
--
4 
-
-

-
1 

4 
1 
1 

-

-
2 

2 
-
1 

-

-
1 

8 
1 
2 

-

-
2 

9 
4 
1 

-
2 
3 
6 
5 
2 

1 
5 
2 
8 
3 
1 -. 

2 
8 
1 

11 
8 

-

2 
3 
2 
4 
2 

-

1 
1 
3 
3 
3 

-

1 1 - 8 3.44 0.169 
3 1 1 30 3.26 0.265 
- - 1 12 3.26 0.222 
- - - 60 3.07 0.252 
2 1 - 30 3.25 0.219 

- -8 2.97 0.157 

Data from O'Sullivan, Gabelman, and Gerloff, 1974 (159). 

Table 5. 	 Mean estimates of the 6 gene effects on total plant dry wt and NERt data for all 
families used to study the inheritance of N efficiency. 

Family m a d aa ad dd 

51 x 62 2.975 0.040 0.879 0.932 0.001 -0.726 
51 x 34 2.544 0.044 0.654 0.536 -0.151 -0.956 
51 x 63 2.598 0.C59 0.278 0.166 -0.204 -0.175 
62 x 34 3.098 0.204 0.665 0.424 0.069 -0.346 
63 x 62 3.068 0.013 0.907 0.750 -0.221 -0.650 
63 x 62 111.020 3.400 6.880 0.400 -3.001 3.430 
(NER) 

m = mean ofF2 population; a = cumulative additive gene effects; d = cumulative dominance gene effects; 
aa = cumulative additive x additive gene effects; ad = cumulative additive x dominance gene effects; 
dd = cumulative dominance x dominance gene effects; t total mg dry wtltotal mg N in tissue. 

Data from O'Sullivan. Gabelman, and Gerloff, 1974 (159). 



have to be re-emphasized. The importance of having a test which is 
reproducible and accurate means controlling many variables. Much of 
our work is done in e. basement room which is air conditioned where the 
temperature does not fluctuate greatly, and where the light is obtained 
from artificial sources at about 1100 ft-c Probably the largest variable to 
be concerned with is the residual nutrients in the seed. The amount of P 
K, and N available in large-seeded legumes must be accounted for in 
terms of availability for plant growth. This is rather easy in beans where 
there is a good linear relationship between total K and seed size, but 
requires that the amount of K be determined for varying seed sizes in the 
strains being studied. Compensation is somewhat more difficult for R We 
found that 97% of all the Pin the cotyledons was mobilized, and therefore 
assumed to be available. If we had a total of'2.5 mg Pin the seed we would 
need to add 0.5 mg of P to the solution to bring it up to the 3 mg required 
for the test. 

If genetic differences are to provide great utility to breeders, tech
niques need to be developed that allow the isolation of efficient segre
gates. I think the data that we have obtained indicate that there is 
adequate segregation in seedling progeny at a level which allows for 
selection. The techniques that we have been using make it possible to 
isolate individuals either on a deficiency symptom basis or fresh weight 
basis, assuming then that the individuals could be transferred to a normal 
Hoagland's solution and then carried through the flowering and fruiting 
cycle for mating and/or seed production. 

Lastly, several observations need to be reported. In nearly all of our 
work, it appears that efficient strains contain a larger amount of the 
element under stress in the roots and lower leaves. Conversely, it appears 
that in inefficient strains there is a very high level of' mobility of these 
elements, possibly to a point where normal metabolic function is re
stricted. Certainly this has been demonstrated in the case of photosyn
thesis in the lower leaves of'the bean growing under P stress by Whiteaker 
(223). The second observation relates to the size and morphology of the 
root system. The water culture techniques that we were using provide the 
opportunity for seeing and recovering the entire root system. Each strain 
tends to have its own characteristic root system. The size of some of these 
root systems growing under phosphorus stress was nearly twice as great as 
roots of other less efficient strains. It is possible that the size of the root 
system growing under stress reflects the ability to retain the element of 
stress and thereby provide greater growth of those tissues. But it might 
also reflect capabilities for a larger root system under any set of cir
cumstances. 

Our variants have not been transferred into near-isogenic background 
at which stage significant field tests might be completed. Near-isogenic 
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lines would provide a basis for studying efficiency in inorganic nutrition 
related to the reproductive potential of strains. 
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Field Studies on Tolerance of Plant Species
 
and Cultivars to Acid Soil Conditions in Colombia
 

J. M. Spain 

In a search for solutions to the problem or low agricultural productivity 
on the acid, infertile soils of the humid and sub-humid American tropics, 
CIAT scientists initiated a screening program in 1971 at Carimagua, an 
ICA (Instituto Colombiano Agropecuario) Experiment Station in the 
savannah-covered Llanos Orientales (Eastern Plains) of Colombia. The 
station is located in the Department of Meta, approximately 500 km east 
of Bogoti, near the Meta-Vichada border at 4.5' N Lat, 71.5' W Long; the 
annual rainfall is approximately 2000 mm distributed from April 
through November. There is a very marked dry season from mid-
December through late March. The mean annual temperature is 26-27 
C. The average minimum is 20 C, the maximum 33 C; extremes recorded 
since 1971 are 14 C and 35 C. Elevation ranges from 150 to 170 meters. 
The topography is characterized by very smooth interfluves with slopes of 
less than 0.5%, grading to well-defined streams lined with gallery forests. 
The soils used in the experiments are moderately- to well-drained Oxisols 
of sedimentary origin, primarily derived from the Andean uplift with 
some loess mantle. They have the following chemical characteristics: 

meq/ 100 g 

pH G.M. P Ca Mg K AI Al Saturation 

4.5 5% 3 ppm 0.5 0.3 0.08 3.5 80% 

Early trials indicated that the major limitations to arable cropping were 
phosphorus and soil acidity factors including low levels of bases and very 
high percent aluminum saturation. Initial emphasis was on phosphorus 
and lime effects and interactions between the two. From the outset, it was 
apparent that species and varietal differences in tolerance to acid soil 
factors were very important, especially in a region where soils are so 
uniformly acid and infertile. Food crops are badly needed in the area for a 
sparse population primarily engaged in beef production. Plantains, cas
sava, and rice are grown, usually after felling and burning gallery forest 
near stream channels. However, the forest, a source of vital building and 
fencing materials as well as a refuge for wild fauna, is fast disappearing in 
the more heavily populated regions. Crops are generally not grown on the 
grass-covered interfluves because of the high on-farm costs of lime and 
fertilizers. 
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In this setting, a food crop screening program was initiated to comple
ment livestock and pasture research, in a quest for genetic solutions to 
some of the soil problems. The guiding principle was: as much as possible, 
select or tailor the plant for the soil environment, to minimize the need for 
purchased inputs. 

SCREENING PROGRAM 

The screening at Carimagua was based on work reported by a number 
of investigators indicating wide differences in tolerance to soil acidity 
between species as well as within species. Foy et al. (75) and Kerridge et al. 
(112) reported large differences in tolerance among wheat varieties. Foy 
and colleagues have also worked with barley, tomatoes, sudangrass, cot
ton, and soybeans, indicating some degree of variation in all of these 
species. 

Two major types of experiments were undertaken at the outset. One 
involved lime levels with uniform fertilizer treatment. Levels chosen for 
this particular site were 0, 0.5, 2, and 6 tons of lime, to provide succes
sively: (1) adequate calcium and magnesium for the growing plant at 0.5 
ton, (2) the reduction of aluminum saturation to approximately 50% at 2 
tons, and (3) to less than 25% at 6 tons. The effect of lime on pH and 
exchangeable aluminum are shown in Fig. 1. The lime was applied and 

5.5 3.0 

5.0 2.0 o 

€ pH
 

4.5 i H1.0 

0.5 2.0 

LIME T/HA 

Figure 1 The effects of lime on pH and exchangeable aluminum In an OxIsol at 
Carimagua. 
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incorporated in such a manner as to assure uniform distribution in th(
plow layer. In the other type ofexperiment, lime and phosphorus interac. 
tion was studied with levels of lime ranging from 0 to 16 tons, combined 
with different phosphorus levels. 

The utility of percent aluminum saturation as a guide to liming has 
been demonstrated by Kamprath (11) and Coleman et al. (53), who have 
shown that most arable crops are susceptible to aluminum toxicity at levels 
of saturation above 50%. Some crops are especially sensitive and require 
much lower aluminum saturation levels. 

The species screened to date include: rice (Oryza sativa L.), corn (Zea 
mays L.), peanuts (Arachis hypogawa L.), sorghum (Sorghum bicolor), cow
peas (Vigna unguiculata), cassava (Manihot esculenta C.), and beans 
(Phaseohls vulgaris). Species vary markedly in the nature of their response 
to lime. Most of the species tested are climatically well adapted and good 
yields have been obtained for all excepting beans, when adequate lime 
and fertilizer have been applied. Some crops yield nothing at all at 0 and 
0.5 ton lime levels. Others produce relatively low but economically sig
nificant yields and still respond very well to additional lime. Other crops
yield very well with little or no added lime and attain maximum yields at 
0.5 ton of lime. 

RESULTS 

Based on our sampling of cultivars of the species tested we observed 
that many species show very little variation in tolerance to acidity while 
others vary widely among cultivars. Some species appear to be almost 
universally poorly adapted to the acid soil environment while others 
appear to be uniformly well adapted. If we were to expand our sampling 
we would undoubtedly find a wider range of response to lime than we 
have to date. As an example of this, a recent communication from San
chez and colleagues (personal communication) reports excellent toler
ance to soil acidity in sorghum whereas the results of screening some 250 
lines and varieties at Carimagua indicated almost no tolerance to extreme 
acidity. 

Work at Carimagua appears to confirm the hypothesis that neutralizing 
exchangeable aluminum is the major role of liming in highly weathered 
tropical soils, for crops we have tested. Fig. 2 shows the average yield 
response of a number of species to lime. It would appear that 4.5 tons of 
lime is sufficient to reduce percent aluminum saturation to approximately 
30% and is adequate for all the crops included in these trials. 
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Figure 2 The effect of lime on grain yields of anumber of species grown on Oxisols at 
Carlmagua. 

RICE 

Tall, late varieties of rice are grown on acid soils throughout the tropics. 
Production systems range from very primitive to highly mechanized. 
Regardless of scale of operation, most upland rice is grown with limited 
inputs, often as a transition fr-om raw land (cerrado, savannahs) to im
proved pastures. 

Upland rice is usually grown on highly weathered soils and must often 
tolerate high levels of exchangeable aluminum and extreme acidity. In 
contrast, rice grown under flooded conditions normally does not en
counter acid soil conditions nor high levels of aluminum because of the 
effects of flooding; the reduction of the soil system results in rapidly 
increasing soil pH and decreasing exchangeable aluminum. 
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Early trials with semidwarf varieties derived from the International 
Rice Research Institute (IRRI) rice breeding program showed clearly that 
almost all were very susceptible to acid soil factors. In a trial reported by
Spain et al. (203) two traditional tall varieties vere compared with two of 
the new semidwarf varieties. The results are shown in Fig. 3. 'IR8' and 

3.0 BLUE BONNET 50 

S2.0 MNLY 

H 
>4 1.0 

0 -1 j - -1 

0.4 4 8 12 16 

LIME APPLICATIONS T/HA 
Figure 3 The effect of lime on grain yields of four rice varieties grown on an Oxisol at
Carimagua. 

'CICA 4' yielded no grain whatsoever with 0 lime application and re
sponded markedly up to 4 tons of lime per hectare. In contrast,
'Monolaya,' a traditional variety in the Colombian Llanos, showed no 
response to lime even at the 0.5 ton level. 'Bluebonnet 50,' which at that 
time was the most widely used upland rice variety in Colombia, responded
strongly to the first 0.5 ton application of lime, with no response beyond
that level. In addition to acid soil problems, IR8 and CICA 4 also suffered 
from serious disease susceptibility and had a rather low yield potential.
Another new variety, 'IR5,' showed good disease resistance initially and a 
higher yield potential. In Fig. 4 the response of IR5 is compared to that of 
'Colombia 1,' another tall rice which has been used as a breeding line in 
the Colombian rice program for a number of years. IR5 responded in a 
typically quadratic form, whereas Colombia I responded to the first 0.5 
ton of lime but yields were depressed markedly by further additions of 
lime. Howeler (105) and Spain et al. (203) reported on the range of 
tolerance to soil acidity among a large number of rice lines and varieties. 
There was clearly some correlation between height of rice and tolerance 
to soil acidity. 
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Figure 4 The effect of lime on grain yields of two rice varieties grown on an Oxisol at 
Carimagua. 
Howeler (105) adapted a system of screening rice varieties in solution 

culture, measuring relative root length at 3 and 30 ppm of aluminum and 
achieving good correlation between this value and grain production in 
field trials. Aluminum-tolerant cultivars had much higher levels of phos
phorus and calcium and lower levels of aluminum in their above-ground 
parts than aluminum-susceptible cultivars. In tolerant cultivars, 
aluminum tends to accumulate mainly in and on the roots. 

One of the obvious implications of these results is the need for incor
porating aluminum tolerance into high-yielding semidwarf varieties 
which may be used for upland rice production in humid and sub-humid 
regions of the tropics. 

Anumber ofcultivars have been included in the rice breeding program 
at IRRI as potential sources of soil tolerance as a result of the Carimagua 
screening work. This is an important aspect of a general program of 
improving plant adaptation to environmental conditions, including dis
eases, insects, and adverse soil conditions, through plant breeding. 

CASSAVA 

In 1972, 138 cassava cultivars were screened for acid soil tolerance on 
lime blocks with levels ranging from 0 to 6 tons per hectare. The trial was 
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seriously affected by diseases, including superelongation, cercospera, and 
bacteriosis. However, plant development through the first 3 months was 
normal. It was observed that most of the cultivars responded positively to 
lime up to 2 tons per hectare. Nevertheless, nearly all were severely 
affected by the 6 ton level of lime. Some cultivars were affected even at the 
2 ton level. It was later confirmed that this effect of lime was due to 
induced micronutrient deficiencies, primarily zinc (40). There were some 
cultivars which were not affected by the highest level of lime, probably 
indicating differential varietal tolerance to low levels of available zinc in 
the soil. Fig. 5 illustrates the extreme range of response represented by 
four cultivars included in the 1972 trial. The four cultivars shown were 

E-6
 
'.-4
 

w 2 CMC 87 

"" '-- CMC 128 

0 0.5 2 

LI4E T/HA 

Figure 5 The response of four cassava cultivars to lime on an Oxisol at Carimagua. 

chosen to illustrate four distinct types of response. 'CMC- 169' responded 
in an almost typical quadratic manner with maximum yield attained at 6 
tons per hectare. 'CMC-198' responded very little to lime at any level 
whereas 'CMC-87' responded slightly to the first increment, but yields 
dropped to essentially nil with 6 tons of lime. 'CMC-128' yielded almost 
nothing without lime, then responded markedly to 0.5 ton of lime after 
which yields dropped to nil at the 6 ton per hectare level. 
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The early work on cassava has been followed up with extensive research 
by the Cassava Production Program of CIAT and the routine screening of 
germplasm at the Carimagua site is an important phase in the develop
ment of cultivars that are well adapted to marginal soil conditions requir
ing a minimum input of fertilizers and lime. The CIAT Cassava Program 
illustrates the possibilities for a team approach to the solution of problems 
of low productivity of marginal soils in which a soil scientist, a plant 
breeder, and a plant physiologist are directly involved at the senior staff 
level, thus greatly increasing the probability of effective exploitation of 
genetic traits related to tolerance to adverse soil conditions. 

OTHER CROPS 

Avery brief treatment of results with a number of crops isgiven here to 
illustrate the range of response to be expected. 

Cowpeas. Nearly all the cowpeas we have tested show excellent toler
ance to soil acidity, with near-maximum yields attained with 0.5 ton lime 
applications. 

Peanuts. Peanuts are well adapted to the acid soil environment, requir
ing a minimum of lime for acceptable yields. 

Corn. Corn is generally poorly adapted to extremely acid soils and is 
usually grown on alluvial soils or after cutting and burning the forest. 
However, a white brachytic selection made at Carimagua in 1972 shows 
some promise as a subsistence crop. 

Beans. These divide sharply into two groups, with the black beans 
generally much more tolerant to soil acidity than the non-black beans. We 
have not screened a sufficiently wide collection of soybean varieties to 
provide meaningful information. 

Other crops that show promise for acid soils include: tobacco (Nicotiana 
tabtcu'um L.), sesame (Sesamum orientalh L.), and a number of fruit crops 
including various citrus (Citrus spp.), mango (Mangiferaindica L.), cashew 
(Anacardium occidentale). However, it is easy to be misled regarding the 
tolerance of fruit trees which one usually sees growing in farm yards 
where they often receive regular applications of wood ashes, garbage, and 
kitchen refuse. 

Some crops are very responsive to lime and yet are used widely as food 
crops without lime applications because they yield acceptably for direct 
consumption even without lime. A good example is 'topocho,' one of the 
plantains used widely in South American savannah areas. This species is 
very responsive to lime. We have observed large yield increases (40) as a 
result of liming but the crop persists and yields some fruit with no lime 
applied, thus its importance as a staple food crop in acid soil areas. In the 
Colombian Llanos it is almost always planted after felling and burning the 
gallery forest or on old corral sites. 
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FORAGES 

A large number of forage species have evolved in acid soil environmentand are very tolerant to acid soil conditions. However, sonic of the mostproductive tropical species tend to be more susceptible to soil acidity, afact which may warrant further investigation of the variations amongecotypes of these species. Field screening of a large number of ecotypes ofgrasses and legumes has been initiated at Carimagua in 1976 to definetheir tolerance to soil acidity, with emphasis on the more productivespecies. Commercial experience with exotic species is often limited to only
two or three ecotypes on an entire continent. 

DISCUSSION 

There are a number of pitfalls to be avoided when conducting limingexperiments on highly weathered tropical soils. Many soils are sufficientlylow in base saturation that responses to calcium and/or magnesium asnutrients are likely at very low application levels. This type of responsemay be overlooked completely for a number of reasons. If' the firstincrement of lime is large enough to have 'an appreciable neutralizingeffect, usually one will have already missed the range of nutrient responseand may well observe a response apparently due to a lime effect when inreality it is a nutrient response. This is compounded further ifthe lime hasnegative effects is theas often case, due to induced micronutrientdeficiencies, reduced phosphorus availability, or cation imbalance involving either potassium and/or magnesium. Another cause for missing thenutrient response to calcium is the use of a calcium source of phosphorus.If phosphorus is applied as a constant basal fertilizer, one usually suppliesenough calcium to meet the nutrient requirements of the plant.Liming will often have a number of effects, sometimes contradictory.With many species there is a true lime response as a result of decreasedaluminum saturation along with increased pH. However, some speciesare extremely sensitive to induced micronutrient deficiencies caused byeven very modest lime rates as has been shown at Carimagua with cassava.In some soils, liming undoubtedly increases phosphorus availability byreducing exchangeable aluminum and thus reducing the P-fixing capacity of the soil. On the other hand, it has been speculated that freshly
precipitated hydroxy-aluminum compounds are highly surface reactiveand sorb large quantities of phosphorus. Liming can also markedly affectthe availability of phosphorus from less soluble sources, especially basicsources, e.g. many rock phosphates and basic slag, vwhich depend on anacid soil medium for solubilization. 
It would appear very desirable to include low application rates in anylime study on highly weathered tropical soils, especially with species that 
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may be tolerant to acid soil conditions. CIAT trials often include rates of 
150 to 250 kg of CaCO. equivalent as the first increment of lime. As lime 
rates go higher and base saturation, pH, and aluminum saturation are 
altered appreciably, much attention must be given to the possibility of 
induced micronutrient deficiencies. Some tropical species appear to be 
especially sensitive to zinc deficiency. Care must also be taken to 
adequately meet magnesium and potassium requirements as calcium 
levels are drastically altered. 

SUMMARY AND CONCLUSIONS 

1. There are very wide differences between species and among cul
tivars in the same species as to tolerance to soil acidity. Some offer much 
wider variations in tolerance to soil acidity than others. Some are almost 
universally tolerant and others almost universally very susceptible to soil 
acidity. 

2. Some crops yield almost nothing at high levels of aluminum and low 
levels of base saturation and therefore are of no economic value where 
high on-farm cost of lime prohibits its use. Other crops produce relatively 
low yields without added lime but are of economic significance. Therefore 
they may be used as food crops even where the expense of lime prohibits 
its use. 

3. A few crops produce high yields with little or no added lime and are 
extremely important for commercial and subsistence production in acid 
soil regions. 

4. Rice offers a very wide range of tolerance to soil acidity but many of 
the early semidwarf varieties were extremely susceptible to acidity. This 
points to the need for incorporation of tolerance in these varieties, a step 
which is now being taken by some of the major rice breeding institutions 
in the world. 

5. Cassava as a species is generally very tolerant to soil acidity and quite 
adversely affected by even moderate levels of lime on some highly weath
ered soils. The negative effect of lime on cassava appears to be primarily 
related to zinc deficiency on Carimagua soils. 

6. Many tropical forage species are well adapted to acid soils. Further 
work is required to determine variation in tolerance among ecotypes of 
some of the more productive species which are not generally considered 
tolerant to extreme soil acidity. 

7. The design of liming experiments on highly weathered tropical soils 
requires careful attention to the multiple effects of lime. 

8. For effective exploitation of genetic variation in tolerance to soil 
acidity, a team approach involving plant breeding, soils, and plant 
physiology is recommended. 
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Application of the Genetic Approach 
to Wheat Culture in Brazil 

A. R. da Silva 

HISTORY 

Breeding for mineral soil stress has been carried out since the first 
attempt to breed wheat in Brazil. The breeding started in 1919 in Rio 
Grande do Sul State, at the Experiment Station in Aifredo Chaves, known 
today as Veran6polis. 

At that location the soils were acid with aluminum toxicity strong
enough to make a 100% selection pressure. No lime was being used by the 
farmers and very little if any fertilizer. The completely susceptible
germplasm died before giving any yield. Tolerant varieties yielding about 
800 to 1,000 kg/ha were considered satisfactory.

The existence of established tolerant varieties under cultivation when 
the breeding work began and the performance of the completely suscep
tible material introduced at that time made the breeders aware of the 
need to keep and improve the tolerant factor although at the time they did 
not know what it was. 

The author had a similar experience at the Experiment Station at 
Curitiba, capital of the State of Paranii, 600 km north of Veran6polis.

In 1940, for beginning a breeding program, a field was cleared from 
the forest of Parani pine (,4raudaria brasilieisis) and other associated 
species including the "mate" (flex paiaguariensis).Fertilizers were applied
but no lime, because that was not a practice of the flarmei s of the region.

A yield trial was carried out with three Brazilian varieties as a check and 
22 of the best wheat varieties from Uruguay and Argentina. Only the
Brazilian varieties yielded anything; the others were all dead one month 
after sowing (A. R. da Silva, unpublished data).

The breeding of wheat began at Veran6polis Station, but Beckman 
suggested to government authorities that wheat would have better condi
tions in the southern region of Rio Grande do Sul at Bage, a location with 
black soils without aluminum toxicity, where a new experimpent station 
was built in 1929, with the main purpose of breeding wheat. 

Recognizing the importance of keeping the tolerance factors, Beckman 
selected a locality (Encruzilhada do Sul) where the aluminum toxicity was 
present and all selected lines were tested. Since 1925 the test for the soils 
condition called "crestamento" has been routine in the selection of va
rieties (16). In the early days this condition was not clearly understood. It 
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was called "crestamento," which means the plants had been partially 
burned. Possible causes for it included plant diseases, nematodes, and soil 
factors. (See Beckman, 1953, Appendix.) 

Since 1931, Mohr (144) believed that the factor was related to soil and 
tried first to explain it on the basis of soil acidity through the pH. 

Paiva ("Selection and Fertilization," 1944, unpublished seminar. See 
Appendix.) stated that wheat varieties tolerant to low pH were better 
adapted to large areas in Rio Grande do Sul than varieties less tolerant 
and for the regions of pH 5.0 or lower the tolerant varieties are needed. 
He observed that in soils with low pH the roots were short and thick and 
the plants were loose in the soil. He also stated that with low pH the soil 
solution had aluminum and manganese which were very toxic to the 
plants, especially to cereals. The aluminum made the phosphorus insolu
ble and unavailable to the plants. He called attention to the close associa
tion of pH and solubility of aluminum, on the basis of published data of 
several authors. 

Paiva classified over 100 varieties by tolerance to acid soils in four classes 
with "0" being tolerant and the classes X, XX, and XXX less and less 
tolerant. In crosses involving tolerant and non-tolerant varieties, he 
found out that tolerance was dominant but the inheritance was complex. 

To confirm his early findings about "crestamento" he limed the soil and 
the sensitive varieties did grow and yield while in unlimed soil the) died or 
showed very poor growth. 

Beckman (16), studying the inheritance, stated that tolerance is domi
nant, but he found in the Ft some intermediate types. In F2, in across of 
susceptible x tolerant: 462 tolerant, 191 intermediate, and 159 suscepti
ble plants were observed. 

The explanation of soil acidity was put forward again by Aratijo (5), and 
later the same author (6)suggested that aluminum toxicity was the cause 
based on evidence from pot experiments. On field experiments soil stress 
was controlled by application of lime, manure, and the combination of the 
two (7). 

Mohr (144) was not able to find good correlation of pH or aluminum 
with the symptoms of aluminum toxicity and stated that the aluminum 
toxicity should be measured by the factor"M" determined by the formula: 

100 A!-
M= 

T 

T = Ca + Mg- + Na + K* + AI+ ++ H* = cation exchange capacity. 

Tolerant varieties of wheat would stand up to M = 30 or 30% of 
saturation of aluminum in cation exchange capacity. He stated that 
varieties of several species under cultivation in Rio Grande do Sul had the 
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following tolerance: corn 35%, rice 35-40%, two-row barley 25%, alfalfa 

10-15%, beans 20%. Based on his results, he suggested that lime should 
be applied in amounts sufficient to make the aluminum insoluble: the 

milliequivalent of Al-*multiplied by 1.5, the product being the number 

of tons of limestone per hectare. This criterion was adopted in Rio 

Grande do Sul for many years, with the factor increased to 2 because the 
limestone was not in general 100% effective. 

IMPORTANCE OF TOLERANCE 

The tolerance to aluminum toxicity makes it possible to grow wheat 

without lime application and wheat cultivation without lime was the 

common practice for many years in southern Brazil. The tolerance of the 

varieties makes them free from need for lime in large areas of Rio Grande 

do Sul, Santa Catarina, and southern Paranmi, the main areas of wheat 

cultivation in Brazil. 
In the soils of mapping units Santo Angelo, Passo Fundo, and Cruz Aha 

where large areas of wheat are cultivated, yields usually are not any higher 

when lime is applied in the soil, because the varieties are tolerant to 

aluminum. For the Vacaria soil mapping unit, lime is needed. Typical 

profiles of these units and areas occupied are presented in Table I. 

Table 1. Typical profiles of important soil mapping units in the wheat region of Rio Grande do 
Sul, Brazil. 

Latosol roxo Latosol vermalho Latosol vermelho Latosol bruno 
distr6fico. escuro distr6fico. escuro distr6fico. distrbfco. 

Mapping Unit Santo Angelo Passo Fundo Cruz Alta tacaria 
Haplorthox Haplorthox Haplorthox Haplohumox 
Rhodic Ferralsols Rhodic Ferralsols Orthic Ferralsols Humic Ferralsols 

Horiz. depth cm AIO-40 B140-80 A110-30 A1230-50 AIO-13 A3' 13-35 ApO-11 A311-37 

pH water 5.3 5.4 4.8 4.8 5.2 5.1 4.7 4.2
 

P ppm 2 1 4 3 3 2 2 2
 

Cal*+ Mg** 2.7 1.6 1.6 1.6 1.7 1.4 2.6 1.4
 

K- 0.39 0.04 0.06 0.04 0.06 0.04 0.17 0.09
 

S= Cal*+ Mg *+ K 3.1 1.7 1.7 1.7 1.8 1.4 2.8 1.6
 

AI.. 0.8 0.7 2.2 2.4 1.3 1.7 4.2 4.8
 

H 
 5.0 3.2 6.6 6.1 3.3 2.5 10.0 9.4
 

T= S+ Al-+ H* 8.9 5.6 10.5 10.2 6.4 5.6 17.0 15.8 
100.A1 20 29 56 53 45 54 60 75 
AI** 4-S
 
Carbon 1.23 0.53 1.36 1.27 1.02 
 1.06 2.9 2.39
 

Area ha 1,956,000 756,000 794,500 464,600
 

Data from Lemos et at, 1973 (119). 
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The growing ofsoybeans in the region made it necessary to apply large 
amounts of limestone to the soil. In spite of this, no susceptible variety was 
recommended for cultivation. in soils originally Al-toxic, because they 
have yielded less than the tolerants, perhaps due to aluminum toxicity in 
the subsurface soil. Two wheat varieties released in 1970 and 1971, 'IAS 
54' and 'IAS 55,' with a lower degree of tolerance than the other varieties 
presently cultivated, now occupy a large area in Rio Grande do Sul (47.5% 
and 7.1 % respectively). This was possible probably due to the lime applied 
on soils for the soybean, in addition to other outstanding characteristics of 
the varieties. 

When large amounts of limestone were applied in the soils the wheat 
was badly affected by the take-all disease [Ophiobolus graminis (Sacc.) 
Sacc.]. 

Taking into consideration that the plowable soil is easily limed but that 
liming the subsurface soil is very difficult and that the subsurface has as 
much as 50%, influence on the yield of the susceptible varieties, the 
importance of the tolerance can be estimated by the amount of land with 
aluminum toxicity in the subsurface soil. 

As shown in Table 1,the subsurface soil of all the profiles presents a 
degree of saturation of Al toxic to many cultivated plants. The degree of 
saturation of Al in Table I is different from the M factor of Mohr. It is 
determined by the formula: 

AI"x 100 
" " 
Ca + Mg + Na' + K' +Al"' 

The difference is that the hydrogen is not taken into consideration. 
Olmos and Camargo (156) present information on the extent of sub

surface aluminum toxicity in several regions of Brazil. Their information 
is important for wheat in the three regions: northern Rio Grande do Sul, 
northeastern Parani, and southern Mato Grosso. In the first region, 
where there is a large area cultivated with wheat, with a production 
around I million tons, 75% of the area has aluminum toxicity in the 
subsurface soil and the part that has not, is rough terrain not suitable to 
mechanized crop production. The wheat production on those soils is 
small. 

In the second region, the opposite occurs. About 50% of the subsurface 
soil does not have aluminum toxicity, and in these soils wheat is exten
sively cultivated, without liming, with a total production around 0.5 
million tons. 

In the third region the wheat is cultivated predominantly on the area 
with subsurface soil with aluminum toxicity. Although the map points out 
that about 50% of the area has subsurface soil with aluminum toxicity, 
80% of the wheat crop is grown on it, for climatic reasons. 
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The varieties used in the first and the third regions are tolerant to 
aluminum toxicity or semi-tolerant, as JAS 54, IAS 55, or 'Londrina.' In 
the second region, in addition to these varieties, the Mexican varieties
susceptible to A] ' **are cultivated in large extent on soils without 
aluminum toxicity. 

This variety distribution shows the importance of the tolerance factors,
because even though the soil is almost all limed for the soybean crop
associated with the wheat ciop in the region, the factors for tolerance still
influence the preference of farmers to tolerant varieties. 

In summary, the tolerance to aluminum toxicity:
1. Allows the production of wheat without liming in soils where no 

wheat production would be possible without tolerance. This is a very
important point in opening new territories where at the beginning it 
would not be possible to have lime or it would be very expensive because 
of the transportation cost, or no lime is available; 

2. Even after the soil is limed, the tolerance factor gives an advantage
because of the limiting effect of the lack ofroot growth in subsurface soil;

3. 	The lime requirement of tolerant varieties is smaller than that of the 
susceptible 	varieties.
 

The importance of breeding for tolerance 
to aluminum toxicity has 
been contested on different grounds: 

1. It was not an important factor because to have high yields the farmer
has to lime his soils and if the soils are limed there is no need for Al 
tolerance; 

2. The factors for tolerance predispose low yields in wheat [R. E.
Kalckmann, 1965. Contribution to the study of the fertilization and
varieties of wheat in the acid soils in Rio Grande do Sul. (In Portuguese).
Ph.D. Thesis. Coll.of Agric. and Vet., Univ. of State of Parani.]. 

For some time these two ideas were prevalent in the southern part of
Brazil. They originate from the belief of some soil specialists that liming
the surface soil would be enough to overcome adverse subsurface soil 
effects of Al on susceptible varieties. It was also known that the yields of
Brazilian varieties were low and did not increase very much when high
amounts of fertilizers were used while the Mexican varieties were high
yielders and were susceptible to Ai". Later, it was proved that the low
yield of Brazilian varieties was caused by diseases. With full control of the
diseases (including the virus diseases) they were able to yield up to 9,680
kg/ha under controlled conditions although that would not be possible in
the farmer's field because they would lodge badly [V. R. Caetano, 1972. 
Studies on the barley yellow dwarf virus on wheat, in Rio Grande do Sul. 
(In Portuguese). Ph.D. Thesis. Agric. Coll., Univ. of Sio Paulo.]. Also the 
Brazilian wheat varieties when cultivated in other countries, without 
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diseases, were able to yield rather high (4 to 5 t/ha) although they pre
sented the lodging problem which does not normally occur under field 
conditions in Rio Grande do Sul. 

Although the Brazilian wheat breeders never accepted the idea that 
tolerance was not important nor that the tolerance factors were causing 
low yield, tile idea of correlation between tolerance and low yield influ
enced strongly the corn and soybean breeders, especially the latter. As a 

' consequence until two years ago they did not select for Al tolerance nor 
test varieties for it. The soil has thus been heavily limed for soybeans and 
in many cases with adisadvantage for the wheat, which has been yielding 
less on heavily limed soils. 

Recently, there has been acomplete change in the concept of the value 
of tolerance to AI and the soybean breeding program includes a high 
priority for tolerance to Al'. 

RECENT DEVELOPMENTS IN THE CERRADO REGION 

Although the wheat breeders were aware of the importance of breed
ing for tolerance to aluminum, no breeders for other crops paid attention 
in spite of Mohr (144) having pointed out the differences in tile behavior 
of species and within species. The author when in charge of the cerrado 
program of the National Research Council noted that the soils of the 
cerrado region had aluminum toxicity in large areas and called attention 
to the need for selection for tolerance to it not only in the cerrado region 
but also in other areas north of tile tropics in Brazil and Latin America 
(195, 196, 197, 198). 

In the cerrado region where the soils predominantly hold small 
amounts of water, and the percolation isvery quick, periods without rain 
in the rainy season often lower yields because of water stress in the plants. 
Therefore agood root development in the subsurface soil is an important 
factor to enable the plants to have alarger supply of water. The tolerance 
to aluminum toxicity is an important factor since Al' inhibits root 
growth. 

The program of the Cerrado Agricultural Research Center of the 
Brazilian Enterprise for Agricultural Research (EMBRAPA), established 
in 1975 in Brasilia, gives priority to breeding for Al' tolerance and 
already screening of germplasm of the important crops is being done. 
The research programs and activities of the National Research Centers of 
Corn, Sorghum, and Soybeans include the breeding for aluminum toxic
ity in all three species. All these programs are new. 

Considering the research that isbeing carried on in these three centers 
and the current wide recognition of the importance of aluminum toxicity, 
it is possible that the breeding of the different crops and forages for 
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tolerance will avoid what happened in the South when tile breeding
of soybeans for tolerance was not done in parallel with the breeding ofwheat. 	As a consequence of that lack of cooperation, large amounts of 
limestone were applied to soils for soybeans while the tolerance of' tilewheat varieties was not used to full advantage by the farmers for reduc
tion of"the cost of production of' both crops.

Tihe wheat research being carried out at the Cerrado Center started in
1972 and through a careful sampling of' soil at three depths it has been
possible to observe the behavior of the varieties in yield trials with differ
ent amounts of soil surfhce and subsurface Al" 

At the Cerrado Center (138) on cerrado virgin soil with aluminum 
toxicity, two experiments were done side by side with the wheat varieties
'Sonora 63' (susceptible to A] **)and 'lA "'(tolerant), with three levels if
limestone: (1) 500 kg/ha, to supply calcium and magnesium, and (2) 2,750
kg/ha and 5,000 kg/ha for reducing the amounts ofAlI'"in the soil. At the 
same time five levels of phosphorus were used.

Taking the data only of the level of' 220 kg/ha of P,O, (the amount
recommended for the farmers on virgin cerrado "latosol vermelho es
curo" soils), it was observed that the relative yield of IAC 5 on soil with
AI" saturation of 35% was equal to the yield of Sonora 63 on soil with
5.3% of Al- saturation, as can be seen in Table 2. Those levels were
reached with 500 kg/ha and with 2,750 kg/ha of limestone, respectively. 
Table 2. 	Yield inkg/ha of Sonora 63 (susceptible) and IAC 5 (tolerant) at three levels of Al

saturation in the soil Latosol vermelho escuro in cerrado, summer 1976, in the
Federal District, Brazil. 

Umestone Grain Aluminum 
kg/ha Weld % Saturationkg/ha 	 % 

Sonora 500 127 18 50.0 
2,750 547 78 5.3
5,000 702 100 0.8IAC 5 500 967 79 35.2 
2,750 1.103 90 4.0 
5,000 1,223 100 0.2 

Data from Magalhaes, 1976 (138).
At the same location and in identical soil, side by side with the above

experiment, in winter time, with irrigation, another experiment was done 
to compare varieties in relation to two levels of limestone equal to the first
and the third of the previous experiment and with two levels of phosphorus. The main objective of the experiment was to identify wheat and
triticale varieties that had tolerance to aluminum toxicity and to find out if 
some were ablemore to extract phosphorus from the soil when the
aluminum toxicity factor was present or absent. The results were meas
ured in grain yield and in the total weight of the plants. Presented here are 
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only the data for the six varieties previously selected for their reaction to 

Al... toxicity (Table 3). 

Table 3. 	The tolerance to aluminum toxicity insix wheat varieties measured as percentage of 

the yield of the high dose of limestone for two levels of phosphorus (yield of Ca2 = 

100%). 
Varieties Low P High P Average 

BH 1146 53.97 81.36 67.66 a 

IAC 5 54.91 59.11 57.01 a 
IAS 55 25.28 69.94 47.61 a 

Londrina 37.23 99.91 68.57 a-

Sonora 63 
Jupateco 

5.90 
13.78 

4.39 
14.99 

5.14 b 
14.39 b 

The relative differences in yield between the susceptible and the toler
ant varieties in the plots with large and small amounts of A" "make the 

test efficient for evaluation. However, the two varieties known to have 
were not separated outintermediate tolerance, IAS 55 and Londrina, 

from the tolerant varieties, in spite of having three replications and two 
levels of phosphorus. 

No significance for the interaction varieties x phosphorus was obtained, 
but the data suggest that at low phosphorus the intermediate types could 
be identified, while this did not occur at the high level of phosphoru,. 

CURRENT PROCEDURES 

It has been a normal procedure for many years on the release of a new 
wheat variety to the farmers to inform them of the degree of its tolerance 
to aluminum toxicity based on field observations. No special test is done 
for this purpose. 

Since the soybean-wheat rotation has become popular, the practice of 
liming the soil has become widespread among farmers and also the 
experiment stations carry out the varietal tests on limed soil. 

Since then the common practice is to plant the lines and varieties in 
unlimed soil as a collection to evaluate them. Some stations also carry out 
unlimed and limed soil yield trials. The breeding isdone by planting one 
early generation in unlimed soil and selecting the best plants. 

Silva (199) made the suggestion that the genetic factors responsible for 
tolerance in the Ohio varieties 'Thorne' and 'Seneca' may be different 
from those in Brazilian material, as isprobably the case for 'Atlas 66' and 
'Coker 47-27' which have Brazilian material in their pedigree. Since 
Thorne and Seneca probably do not have Brazilian germplasm maybe the 
genes are different, which will be of great significance if the effects are 
additive. 
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In 1976 at the Cerrado Agricultural Research Center, large plots were 
established with two levels of liming (a small amount to supply Ca and Mg, 
and a larger amount sufficient to neutralize Al in the surface soil) and two 
levels of phosphorus (a minimum level and an adequate level) to allow fbr 
simultaneous selection of plants with higher capacity to use phosphorus 
and tolerance to Al- toxicity. 
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Summary of the Session 

R. D. Munson, Chairman 

The speakers in this session presented an interesting range of papers 
on the efficiencies of both the macro- and micronutrients for horticultural 
and field crops. They covered the extremes in discussing their results 
ranging from basic crop physiology criteria to be considered and used in 
evaluating plant nutrient efficiencies and in looking at the heritability of 
intra-species efficiency characteristics, to evaluating such efficiencies in 
the laboratory or greenhouse and in the real world of the field in a very 
practical sense. 

While Dr. Gerloff's paper was narrow in that few field research results 
on N, P and K efficiencies were discussed, we are indebted to him for 
showing the possibilities of selecting N-, P-, and K-efficient plants in 
horticultural crops based upon his own research. Also, his statement on 
the guideline or criterion to be used in the search for nutrient-efficient 
lines is significant. It is, "... to be accepted as an inefficient strain under 
nutrient stress, that strain must produce yields approximately equal to 
efficient strains under an optimum supply of the element." 

Also, the workshol ndebted to Dr. Gerloff for his careful coverage of 
the plant physiologic ..,morphological and anatomical considerations 
responsible for nutrient efficiency differences. His discussion was out
standing and needs to be kept constantly before us. We should, also, keep 
in mind the terms "inefficient responders" and "efficient responders" 
which he introduced because in a world that is in search of food, these will 
ultimately become as important as efficient lines. 

Calcium, Mo, and Mg efficiencies were well covered by Dr. Clark. Dr. 
Clark's focus on research on corn gave interesting insights into interac
tions and interrelationships that exist with other elements when studying 
Ca, Mg, and Mo efficiencies. The interactions with K, P,Zn, N, and Al 
clearly are interrelated. The manner in which the nutrient efficiencies or 
inefficiencies of the corn lines could be followed, depending upon where 
the inbreds had originated, was of interest and indicates the possibilities 
for real progress. In a sense, it is too bad that more geneticists from hybrid 
corn companies were not in attendance at the workshop, because they no 
doubt would have much to share with us with respect to our discussion. 
They have been producing hybrids from inbreds over wide regions of the 
world and are already aware of some germplasm efficiencies that exist for 
a number of the elements. 
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The importance of Mo concentrations in seed and in nitrogen conver
sions was mentioned. Both are important points. The role of molyb
denum in nitrate reductase and nitrogenase intimately tie it, or its possible 
substitute vanadium, to nitrogen utilization, as well as N-fixation in 
legume crops. It is also tied to iron and sulfur compounds through 
ferredoxin. In relation to calcium, magnesium, and pH in soils, one 
wonders how often we lime soils to increase soil pH and Mo availability, 
when a seed treatment of Mo could bring a similar result. 

We are indebted to Dr. Loneragan for his coverage of most of the 
micronutrient efficiencies. His sound suggestion, that plants have a
"solution-cultural or soil requirement;' a "functional requirement" and a
"critical concentration" requirement for elements, should be kept in mind 
in nutrient efficiency research. These were also stressed by Dr. Clark, but 
have long been part of Dr. Loneragan's emphasis. 

His definite statement that the plant's efficiency in nutrient use is "the 
relati.onship between the nutrient present in the soil below a unit area of 
land and the rate of production of a plant growing on it" is of conse
quence, because it recognizes the space, time, and rate aspects of soil-plant 
systems. 

Among other significant points made by Dr. Loneragan were: 
a) the marked interspecies differences in plants in concentrating mi

cronutrients grown on a given soil; 
b) the importance of the associated inycorrhizae in increasing micro

nutrient availabilities; 
c) the intraspecies differences in utilizing elements grown on a given 

soil, as well as tolerance to high concentrations; and 
d) the interaction of the micronutrients with growth-promoting pri

mary nutrients. 
The discussion was very effectively divided among the topics of absorp

tion, utilization, and growth effects. 
In considering micronutrient efficiencies and availabilities, one must 

always be aware of the effects of the acidifying of fertilizers on soils and 
the indirect benefits that that may have on the utilization of native ele
ments, as well as the rhizosphere effects of the species on the pH of the 
surrounding soil media. The former can be of particular significance 
when fertilizers are banded. 

Dr. Gabelman's paper was related to Dr. Gerloff's paper, but covered 
the selection of efficient-inefficient lines, the reciprocal and backcrosses to 
produce Fi and F2 lines that were tested to study the genetic inheritance of 
N, P, or K efficiencies in snapbeans or tomatoes. In the bean lines with 
which he worked, K efficiency appeared to be recessive, controlled by a 
single pair of alleles. Only 4% of all the strains screened were classed as 
efficient. The point made about the size of seed being a serious problem in 
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standardizing tests is well stated, but one must also consider the nutrient 
regime under which large-seeded legumes were grown. For example,
soybean seed grown under high levels of K may contain 50% greater
amounts of Kthan the same variety grown under a lower level of nutrition. 

With respect to the inheritance of phosphorus efficiency in beans, Dr.
Gabelman's results indicate that there appear to be mal), patterns ofinheritance. Perhaps the reason for this is that P interacts with so many
other elements. The results of Michigan researchers on beans clearly
indicate phosphorus-zinc interactions, which should perhaps be studied
simultaneously with any phosphorus studies. 

Another point of significance was the influence of genetics on roots.
Root morphology differences among genetic lines are important in sur
face area available for nutrient uptake, as well as the metabolic activity of
the roots. Also, the nutrients available to the crop can have a pronounced
influence on the pH around root systems, which has been shown to
subsequently influence phosphorus availability. This is controlled by both
the plant and the nutrient medium. We are indebted to Dr. Gabelman for
the inheritance work on efficiencies presented. As one can see it istedious
and time-consuming. With crops such as tomatoes, it would have added
materially to our knowledge if the efficient-inefficient lines could have grown to maturity to determine if the efficiency characteristics carried
through into the reproductive cycle of the crops under consideration. In some cases, as plants enter their reproductive, seed- and/or fruit
producing phase of development, nutrient demands materially change.

Dr. Spain's paper covered the selection of species and cultivars for
tolerance on acid soils, high in exchangeable aluminum. He detailed the very practical approach being used at CIAT with the objective to "select or
tailor the plant for the soil environment to minimize the need for pur
chased inputs." The soil modification and food crop species screening
approaches were combined, teaming the soil scientist, plant breeder, and
plant physiologist together. His examples, indicating the rapid progress
that has been made on rice and cassava, should give encouragement tothose considering the approach and looking for rapid, short-range ben
efits. His paper, also, indirectly points out the advantages of having work
at the International Centers coordinated. 
 The interchange of rice va
rieties between IRRI and CIAT clearly demonstrates the benefits of such
 
coordination.
 

Dr. Silva's long experience in using genetic selection and breeding of
wheat to grow the crop on the acid, high-aluminum soils of Brazil made
him come through as the grand master of the session. For years the wheat
breeders in the Brazil program have been successflly accomplishing and
applying the principles being discussed at this workshop in their selection 
of Al-tolerant varieties. His review of the historical development of the 
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Brazilian wheat breeding program should be helpful to others. Bringing 
in the soils research of Paiva and Mohr, which was long overlooked by 
North American scientists, gives his paper broad interest. 

Dr. Silva pointed out that the people in his country know the soil regions 
that require lime to grow various crops. Their work with soybeans, which 
has a higher soil pH requirement, and the development of special wheat 
varieties, 'IAS 54' and 'IAS 55,' which grow well under a higher soil pH 
and/or lower exchangeable Al, can now be used in rotation with the 
soybeans. The soil pH-wheat disease reaction was pointed out. Disease 
reactions need to be considered in all phases of breeding-nutrient effi
ciency research. Nutrient additions can often solve a "disease" problem. 

Genetic research on tolerance of -,heat to high Al has paid off hand
somely for Brazilian agriculture. It has allowed previously nonproductive 
areas to produce millions of tons of wheat. It is highly important that we 
keep in mind the interactions between and among elements. Adding 
more of' a specific element for one variety may decrease yields or effi
ciency, beca,,,e of induced deficiencies or shortages of another element or 
elements. It is important that those doing the genetic screening know 
something about plant physiology and the elemental requirements for 
enzyme formation and activation so that problems can be foreseen and 
tested in the process. 

There is little doubt that one can select and breed nutrient-efficient or 
inefficient lines or varieties of' plants. Based on the thrust of this workshop 
there is little doubt that nutrient efficiency-plant breeding research will 
increase. There will be an increasing need for plant breeders and soils and 
plat nutritionists, as well as scientists from other disciplines, to work 
together. 

In this session on efficiencies, there were topics that were neglected. For 
example, nitrogen is the most costly element, energy-wise, as well as one 
of the most limiting elements in world crop production. Yet littleemphasis 
was placed on increasing the nitrogen-fixing capacity or efficiency of 
legumes, either through breeding or improved mineral nutrition with 
other elements. Dr. Donald Barnes, USDA, ARS, University of Min
nesota, has developed strains of' alfalfa that fix nearly twice as much 
nitrogen as others grown on the same medium. Low nitrogen, low organic 
matter soils are prevalent throughout the world. 

Initially a developing region or country may be searching for a crop 
variety that is efficient or tolerant to a specific element, but as population 
pressures increase, higher yields may become the overriding need. Then 
it becomes important to move to the apex of the yield surface, with the 
available combination of' resources. In other words, we must be aware of 
shifting objectives. In order to smoothly make such shifts, it will be 
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essential that our plant breeders or geneticists and nutritionists have also 
screened, identified, and classified the germplasm among the categories 
of' efficient-responders, as well as inefficient-responders, so that alterna
tive informat:on will be available to our decision makers. That way, we will 
not have to retrace our steps in a few years to re-examine it for selections 
that are highly responsive and productive. 

DiscussioN 

A question was raised regarding size of' population needed in order to 
evaluate the reaction of' crossing two varieties, each with a distinctly 
diff'erent trait. The response was that a much smaller population was 
required than in the case of' breeders who are dealing with a large gene 
pool which requires working with populations of the magnitude of' a 
million or so. This population size is much too large to handle and is not 
needed Fbr screening in dealing with problems of' inheritance of' mineral 
stress tolerance. 

There was some discussion on what point in a breeding program should 
a soil scientist be involved - at the very beginning, after there is a 
segregated population, or after variety development is well along. If' tile 
program has been under' way f'or a long time, there is the problem of' 
introducing undesirable traits linked to a desirable trait like aluminum 
tolerance. Backcrossing was suggested as a procedure to incorporate the 
tolerant gene, but it was pointed out that many plant breeders do not 
flavor this procedure. If' the breeders knew what parents were used and 
what -lie linkage is, then it might not be difficult to break the linkage. 
Involving the soil scientist at the initiation of' a breeding program was 
favored by several. 

The question was asked about research being done on inheritance of 
cytoplasmic traits for stress tolerance. One comment was that this is a 
tough problem and was not the sort of thing one would start out with but 
one might wander into. A reference was made to some work on wheat in 
which no association of' aluminum tolerance with cytoplasm was found 
after trying reciprocal crosses. The work of a microbiologist who found 
inheritance from cytoplasm associated with nitrogen fixation in legumes 
was cited. In connection with some work on foliar fertilization ofcorn with 
mineral nutrients it was found that there was a differential absorption of 
nutrients related to cytoplasmic differences. It was suggested that this is a 
promising area for further research. A general comment was made that 
one should expect cytoplasm inheritance if'the character is associated with 
chloroplasts. 

A comment was made oi the yield relationships of adapted varieties. 
The usual procedure is to select high-yielding varieties growing oil fertile 
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soils. These varieties would not necessarily do well under stress condi
tions. Perhaps it would be better to select the varieties for high yield under 
stress rather than the other way around. 
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General Principles Involved in Screening Plants 
for Aluminum and Manganese Tolerance 

C. D. Foy 

Aluminum and manganese toxicities are important growth-limiting
factors for plants in many acid soils of the world (73, 74, 120, 140, 158,
183). Aluminum toxicity is particularly severe below pH 5.0 but has been
reported at soil pH values as high as 5.5 (3, 94). In well-drained soils, Mn 
toxicity generally occurs only at soil pH values of 5.5 or below, but in
flooded or compacted soils excess Mn can limit plant growth at soil pH
values of 6.0 or above (184), provided the soil parent materials contain 
sufficient total Mn. Under these conditions of poor aeration, Mn is re
duced to the divalent form, which is available to plants. Thus, Mn toxicity 
can occur at soil pH values that are too high for Al to be soluble in toxic
concentrations. Manganese toxicity is also irtensified by high tempera
ture and drought (184).

The correction of Al and Mn toxicities by liming is not always economi
cally feasible, especially Al toxicity in strongly acid subsoils. However,
plant species and varieties within species differ widely in their tolerance to
both factors, and some of these differences are genetically controlled (D.
A. Reid, this volume). Hence, a reasonable alternative or st )plementary
approach to the problem is to select or breed plant genotypes, '. greater
tolerance to excess Al and Mn. The first step in this approach is to develop
reliable, rapid techniques for screening large numbers of plants. Ideally, 
we should select a medium in which Al or Mn is the dominant, if not the
only growth-limiting factor. The objective of this paper is to discuss some 
of the general principles involved in developing effective screening tech
niques. The details of screening procedures for specific crops will be 
covered in other papers of this workshop. 

SCREENING PLANTS IN SOILS 

ALUMINUM TOLERANCE 

Soil selection critical. Selecting a soil in which to screen plants specifi
cally for Al tolerance can be difficult because some acid soils produce bothAl and Mn toxicities in certain plants. Furthermore, both Al and Mn 
interact with other mineral elements (Ca, P, Mg, Fe, Si, etc.) in the soil and 
in the plant. Plant symptoms of Mn toxicity are detectable at stress levels 
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which, produce little or no vegetative growth reduction. By contrast, Al 
toxicity can sometimes reduce yields substantially without the appearance 
of clearly identifiable symptoms in plant tops. Hence, growth reductions 
in acid soils may be largely or wholly attributed to excess Mn, when excess 
Al is the more important of the two factors. Root color and degree of 
branching are frequently better indicators of Al injury than the appear
ance of plant tops. The effects of excess Al and Mn on a wide range of 
plants have been described elsewhere (73, 74). 

Although both Al and Mn toxicities are acid-soil factors, tolerance to 
one does not necessarily mean tolerance to the other. For example, Atlas 
66' wheat (North Carolina) is more tolerant to excess Al than 'Monon' 
wheat (Indiana), but Monon is more tolerant to excess Mn in soil or 
nutrient solutions than Atlas 66, even though Monon accumulates more 
Mn in its tops (83). 

This opposite, Al-Mn tolerance relationship has also been observed in 
certain cotton cultivars (80). However, preliminary studies in a Mn-toxic 
soil indicated that Al and Mn tolerances may coincide in Al-tolerant 
'Dayton' and Al-sensitive 'Kearney' barley (C. D. Foy, unpublished data).
These and other barley varieties are being screened for Mn tolerance by 
Dr.Steve Baenzigerof the Field Crops Laboratory at Beltsville, Maryland. 

The fact that tolerances to excess Al and Mn may be quite specific 
among plant genotypes means that we must use ext reme care in selecting 
soils for screening purposes. Some soils (Bladcen from Georgia) do not 
produce Mn toxicity in sensitive plants even at pH 5.0 or below, because 
their parent materials were low in total Mn (72, 80). Such soils are useful 
in screening plants for Al tolerance. In general, the soils of the southeast
ern Atlantic coastal plain are lower in total Mn than those of' the Gulf 
coastal plain of the U.S. (4) and, hence, less likely to cause confounding 
between Al and Mn effects in screening tests. 

Soils classified as Al-toxic may differ widely in contents of exchangeable
Ca, and this may influence the degree of Al toxicity and kinds of plant 
symptoms produced at given levels of pH and exchangeable Al. For 
example, Bladen soil friom Georgia and Tatum soil from Virginia both 
produce Al toxicity, but Bladen is much higher in exchangeable Ca and 
produces less Al stress than Tatuni (74, 75). On Tatum soil, Al-induced 
Ca-deficiency symptoms occur more frequently than on Bladen. 

In screening for Al tolerance, we prefer to start with natural soils 
(frequently subsoils), which have become stabilized at a pH of 4.5 to 5.0, 
and whose parent materials are low enough in total Mn that Mn toxicity is 
not likely to be a problem. In this regard, the personnel of the U.S. Soil 
Conservation Service or equivalent soil survey agencies in other countries 
could help in locating soils suitable for screening purposes. If a suitable 
natural soil cannot be conveniently obtained, the soil available can be 
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made Al-toxic by the addition of sulfuric acid or elemental sulfur, or 
aluminum sulfate can be used to supply Al and lower soil pH at the same 
time (193). However, this procedure may solubilize elements in addition 
to Al, e.g. Mn, in toxic concentrations. This method may also give more 
variable results than natural soils, particularly if the soil is re-used, be
cause of shifting pH-Al equilibria. 

Characteristics of Bladen and Tatum soils. In the Bladen and Tatum 
soils, which we have used, Al toxicity is such a dominant factor that 
satisfactory screening can be done in small amounts of soil (1-2 kg/
container or less) during a 2-3 week growth period in the greenhouse or
growth chamber (Fig. 1). Differential Al tolerances among varieties of 
wheat and barley, established by these methods (coupled with nutrient 
solution studies), have been highly correlated with those in field plots of 
Al-toxic soils, even to the point of grain yields (126, 173). Soil flats are also 
satisfactory for separating Al-tolerance differences in wheat and barley 
genotypes.

A typical batch of Bladen soil used for Al screening purposes has a pH
of 4.3 (1:1 soil-watery, 3.6 meq of KCI-extractable AI/100 g, 1.5 meq of 
exchangeable Ca and 1.3 ppm of exchangeable Mn (extracted with IN 
NH4OAc at pH 7.0), and a cation exchange capacity (CEC) (IN NH4OAc)
of 12.0 meq/100 g. A typical batch of Tatum at pH 4.3 has 5.93 meq of
KCI-extractable AI/100 g, 0.05 meq exchangeable Ca and about 5 ppm
exchangeable Mn (IN NH4OAc), and a CEC of 12.6 meq/100 g (72, 75, 
81, 83). 

Selecting stress levels. For a given crop the actual levels of KCI
extractable Al required for toxicity vary with soil type. For example,
Adams and Lund (3) found that the levels of KCI-extractable Al required 
to inhibit cotton root growth were 0.1 meq/100 g for Norfolk, 1.5 for
Dickson, and 2.5 for Bladen soils. Critical pH levels required for cotton 
taproot penetration were 5.5 for Norfolk and <5.0 for Dickson and 
Bladen. For a given crop, the percentage Al saturation of the CEC as
sociated with toxicity may be useful, but even this varies with plant species.
For example, Kamprath (119) reported that in one acid soil corn could 
tolerate Al saturations up to 44% but soybeans were injured above 20%.
Olmos and Camargo (158) found that corn yields were reduced when Al 
occupied 25% of the KCI-exchange capacity of a Brazilian soil. 

One of the first problems encountered in screening plants for Al 
tolerance in soil is to select or create pH or Al-stress levels that are high
enough to produce a marked growth reduction in the most sensitive 
plants but not high enough to completely inhibit growth of the more 
tolerant genotypes; either extreme can mask true varietal differences and
invalidate the test. At intermediate levels of Al stress, sharp varietal 
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Figure 1 Differential tolerances of two wheat cultivars to an acid, Al-toxic Bladen soil.Left: Lucas (Ohio) and Redcoat (Ind.) with no lime (pH 4.3). Right: Lucas and Redcoat
with 3,000 ppm CaCO 3 added (pH 5.8). After C.D.Foy et al., 1974 (84). 

258 



differences may be shown but generally the soil pH levels at which these 
occur must be determined experimentally. Wheat varieties can often be 
effectively screened in unlimed Al-toxic soil (pP 4.0-5.0) vs. the same soil 
limed to pH 5.5 to 6.0, where Al toxicity would not occur. For crops that 
are extremely sensitive to Al, like sorghum and alfalfa (54 and C. D. Foy, 
unpublished data), it isfrequently necessary to add small amounts of lime 
to permit survival of even the more tolerant genotypes. After plants have 
been screened on low lime or high lime soils, those genotypes showing 
extreme differences can be tested more precisely with a range of inter
mediate lime levels to determine the Al-stress level required for 
maximum varietal separations. This condition can then be created or 
approximated in batches of soil used in screening bulk populations. 

Often we have found that when soils have been strongly acid for many 
years, liming them to pH 5.5 or above reduces yields of several species, 
including wheat, barley, and soybeans. This probably results from micro
nutrient deficiency or unavailability. If such problems occur at the lime 
level designated as the "no Al" treatment, then they must be diagnosed 
and corrected before Al tolerance can be accurately determined. 

Rating system. In rating plants for Al tolerance, we use both the 
absolute growth on low and high lime treatments and the relative growth, 
expressed as low lime/high lime percentage. The relative growth value is 
necessary when comparing varieties that differ widely in growth habits, as 
for example tall and semidwarf wheat varieties. 

Fertilizer addition. Whether we use small pots or soil flats, we fertilize 
the soil generously, usually with 100, 109, and 137 ppm of N, P,and K, 
respectively, added as NH4NOa and KH2PO4 in solution and mixed with 
the entire soil. Even when screening legumes, we add 100 ppm N to avoid 
the complications of symbiotic N-fixation. Our reasoning is that first, we 
want to determine the direct rcsponse of the host plant to Al. If the 
uninoculated plants, in the presence of abundant mineral N, cannot 
survive the initial Al toxicity imposed by the acid soil, then they, can never 
reach the growth stage at which symbiotic N-fixation becomes a limiting 
factor. However, after legume genotypes which tolerate Al in the pre
sence of abundant mineral Nare found, these 'hould also be tested under 
conditions where they must depend upon symbiotic N-fixation for a large 
part of their total N supply. This isespecially true for legumes to be used 
in grass-legume pastures which receive little or no N fertilizer. Prelimi
nary studies in pots of Al-toxic Bladen soil at Beltsville have indicated that 
the difference in Al tolerance between 'Perry' and 'Chiet' soybeans was 
about the same in inoculated-N treatments and in non-inoculated, 
N-fertilized treatments (C. D. Foy and 1. E. Devine, unpublished data). 

In many acid soils, the effects of Al and P on plant growth are very 
difficult to separate. In some strongly acid soils and for some plants P 
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fertilization seems to substitute for lime (181 and W. V. Soares, personal 
communication). In others, like Tatum soil from Virginia, adding 224 kg 
of P/ha without lime does not increase the root growth of either Al
tolerant 'Thorne' or Al-sensitive 'Redcoat' wheat. Lime alone equalized 
the growth of the two varieties and was better than P alone, but both lime 
and P were required for best growth (C. D. Foy, unpublished data). 

Surprising results. Research on Al tolerance often produces surprises. 
A few will be mentioned to emphasize the need for care in selecting or 
modifying the screening media. Ten years of studies at Beltsville showed 
that Bladen soil produced Al toxicity, but not Mn toxicity, in a wide range 
of crops. Thus, Brown and Clark (3(6) used Bladen soil as an Al-screening 
medium for inbred lines of corn. The differential tolerances of certain 
inbreds to the acid soil were first attributed to Al toxicity; however, their 
tolerances to Al in nutrient solution were exactly opposite to those on the 
acid soil. Subsequent plant analyses and soil fertility studies showed that 
the sensitivity of one inbred (Pa36) to the acid soil was caused by Mo 
deficiency, rather than Al toxicity. The Mo-inefficient inbred (Pa36) was 
more tolerant to Al in nutrient culture than the Mo-efficient (WH) line. 

Tatum soil (pH 4.3-4.6) in Virginia is high in exchangeable Al and has 
been used to screen wheat and barley varieties for Al tolerance (172, 173). 
This soil does not produce Mn toxicity in wheat and barley. The Manteo 
soil (pH 4.5), which occurs adjacent to Tatum, is also high in Al but, in 
addition, is slightly higher in Mn. On one occasion, we mistakenly col
lected Manteo instead of Tatuim and used it to screen cotton varieties for 
Al tolerance. Plants had stunted, dark green tops and st unted roots, which 
did indicate Al injury, but also they developed "crinkle leaf," the classical 
symptom of Mn toxicity. Varieties of cotton differed in the severity of 
symptoms and in growth reductions on the unlimed soil. Later studies in 
nutrient solutions and on a Zanesville soil, which was known to be high in 
available Mn, showed that the leaf symptoms developed on Manteo soil 
were due to Mn toxicity and that cotton varieties differed in sensitivity to 
this disorder (80). Hence, Manteo soil produced both Mn and Al toxicity 
in some cotton plants and is, therefore, unsuitable as a screening nedium 
for this species. However, Manteo soil might be used to screen other 
species for Al tolerance, like oats and wheat, because these species are 
more tolerant to excess Mn than cotton. 

Brown and Foy (37) found that when acid Bladen soil was limed to pH 
5.0 or above to reduce Al toxicity, barley plants developed a rolling of 
young leaves. The problem was prevented by adding CuSO4 * 5 H,O to 
the soil, and Ca4" studies showed that the symptom was associated with a 
failure of Ca to move from old to young leaves. We concluded that Cu was 
required for Ca transport in barley. Subsequent studies showed that 
wheat developed the same symptoms and that varieties differed in suscep
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tibility to the disorder (32). Brown (33) also found that one corn inbred 
line (ysi/ys) developed Fe-deficiency chlorosis oil Bladen soil even at pH 
5.0. The Pa54 line was much more resistant to this disorder. The leaf 
symptoms in certain soybean varieties grown on acid, Al-toxic, Bladen soil 
(pH 4.8) resembled those of Fe-deficiency chlorosis (15). Here, the appar
ent Fe deficiency was probably induced by excess Al, as has been reported 
for wheat and barley (161). 

Use of paired indicator plants. Aluminum toxic;, produces a range of 
symptoms in the tops of different plants-including small, dark green 
leaves, stunted growth, delayed maturity, a purpling (which resembles P 
deficiency), wilting, and induced deficiencies of Ca (rolled young leaves in 
barley and wheat and petiole collapse and chlorosis in soybean) (Fig. 2). In 
spite of these variable symptoms, we successfully used several pairs of 
Al-tolerant and -sensitive varieties as indicator plants to show that Al 
toxicity is a growth-limiting factor in soils (131). These included 'Dade' 
(Florida) and Romano' (California) snapbeans, Dayton (Ohio) and Kear
ney (Kansas) barley, and Atlas 66 (N. C.) and 'Thatcher' (Minnesota) or 
Monon (Ind.) wheat varieties. Such variety pairs are useful, with soil 
chemical tests, in determining the suitability of a soil as an Al-screening 
medium. 

MANGANESE TOI.ERANCE 

Soils used to screen plants for Mn tolerance nust first contain sufficient 
total Mn to be potentially Mn toxic, or they must be treated with sufficient 
Mn to meet this requirement. Second, the soil pH must be high enough to 
eliminate Al toxicity but low enough for natural or added Mn to remain 
soluble long enough to conduct an experiment. The soil pH at which 
these conditions are met varies with many other soil conditions and, 
generally, must be determeind experimentally with indicator plants, 
coupled with soil chemical analysis. Soils containing naturally high NI n 
levels occur in such areas as the loessial hills and terraces of western 
Tennessee, southeastern Arkansas, and southern Indiana, in the Pied
mont Region, and in the U.S. Gulf Coastal Plains (4, 72). Soil series that 
have produced Mn toxicity in 'Buffalo' alfalfa, include Zanesville (pH 
4.9), Loring (pH 5.3), Dundee (pH 4.8), Calloway (pH 5.4), Cecil (pH 5.2), 
Johnsburg (pH 5. 1), and Waynesboro (pH 5.2). Decatur (pH 5.5) and 
Vaiden (p-1 5.8), both of which contained high levels of'exchangeable Mn 
(IA' NH4OAc, pH 7.0), did not produce Mn toxicity in Buffalo alfalfa 
(72). The lack of toxicity, accompanied by low Mn uptake by alfalfa on 
these soils, was attributed to higher Ca levels in the soils, which would 
compete with Mn for uptake. 
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Figure 2 Differential expressions of Al-induced Ca deficiency or transport disorders. 
Top: Al-sensitive Kearney and Al-tolerant Dayton barley varieties grown Infield plots of 
an exposed A2 horizon of Ruston soil (pH 5.2). Bottom: Al-sensitive Chief and Al
tolerant Perry soybean varieties on Al-toxic Bladen soil (pH 4.4). After Long and Foy,
1970 (131); Foy et al., 1969b (81). 
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In the soil regions mentioned above, many soils seem to equilibrate at a 
pH of 5.0 or slightly higher. In this range natural or applied Mn is soluble 
in concentrations that are toxic for sensitive plants, but Al toxicity may be 
minimal or absent, depending upon the plants, soil type, and soil man
agement practices used. For example, we have used Ruston soil (Arkan
sas) at pH 5.3 with natural Mn, and at pH 5.1 with 100 ppm Mn added as 
sulfate, to screen barley varieties for Mn tolerance (C. D. Foy, unpub
lished data). Zanesville and Richland soils (pH 4.7-5.0) have been used to 
screen cotton varieties for Mn tolerance (unpublished data, Fig. 3). One 
Zanesville soil used at pH 4.7 contained 73 ppm exchangeable Mn (ex
tracted with IN NH4OAc at pH 7.0), 0.18 meq KCI-extractable Al, and a 
CEC (N H4OAc) of 6.9 meq/ 100 g of soil. 

Figure 3 Differential Mn tolerance intwo cotton varieties on Zanesville soil. Left: Rex 
Smooth Leaf with no lime (pH 4.4) and 3,000ppm CaCO3 (pH 5.5). Right: Acala 4-42 
with no lime (pH 4.4) and 3,000 ppm CaCO3 (pH 5.5). Rex Smooth Leaf was developed
on the acid, thrh-Mn soils of Arkansas and Acala 4-42 on near-neutral or alkaline soils 
of California. After Foy et al., 1969a (80). 

Levels of exchangeable Mn required for toxicity vary with plant species. 
In several Mn-toxic soils, growth of Buffalo alfalfa was maximized by 
reducing the exchangeable Mn levels (extracted with IN NH4 OAc at pH 
7.0) to about 25 ppm. Toxicity was noted at about 50 ppm Mn or above 
(72). Details concerning critical levels of Mn in soils and in different plant 
species and varieties are presented in a recent review (73). 
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SCREENING IN NUTRIENT SOLUTIONS
 

AwIUMINUM TOI.ERANCE 

In s(-recning plants for AlI tolerance, somie imiportant factors to consider 

are pH and levels of Al, P, and Ca. Reid (personal communication) found 

that barley varieties could be separated at pH 4.8 or lower but not at pH 

5.0 or above. A full-strength Steinberg solution contains 31 pptii 1, which 

will precipitate and dietoxify Al levels normally found in acid, Al-toxic 

soils, even when the solution pH ias low as 4.0 (78). Precipitation of Al by 

excess P is almost quantitative at pl-I 5.0. Differences in Al tolerance 

along soyl)ean varieties and corn inbreds are smaller at high Ca than at 

low Ca levels in itt erict solutions (81 and R. D. Rhue, personal communi
cation). Fot these reasons, we use dilutel solutions contaim ing 2 to 4 ppm 

P, and 50 ppm Ca or less. The recipe for preparing these solutions is given 

in detail elsewhere (82), and various moodifications of it will be discussed by 
Reid and by Campbell and Lafever (Ihis volume). These solutions are also 
being modified by Dr.Jim Elgin of the Field Crops Laboratory at Beltsville 
to screen alfalfa populations for Al tolerance. 

MANGANESE TOI.-RANCE 

For Mn screening we usea 1/5 Steinberg solution with initial pH 4.5 to 

4.6, modified to contain different Mn levels (80). Dr. Steve Baenziger of 
(ie Field Crops Laboratory at Behsville is further modifying these solu
tions in screening barley varieties for Mn tolerInce. 

DISCUSSION 

In certain wheat and barley varieties, Al tolerance determined in pots of 

Al-toxic Bladen or Tatum soil in greenhouse or growth chamber, and in 
nutrient culture, has been confirmed in field studies, even with grain 
yields (126, 172, 173). In some varieties of snapbeans, we also found 
excellent agreement between tolerance ratings on Bladen soil and toler
ance to Al in nut riez.t solutions. However, other snapbean varieties, which 
show differential tolerances to acid Bladen soil, (1o not differ in their Al 
tolerance in nutrient solution. 'hus, for some varieties the Al solutions 
can accurately represent the acid Bladen soil conditions, biut in others they 
cannot. Similiar difficulties have been encountered witi certain cotton 
varieties. Several possible explanations have been considered. First, nu
rieit solutions differ from soils in maly ways, particularly iti regard to 
lie posit ional availabilities of P and Ca, which are rather i mobile ill soils, 

Il soils, the plant roots ilist grow to maintaitn atn adeqluate su pply oft hese 
nutrients, but in nutrient solutions thiese elenients atre at least soluble and 

264
 



positionally available, if the physiology of the root has not been damaged 
so ,isto preclude uptake and use. In some genotypes, this ready avail
ability of Ca and P could decrease the toxicity of Al b) reducing its 
interference in the uptake and/or metabolism of these elements. In this 
connection, Perry and Chief soybeans differed more widely in Al toler
ance at low Ca levels than at high Ca levels in nutrient solutions (81).

The lack of correlation between plant tolerances to Al-toxic acid soils 
and Al-toxic nutrient solutions could also be explained by growth-limiting 
factors other than Al, e.g. Mo unavailability (36). Another possible expla
nation is that Al tolerance in different varieties of the same species may be 
of different kinds, controlled by different genes, through different 
biochemical pathways. If such pathways involve the uptake of Ca and R, 
then the ready availability of these elements in nutrient solutions might 
mask varietal differences in Al tolerance. In wheat, we have been able to 
separate varietal differences in Al tolerance about equally well in tanks of 
nutrient solutions containing either 0.05 or 3 ppm P (Fig. 4); however, the 
growth of both Al-tolerant and -sensitive varieties is higher for the higher 
P level (C. D. Foy, A. R. da Silva, and W. V. Soares, unpublished data). 

Some physiological properties that plants express when grown in nutri
ent solutions may be useful in screening genot ypes for Al or Mn tolerance. 
For example, there is considerable evidence that Al tolerance among 
certain varieties of barley, wheat, rice, and weeping lovegrass (74; C. D. 
Foy and A. L. Fleming, 1976. The physiology of' plant tolerance to 
aluminum and manganese in acid soils. Paper for symposium "Crop 
Tolerance to Sub-optimal Land Conditions," Ann. Mtg. Am. Soc. Agron., 
Houston, TX, Nov. 28-Dec. 4, 1976; and Fo' and Fleming, unpublished 
data) is associated with the ability to increase the pH of their nutrient 
solutions (Fig. 5). When such changes occur within a few days after seed 
germination, the) may be useful as screening tools. Anot her physiological 
property associated with Al tolerance is root-phosphatase activity in cer
tain corn inbred lines (44) and wheat varieties (A. Fleming, unpublished 
data). In screening for Mn tolerance, pH changes and oxidizing reactions 
in root zones may be useful, since an increase in either would decrease the 
solubility and toxicity of Mn. Additional details concerning the physiology 
of Al and Mn tolerance are given in a current review (Foy and Fleming, 
1976, op cit.). 

CONCLUSIONS 

Both Al and Mn toxicities are important growth-limiting factors in 
many acid soils. Plants can be effectively screened for specific tolerance to 
either factor, if care is taken to provide proper stress levels ofeach without 
the confounding effects of the other. For Al screening, soils should be too 
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Figure 4 Differential Al tolerances of wheat varieties in fish tanks (40 liters) of a 
modified 1/5 Steinberg solution containing 3 ppm Pand adjusted daily to pH 4.5. Top:
Thorne, Redcoat, BH 1146, Sonora 63, and IAS 55 with 3 ppm Al added. Bottom: Same 
varieties with no Al added. All plants 12 days from seed. C.D.Foy, A.R.da Silva, and 
W V.Soares, unpublished data. 

low in total Mn to produce Mn toxicity in sensitive plants, even at pH levels 
of 5.0 or below. For Mn screening, soils should be high in total Mn and 
within the pH range of 5.0 to 5.5, where Mn will be soluble in toxic 
concentrations and where Al toxicity will be minimal or absent. 
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Figure 5 Differential responses of wheat varieties to Al when grown in separate 8 liter 
containers of 1/5 Steinberg solution at initial pH 4.5. Left: BH 1146 and Sonora 63 with 
no Al added. Final pH 7.1 and 7.4. Right: BH 1146 and Sonora 63 with 2 ppm Al added. 
Final pH 7.2 and 4.0. Note that OH 1146 gives a positive response to Al and increases 
the solution pH; Sonora 63 gives a negative Al response and decreases pH. C.D. Foy, 
A. L. Fleming, and M.C. McCloud, unpublished data. 

Because Al is a constituent of soil clay minerals, Al toxicity is theoreti

cally possible in most, if not all, soils and can occur when the soil pH 

decreases to levels low enough to cause the clay mineral structures to 

decompose (getierally below pH 5.5, but particularly below 5.0). When 
this point is reached, some of the Al, formerly a part of the clay particles, 

migrates to cation exchange sites on clay surfaces and into the soil solu

tions. However, some soils do not contain sufficient total Mn to produce 

toxicity even at pH values below 5.0. On the basis of total acreage in

volved, Al toxicity is probably more important than Mn toxicity, but 

because some soils contain toxic levels of both Al and Mn, and because 

plant tolerances to the two factors do not necessarily coincide, it may be 

necessary to develop plant genotypes with high tolerance to both. 
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Screening Barley for Aluminum Tolerance 

D. A. Reid 

Several methods have been used successfully for determining differ
ences among barley cultivars and selections in their response to Al. A 
number of investigators have found good agreement between response to 
Al in controlled nutrient solutions and response to low pH in soils (172,
193, and Slootmaker and Reid, unpublished data). For this reason, both 
types of tests will be described in this review. 

FIELD AND GREENHOUSE SOIL SCREENING 

In preliminary tests in the field with artificially induced pH values of 
5.5, 4.3, 3.9, and 3.7, Van Essen and Dant uma (200) found that most 
varieties and selections showed greater yellowing, less tillering and 
growth, and a reduced root development with decreasing soil pH values. 
They recognized the difficulty of controlling field soil variability, and 
developed a greenhouse method by which it was possible to accurately
determine varietal response to low pH. They used a mixture of two parts
sandy soil to one part peat dust and adLjusted this mixture to pH of' about 
3.1 with sulphuric acid. The amount of' acid needed to differentiate 
varietal differences was found to vary with the soil structure, tempera
ture, and water supply. The soil p-I showed a tendency to increase over 
time, and acid was added when needed to maintain desired soil pH. An 

2 I 2area 0.6 m on a 4 tablet (flat) in the greenhouse was satisfactory for 
testing 250 strains in two weeks' time. Three replications of 15 piants each 
were grown and after two weeks, the root development was classified on a 
scale of' 1, 3, 5, 7, and 9 (1 = very good; 9 = very bad). They tested 670 
varieties and found 61 varieties to be very good or good on their scale. 
Varieties previously recorded in tile literature as being tolerant were also 
tolerant in their tests, and sone tolerant varieties were known to be 
productive under conditions in the Netherlands. 

Slootnmaker and Arzadtun (186) used essentially the same method just
described in a breeding program to select tolerant plants from segregat
ing progenies for backcrossing. They found that their classification of 
tolerance based on root development was closely correlated with the 
development oft he above-soil part of the plant. The adverse effect to low 
pH was most apparent in reduction oftillering and number of kernels per"
spike. Low soil pH had less effect oui 1,000-kernel weight. Selecting for 
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low pH tolerance in the seedling stage was very reliable in their breeding 
program. These researchers reported that tolerance to low soil pH could 
be combined with an overall favorable genetic background. 

In Denmark, St 1cn (192) used a field met h1|od of selecting barley for 

low pH tolerance by establishing the desired pH level through spraying 

the soil with diluite sulphuric acid. The amount varied with lthe soil type. 

On well-fertilized clay loam soils, differences in tolerance were not evi

dent at a pH as low as 4.4. Below this value, yield of non-tolerant varieties 

decreased rapidly and approached zero at pH 3.5, but tolerant varieties 

still continued to give high yield at this low pH. On hutimus soils, the grain 

yield of non-tolerant varieties was about Imetric toil per ha less than yield 

of, tolerant varieties. Yield of non-tolerant varieties was reduced due to a 

slight decrease in number of' plants (stand), a great redcuction in number 

of spikes, and to some extent, by lower kernel weight. More recently, 
Stolen (193) grew barley ill plastic pots 18 cm iil diameter and 23 cm high, 
containing 8 kg of' air-dried soil. He used a soil mixture of the f'ollowing 
texture: clay 14'7 , silt 14%/, fine sand 52% , and coarse sand 20%. The pH 
was lowered by addit ion of' 0. IN H2S0 4. Final adjustment was made by 

adding more acid and alumiinum sulphate [A12(SO4):I' 18 H201 to give a 

pH v'alue (experimentally determined) of* 4.5. Other nutrienits were 
added as necessary For adeqattc plant growti. T'he correlation between 
the total yields of' F.1 populations grown in pots (pH 4.5) and the corres
ponding F., populations grown ill the field at pH 4.6, 5.2, and 7.0 was 

+0.73, +0.50, and +0.35 respectively. He concluded that it was possible 
to breed varieties tolerant to low soil pH and that the ililieritance was 
relatively simple. He also stated that the pH tolerance of the varieties lie 
used might possibly be due to available aluminum levels in the soil. 

Winter barley varieties and selections were successf'ully classified for 
their response to Al in field plots and greenhouse soil experiments (173). 
Field tests were conducted oti ai acid, Al-toxic soil which had ai average 
pH of,4.83, a cation exchange capacity (IN N 14OAc) of 10.3 meq per 10 
g, andi a KCI-extractable Al content of 1.85 tieql per 100 g. The field was 
utnifornily treated with 560 kg/ha of' 10-10-10 fertilizer before planting. 
Thirty barley strains were planted ili a split plot arrangement of' four 
replications wit h tree levels of lime: 0, 500, and 3,000 ppm. Grain yields 
were obtained. At harvest. soil pH Values were 4.6, 4.7, and 5.4 fotr the 0, 
500, and 3,000 1ppm limie rates, respectively; corresponding KCI

textractable Al levels were 1.19, 0.89, ano 0.06 meq/100 g soil. A wide 
range of' Al tolerance was observed as measured by grain yield oti no-lime 

plots expressed as percent of' the highest yield on either of' the other two 
lime rates. 

The same 30 strains were grown iii a replicated greenhouse soil exper
iment using a woodland soil which (before fertilizer and lime were added) 
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had an average pH of"4.50 and contained 5.56 meq of KCI-ext ractable Al. 
The basic fertilizer treatment was 100, 109, and 137 ppm of' N, P and K, 
respectively,added as NH.,NO:i and KH.PO4. ime was added at the rates 
of 375 ppIm (low) and 3,000 ppm (high). Twentv plants were grown in 
each pot in 3.632 kg soil and watered with distilled water. Plants were 
harvested 50 (ays after seeding; roots were washed out an(l ootsand tops 
were weighed separately. At harvest, the average soil pH values were 4.33 
and 5.78; the average KCI-ext ractable Al levels were 4. 12 and 0. 19 mie I 

per 100 g soil F'r the low and high lime rates, respectively. Yields of 'oots 
and tops from the low lime treatment were expressed as a percentage of' 
the corresponding yields from the same variety on the high linie treat
ment. Correlation coefficients between root and top yields were r = +0.93 
for the low lime rate and r = +0.71 for the high lime rate: both were 
significant at the 117 level. It was concluded that barley varieties can be 
effectively screened for Al tolerance by growing them in an Al-t xic soil 
for 7 weeks and measuring the dry weight of' the plant tops only. 

Colparing the field and greenhouse methods, in general, tile most 
tolerant varieties tested ranked high, and the least tolerant varieties 
ranked low in boti greenhouse and field tests. Correlation coefficients 
were dletermined between root or top weights in the greenhouse and 
grain yield from the corresponding field ireatment as follows: 

G;nenhiniv Firhl IWl 1/u 1] 

Root weight. low lime Grain .yield,no lime +0.77 * 
Top weight, low lime Grain yield, no lime +0.6(6 
Root weight, high lime Grain yeild, high lime +0.0 10 NS 
Top weight, high lime Grain yield, high lime +0.033 NS 

Highly significant positive co'rrelations between yield in the field and 
greenhouse ii ider condit ions in which soluble aluminum was known to be 

the growth-limiting factor show that greenhouse selection will be highly 
effective in determining field performance under similar conditions of 
pH and soluble Al in the soil. 

COMBINING SOIL CULTURE AND
 
NUTRIENT SOLUTION SCREENING
 

MacLean and Chiasson (134) comparedi two commercial spring barley 
varieties commonly grown in eastern Canada in greenhouse soil experi
ments and in nutrient solution. The soil used (Caribou loam, pI 4.9) was 
high in soluble Al. It was selected from a field where prodluctiol problems 
had been encountered. They treated it with calcium hydroxide to give pH 
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levels of 4.9, 5.2, 5.4, 5.8, and 6.4. Aluminum in the form of aluminum 
chloride was added at rates of 0, 100, 200, and 400 mg/kg. N, P, and K 
were uniformly applied at rates equivalent to 30, 23, and 42 mg/kg 
respectively. Dry matter weights of the two varieties ('Charlottetown 80' 
and 'Herta') were recorded 48 days after emergence. Charlottetown 80 
yielded more than Herta, in both field and greenhouse experiments. 
However, Herta showed no symptoms of a nutritional disorder as had 
been experienced in the field. With increasing rates of Al, both varieties 
showed symptoms of phosphorus deficiency, but it was much more pro
nounced in Herta. Lime had no effect on yield in the absence of' Al, but 
application of lime increased yields when Al had been applied. In the 
nutrient solution test, Al concentration had a marked effect on yield of 
tops and roots, with the effe(:t being more pronounced on Herta. Overall 
root yield was closely correlated with top yield at 21 days. They concluded 
that the two varieties possessed differential tolerance to Al. 

The same two cultivars were used to study Al tolerance in nutrient 
solution, peat culture, and soil culture by MacL.eod and Jackson (135). 
The Inajor elements in their nutrient solution were: KNO:, 0.0012 M; 
Ca(NO:i).,, 0.0012 M; MgSO4 •7 H2O, 0.005 il; KH.,PO4,0.00025 Al; Fe, 
0.5 ppm; Mn, 0.5 ppm; Zn, 0.05 ppm; (iu, 0.05 ppm; Mo, 0.02 ppin; and 
B, 0.5 ppi. These were added at one-quarter the recommended concen
trations to reduce the degree of removal of Al ions. Aluminum was 
supplied at concentrations of' 0, 4, 6, 8, 10, and 12 ppm. The pH was 
adjusted to 4.3 wit It ICI or NaOH. Plants were suspended over 600 ml 
beakers with roots in the solution, which was continuously aerated 
tlrough capilla iv glass tubing. '[he solution was changed every 24 hours. 
Roots and tops were harvested at 20 and 30 days after seeding. 

In the peat culture, barley was grown in plastic containers in a medium 
of' sphagnm peat limed to pH values of' 4.3, 5.5, and 6.2. The peat 
miedium was fertilized at the rate of' 56 kg/ha of' N, 56 kg/ha of K, and 28 
kg/ha of P,applied in solution. Aluminum was addcd as AICh at each pH 
level to provide 0, 3, i. and 12 ppm Al. Micronuitrients were supplied with 
the same solution used ill nutrient culture. Moisture was supplied to a 
predetermined weight. Tlbps and roots were harvested when the plants 
were 24 days old. 

For the mineral soil culture, the soil was taken from fields, some tin
limed and some limed over a 10-year period. Soil pH values were 4.7 
(uilinied) aid 5.5 (limed), each at two previous fertilizer levels. A fifti soil 
was limed to pH 6.5. All pots were fertilized with 56 kg/ha of N, P,and K in 
solution at planting time. In all three methods when Al was added, and 
the pH was low enough to keep Al in solttion, it was possible to separate 
Charlottetown 80 (tolerant) and Herta (non-tolerant) by their root and 
top yields. 
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NUTRIENT CULTURE SCREENING 

A method was developed to screen barley populations and individual
plants for Ai response in nutrient cuihtire (172). In stnmary, the method 
consisted of using standard aquariums approxmatelv 77 x 31 x 3 1cm
which were fitted with removable black plastic trays. Five trays about 15 x30 cm in size were constructed for each tank, allwit g a 2 or 3 mm space
around each tray. Forty-eight seed holes about S mim in diameter were 
drilled in each tray on 30 mm centers, anld each hole was countersunk,
corresponding to tihe general shape oft he seed. Each tray was drilled with
2 holes, 17 mm in diameter for suspending aeration stones ill the solution. 
A removable frame of 13 mm "hardware cloth" was used to support the
plant tops (Fig. I). The modified Steinberg solution used in this test was 
Fpreviously described (82, 172) and is repeated here for convenience.Concentrations of elements, ili ppm, were :50.8 Ca, 6.6 Nig, 56 N (51.9 as
NO:- and 4.1 as NH4i ), 3.8 S (as SO4- ), 29.4 K, 0.0 1 Na, 3 1,0.34 0,0.13
Mn, 0.07 B, 0.04 Zn, 0.01 Cu, and 0.005 Mo. Iron was added separately at
I ppm Fe (half as FeEDIA and half as FeSO4) from freshly pie pared
solutions. Distilled water was used throughout. Aluminum treatments 
were 0 and 4 ppm Al, added as AIK(SO 4)., • 12 H20. The solution was
adjusted to pH 4.8 initially atid iwice daily thereafter, as necessary, with
0. IN NaOH or 0. IN H2SO4. The surfaice of the so>lutiot was kept ittIle 

*M It r 

Figure 1 Tray used for supportin6 olants Innutrient solution. 
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bottom of the trays by the addition of distillecd water as needed. Each tank 
contained 44 liters of solution and provided a ratio of 185 ml/plant. The 
solution was prepared a (lay or two before planting and adjusted to pH 
4.8. Seeds were germinated in distilled water at room temperature for 18 
to 22 hours, or until the radicle first penetrated the pericarp, and then 
were placed in individual seed holes. Testing was done either in controlled 
greenhouse or growth room at 18 to 22 C; slightly higher temperatures 
for short periods were not detrimental. Length of day, within limits, is not 
critical; a 12-hour day is satisfactory. 

The same 30 varieties and selections which were previously tested in the 
greenhouse and field (above) were tested in nutrient solution at 0 and 4. 
ppm Al. The root growth of five varieties is shown in Fig. 2. After 18 days 
in solution, the total number of roots and lie maxiniun root length were 
recorded. Roots and tops were separated, oven-dried, and weighed. 

4 C 0 C 0 

A C D A 

Figure 2 Roots of barley varieties innutrient solution. Left half with 4ppm At; right half 

without Al. Top to bottom, same trays, each half at 1,3,5,8,and 11 days old. Varieties (2rows each): A-Smooth Awn 86, B-Colonial 2, C-Hudson, D-Kearney, E-Dayton.
From Reid et al., 1971 (172). 

Highly significant correlations were found between root length and 
weight (r = +0.93), root weight and number of roots (r = -0.76), and root 
length and number of roots (r = -0.83). The 30 varieties ranked in the 
same general order for tolerance in Al-toxic nutrient solution and in the 
previous greenhouse soil tests. The highly significant correlation ob
tained between root weight in solution and in soil was r = +0.75. 
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DISCUSSION 

The methods reviewed show that there are several alternative ways 
which can be used effectively to screen barley plants for tolerance to A] 
and/or low pH. There are advantages and (lisadvantages of each met hod. 
There are some general considerations which might be helpful in avoid
ing problems in screening procedures, regardless of the method used. 
The expression of tolerance may vary according to the total genietic 
background of the particular strain. It is advisable to use check varieties 
frlequently for comparison - both for known tolerance and for known 
non-tolerance. The non-tolerant plants are usually more positively iden
tifiable than those whici are intermediate or highly tolerant, alhough the 
expression of' non-tolerance may have somewhat differeint characteristics 
depending on genotype. 

Differences in growth rate or habit inay affect the identification of 
response, and it may be necessary to compare some lines in both non-toxic 
and toxic mediums. lf soil is used, it must be characterized foir its chemical 
and physical properties in order to determine what nutrients are lacking 
for normal plant growt ih,and that there are no excess elements (such as 
Mn) whose effects might be confused with Al injury. The pH of' the 
medium must be maintained so that Al will not be precipitated. 

When Al-tolerant lines are identified, it will probably be desirable to test 
under gradually more toxic regimes to determine if there are some 
tolerant lines which can withstand even higher levels of toxicity. 

The methods reviewed herein will no doubt be improved, but they may 
serve as it starting point for those initiating mineral toxicity-plant 
genotype studies. 
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Correlation of Field and Nutrient Culture Techniques 
of Screening Wheat for Aluminum Tolerance' 

L. G. Campbell and H. N. Lafever 

The effects of aluminum on plant growth and the differential response
of species and cultivars to high aluminum (Al) have been documented by 
numerous reports (74, 76). In 1960, Neenan (153) reported a differential 
response of wheat [Trilicum ae.%ivum (..) em Thell.] cultivatrs to Al and 
suggested ilt the adaptahilit v of certain cutllivars to st rongly acid conldi
tions was due to their ability to tolerate high levels of free Al. Since that 
time nunmerouS investigations of the lange of Al tolerance withiln wheat 
and indications of' its role in cultivar adaptation have beenl contlucted. 
Observations have indicated that cultivars developed ill regions witl
 
strongly acid soils oft en possess high levels of 
 AlI tolerance, while those 
developed in other regions seldom posscss this trait. Il studies involving
cultivars from different countries, either Brazilian culiivars or cultivars 
with Brazilian liles in their parentage have generally shown high levels of 
Al tolerance (77, 14 1). Levels of'A Itoleratce withiin soft red wilter wheat 
cultivars developed in the United States are also closely linked wit Ihregion

of origin (84).
 

Most reports have indicated considerable cultivar differeice ill re
sponse to Al. ho et al.(84) found lines with varying degrees of" Al
tolerance; however, fhe designiation of distitict classes was (ifficnit . Ker
ridge et al1. (122) separated cuhl'ivars lito three tolerance classes, while 
Mesdag and Slootmaker (1.1) used five categories of toleratice fbr clas
sifying lines for Al tolerance. This evidence suggests that Al toleratnce is 
not simply inherited ill wheal and that considerable natural selectiott has 
occurred ill ateas wit h st roigly acid soils (84). 

Because ofthe complexities atld (liffichill is involved ill cowitlollilig an(I
measurinlg omplex soil properties, much of the work with Al ilerance 
has been conducted either ill greenhouses or by use of' l1tilrienlt solutlioti 
techniques. Reid et al. ( 173) fond that grain vields of I)arlcv (lhmoh,um
vt1lgarr L.) frot field plots receiving no lime were significanthlv correlalued 
with greenhouse resu ls with 11o litte added; however. there was no 
significant correlation lt 1weeli the salle measurements at tle high lime 
levels. Selection for Al tolerance in a helerogetteous populatiot on acid, 

'Approvdl 1,6t l Joirniptittali I~ ;,s Arlct.No. I 75-71oo t-()tiio Agtii tth alt Rtstrch 

aInd Devclop m (;!,ni'r,W,(si,, ()11+Wi917 
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Al-toxic soil in the field was demonstrated. Howeler and Cadavid (104) 

found that nutrient solution techniques could be used to characterize field 

response in rice (Oyza saliva L.). Relative root length values of 240 
at low lime levels incutivars were correlated with grain yields obtained 

the field. 
Most of the above investigations suggest that selection for Al tolerance 

is of major imlportance in maximizing production in some regions. Even 

in areas where liming is commonly practiced, Al tolerance may be a 

valuable trait since it is often very difficult to control pH throughout the 

potential root zone. The rapid nutrient solution screening methods facili

tate screening large numbers of plants and eliminate some of the com

plexities involved in field studies. This study was initiated to establish the 

validity of nutrient solution screening techniques for predicting field 

response and to determine the range of Al response in soft red winter 

wheat cultivars and promising experimental lines. 

MATERIALS AND METHODS 

Forty-three cuhivars and experimental lines were examined in field 

plots in 1973, 1974, and 1975 and in nutrient solution culture. Pedigrees 

of the experimental lines, their region of origin, and response to high 

aluminum in greenhouse and nutrient solution studies have been pre

sented previously (77, 8,4). All liles designated "TN" are experimental 

lines from the breeding program at the Ohio Agricultural Research and 
as TN 1542Development Center. 'Ruler' (CI 17314), previously listed 

(84), has since been named and released. 
The cultivars were livided into two groups to facilitate field studies. 

The first group (Group I, Table 1) included cultivars and experimental 

lines of greatest interest (fue to their widespread production or high yield 

potential. These cultivars were subjected to three lime levels to control pH 

and thus available Al. The three lime levels applied in strips across the 

field prior to planting in 1972 were 0 (no lime), 0.56 (low lime), and 2.24 

metric ton/ha (high lime). Prior to planting in 1973, 0, 0.56, and 1.12 

metric ton of additional lime per hectare was applied in st rips correspond

ing with the previous year's treatments to adjust pH to the desired levels. 

In 1974, 1.12 metric ton of lime per hectare was applied to all previously 

limed plots to again adjust pH values to desired levels. Lime was applied 

one month prior to seeding in all cases and incorporated to a 15 cm depth. 

The only fertilizer applied was 177 kg of 3-28-13 per hectare prior to 

planting the 1975 crop. For the second group ofcultivars (Group II, Table 

) only the no lime and high lime treatments were used in a manner 

similar to that described above. 
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Field studies were conducted near Wooster, Ohio on a strongly acid 
Wooster silt loam with a total exchange capacity of 10.05 meq/100 g soil. 
Soil characteristics were determincl on a compositecd sample composed 
of 30 0-15 cm cores collected within each of the four replications and in 
each lime level. pH levels for tihe no lime, low lime, and high lime rates 
were 4.6,4.8, and 5.2, respectively. (Coiresponlclingexchangeable Al levels 
(KCI,pH 7) in 1973 were 1.93, 1.7 1, and 0.88 meq/ 100 g. At the conclh
sion of tie st udy (spring 1976) soil pH v'alues were similar to those above 
and exchangeable Al levels were 1.16, 0.56, and 0. 12 meq/ 100 g for the no 
lime, low lime, and high lime, respectively. Samples collectcd after three 
years of' liming (I 97(i) indicated only in inor changes had occurrdc in the 
stbsouil (05-30 cm) as a result of the lime t i'eatmnits. pH levels were -1.6, 
4.6, and 4.8 for tile no, low, and high lime rates, respectively, wit li corres
pocnding exchangeable Al levels of' 1.48, 1.15, and 1.13 nclq/ 100 g soil. 
Thc experiienit al design was a modified split plot replicated fout"titnes 

with lime and cultivars arranged ini strips withii a replication. All plots 
were platecd near tile opt imum seeding date with a ursery seeder.Row 
spacing was 30.5 cm. The hairvestecd area was 1.821n11 2 . Yield was the %%-eight 
of'the threshed grain ad justed to i 3.51, moist ure. 'he ratio of)yiced in the 
no lime Ireatntcns to yield in the high litte ireat neints was used as an 
aluminunl sensitivitv inlex. Since a co nparison of' various methods of' 
ranking cultiva's l'r Al tolerance was a major objcctivc of this resea'ch, 
Kendall's rank correlation coefficient, -. (182), was used to compare 
aluminum tolerance rankings obtained from field data with laboratory 
rankings. 

Tihe methocls used for nutri'ient solution evaluations wCrc similar to 
those desc'ibel by Reid et al. (172). Seeds were germinated inpetri dishes 
for 2.5 days at room temperattire; seedlings were then placed in nutrient 
solutions f'oi 10 days. Solutions were maintained near 4.6 pH by twice 
daily adjustments, when necessary. Two levels of aluminum were used; 0 
and 8 ppm added as AIK(SO4)2 •12 H20. All nutrient solution studies 
were conducted in a laboratory at temperatures of 20 to 25 C with artifi
cial light of approximately 16,150 lux provided f'or 12 hours daily. The 
experimental design was a randomized complete block with foiur replica
tions. Four plants of' each cultivar were grown in cach replication and 
values were averaged before they were analyzed. Inclividual plants were 
measured for length of' tile longest root and length of" the longest leaf: 
Roots and tops of' the f'ouri phnts in each replication were bulked, dried, 
weighed, and reported on a per plant basis. The ratio of values observed 
when plants were grown in8 pp"m Al to those grown withopit Al was used 
as an index of' Al tolerance. 

The relationship between the relative yield in the field plots (no lime/ 
high linie) and relative root length in solution culture (8 ppm AI/0 ppm 
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Al) was examined by regressing relative yield on root length. Relative 
values, as opposed to absolute values, were used to minimize differences 
in yield level from year to year and inherent differences not related to Al 
response. 

A root length index based solely upon root lengths ill 8 ppl Al was also 
used as an indicator of aluminuin tolerance. This index eliminates the 
need for growing plants in the absence of' Al, resulting in a 50% reduction 
of labor or doubled screening capacity. Two cultivars representing con-
Irasling responses to aluminum (Thorne, Iolerant; Redcoat, sensitive) 
were chosen as indicator cultivars. An index was calculated by dividingIhe 
root length of an individual cultivar by the average root length of the two 
indicator cullivars. Cultivars with intermediate levels of tolerance (coin
pared to the indicator cultivars) would have index values near one; 
whereas, highly tolerant lines wotld exhibit values greater than one. 
Regression of relative yield on the root length index was used to denon
st rate the usefulness of" he i Hlex as a method of classifying cultivars for 
response to Al. 

RESULTS AND DISCUSSION 

The field data indicated that liming had a differential effect oil yield of 
wheat cultivars (Fig. 1). The high lime rate resulted in pH values of 5.(0 to 
5.6, a level at which a large portion of' the exchangeable Al ions have 
become unavailable for root uptake (49, 120). The largest yield response 
in Group I occurred between the zero lime level and the low lime level 
with corresponding pH levels oft4.6 and ,1.8. A combined analysis of yield 
over years indicated a significant response to years, lime levels, cultivats, 
and tile interactions between cultivars and lime level, and between years 
and lime level for both groups of'cultivars. Years X cultivar and y'ears X 
cultivar X lime level iiteractions were significant for Group I I only. Yields 
of' Group I cultivars ranged froni 1.01 to 10.74 q/ha ill the no lime 
treatment and front 11.90 to 18.68 q/ha in the high lime treatment. 
Group II cuhivars ranged fron 1.22 to 17.10 q/ha under the no lime 
conditions and fr'om 14.07 to 25.20 q/ha with the high lime level. 

The response of individual cultivars to liming is presented in Table 1. 
Yields are reported as deviations from expected values based upon cul
tivar and lime effects (observed yield for an individual cultivar and lime 
level, minus the anount that cultivat differs fron the grand mean, minus 
the amount that lime level differs front the grand mean, minus the grand 
mean) and is relative yields (no lime/high lime). Al-tolerant cultivars 
would be expected to deviate positively fron their expected value under 
the no lime treatment while sensitive cultivars would exhibit positive 
deviations under the high lime treatments. 
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Figure 1 Field plots (3 rows/plot) showing response of cultivars to liming. Plots In the
foreground received no lime (high Al) while those in the background received 2.24
metric ton/ha. Abe (A sensitive) exhibited a vivid response to liming; Seneca (Al
tolerant) was affected to a lesser d.gree. 

Interactions ofcultivar and lime level were also significant for maturity, 
height, and survival in all three yc-irs for Group I and for survival in 1973,
and 1975, and maturity and height in 1974, for Group II. Since thin 
stands often mature later than thick stands, it is probable that the re
sponse of maturity to lime application is the result of the effect of lime on 
winter survival. Winier survival values probably reflect root development 
(heaving tolerance) since even sonic of the less winterhardv types such as 
'Blueboy' and 'Atlas 66' survived relatively well. A differential stunting 
effect of the high Al, as evidenced by relative height response, indicated 
that visual selection could he used to differentiate lines differing greatly in 
response to Al. 

Root lengths in the 8 ppin Al treatment of the nutrient solution study 
and relative root lengths (8 ppm/0 ppm) are presented in lihle 1. Cul
tivar x Al concentration interactions were significant for root length in 
both groups ofcultivars. Cultivars rated as tolerant oti tile basis of' relative 
yield in the field generally had longer roots and larger relative root length 
values in the nutrient solution study', and deviated positively from ex
pected values under the no lime treatment it the field study. 
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Table 1. Cultivar, lime, and lime x cultivar interaction effects (deviations from mean); relative yields (no lime/high lime); and root length in 
nutrient solution culture expressed in absolute and relative values for cultivars included in Al tolerance studies. 

Grain yield Root length 

Cultivar NumberC . ..Cultivar x lime effects. . .. . . ... Cultivar 3-year 17 94 17 p p
No Low High effects mean 1973 1974 1975 

lime lime lime 0ppm 
Group I ----.....--------..---- q/ha ------------------------- ------- no lime/high lime ..... cmFulton 13358 3.18at - 1.36b - 1.82b 2.46AB .671 .793 .555 .791 4.1: .603Thorne 11856 1.93a 0.03b -1.98b 2.84A .631 .849 .446 .675 9.8 1.021Knox 12798 2.43a 0.00b -2.46b 0.01B-D .622 .720 .736 .417 1.6 .174Seneca 12529 0.52a -0.16b -0.35b 3.22A .510 .639 .460 .464 7.9 .718Riley 67 14110 0.25b1.27a -1.54b 0.76A-C .509 .448 .591 .401 6.1 .592TN 1540 - 0.28a 0.82b -1.10b 2.32AB .490 .514 .521 .418 2.8 .326Blueboy 14031 0.36a -0.32b -0.01c 2.55AB .466 .594 .344 .555 7.2 .818Lucas 12990 -0.34a 1.50b -1.19b 2.56AB .451 .496 .392 .533 5.9 .628Knox 62 13701 0.54a -0.54b -0.01c - 1.26C-G .347 .527 .284 .304 1.8 .196Logan 14156 -1.74a 0.18b 1.54c 3.37A .343 .339 .277 .462 7.2 .720Benhur 14054 1.46a -0.88b -0.60c 3.33FG .333 .436 .400 .154 1.8 .173LaPorte 
 12557 -0.09a -0.50b -0.59c -0.79C-F .312 .270 .415 .212 0.8 .118"TN 1649 - - 1.82a 0.77b 1.04c 1.49A-C .302 .369 .337 .176 6.5 .520TN 1403 - - 1.56a 0.59b 0.95c 1.60A-C .300 .218 .323 .356 4.4 .579Ruler 17314 -1.46a 0.21b 1.24c 1.09A-C .295 .416 .212 .315 5.5 .655Vermillion 13080 - 1.34a 1.05b 0.2-b 0.55A-C .283 .224 .294 .347 1.9 .211Redcoat 13170 
 0.01a 0.38b -0.41b -3.14FG .204 .070 .398 .075 1.0 .126TN 1571 - -0.14a -0.16b 0.30c -2.83D-G .197 .079 .265 .186 5.6 .560Monon 13278 0.09a -0.49b 0.38c -2.89E-G .196 .074 .176 .378 1.7Arthur 14425 0.32a -0.68b 0.34c -3.45FG .181 .000 

.172 
.160 .330 3.3 .388Riley 13702 -0.62a -0.58b 0.02b -2.99E-G .154 .138 .145 .189 1.7 .246Reed 13513 -2.69a -0.33b 3.01c -0.14B-E .144 .142 .081 .255 3.6 .268TN 1662 - -0.07a -1.00b . 1.70c -3.95G .078 .117 .088 .035 0.8 .081 

Lime effects -5.91 1.63 4.29 - -  - -Mean 5.64A 13.18B 15.84C 11.55 .349 .368 .343 .349 4.0 .430 



Grain yield.
 .. .. .. . . . ....... . . ... .. 
 Root length
Cultivar CI Cultivar x lime effects

Number Cultivar 3-yearNo Low 8 ppm 
lime 

High effects mean 1 1974 1975 8 ppmlime lime 
0 ppmGroup 11. ... ..... . . q/ha ...... ... ... .. .. . no lime/high lime . .. cm

Atlas 66 12561 3.91 a - -3.92a 4.33A .855Poole 3488 .898 .911 .644 6.5 1.3273.60a - -3.61a 1.45B-E .778 .767Thorne 11856 2.66a .740 .863 7.2 .960- -2.67a 3.51AB .719 .899Fultz 1923 2.33a .393 1.042 8.5 1.037- -2.34b 0.34C-G .675 .962 .559Trumbull 5657 .420 4.8 .6861.32a  -1.31b 1.13B-E .589 .789 .430 .534 7.3Seneca 12529 0.94a .936- -0.93b 2.23A-D .571 .670Pennoll 12755 0.92a - .574 .451 8.2 .976 
TN 1634 

-0.90b 2.25A-D .559 .528 .545 .664- 0.91a 6.8 1.000- -0.90b 1.52B-E .552 .660 .459TN 1618 - .591 6.4 .7900.44a  -0.43b 0.80B-F .488 .535Fulcaster 4862 .346 .771 6.50.75a - .823-0.75b -0.45D-I .483 .471 .438 .603Butler 6.8 .97112527 -0.59a - 0.59b 2.48A-C .477 .614 .360 .457TN 1612 - -0.44a - 6.8 .932 
TN 1640 

0.43b 2.27A-D .471 .660 .243 .731- - 1.75a 5.9 .720- 1.75b 3.53AB .411 .533 .252TN 1639 - .568 5.8 .611- 1.32a  1.32b 1.19B-E .395 .396Fairfield 12013 0.17a .440 .292 3.9 .448- -0.17b -1.89F-J .391 .597 .092 .694TN 1600 - -0.53a 2.7 .351- 0.53b -2.00G-J .331Todd 13110 -0.49a .140 .392 .394 1.4 .184- 0.49b -2.71H-J .327 .463Arthur .213 .346 3.414425 -0.30b .557- 0.30b -2.65H-J .323 .210 .339TN 1549 .449 1.8- -0.91a .250- 0.91b -3.071J .288 .597TN 1584 .074 .358- -3.02a - 1.3 .1863.01b 1.05B-E .279 .253 .236 .442TN 1628 - -2.50a 5.0 .667- 2.50b -0.65E-I .274 .455 .142TN 1627 .254 8.2-- -3.52a 1.079- 3.52b 0.44C-G .256 .433Arthur 71 15282 .162 .193 8.8 1.000-0.98a - 0.97b -4.11J-K .218 .233 .136 .346 1.3Redcoat 13170 .169-0.95a  0.94b -4.34C-H .207 .063 .264 .245 1.3Abe .18315375 -0.90a - 0.89b -6.74K .089 .000 .189 .000
Lime effects -5.53 1.5 .203 - 5.53  - - - -Mean -8.85A  19.92B 14.39 .448 .543 .350 .543 5.1 .671tMeans represented by values followed by the same letterare not significantly different at the 5% level ofprobability; lower case letters are used forlime levelwithin a cultivar,capitals for lime and cultivar means. 
tGroup I LSD.os for cultivarmeans = 1.7; Group II LSD.os = 1.6. 



Comparisons of cultivar rankings from field and nutrient solution data 
are presented in Table 2. Root length appeared to be a more reliable 
measure of Al tolerance than root weight, leaf length, or top weight. Root 
length and relative root length appear to be equally effective; however, 
relative root length is probably more useful since it allows comparisons of' 
data from different studies where absolute values would differ. Relative 
root length appears to reflain fairly constant from study to study and 
extreme deviations, from previously established ratios, by standard cul
tivars is often indicative of procedural errors. Even though relative root 
length is generally a better measure of Al tolerance, absolute root length 
from plants grown in solution containing Al appears ,;uite useful for 
selecting within segregating populations. Correlations for individual 
years were, with one exception, less than those for the three-year means 
(Table 2). The variation in correlation values fron year to year indicated 
(hat effectiveness of field selection for Al tolerance will vary considerably 
depending upon tile year. 

Table 2. 	 Kendall rank correlation coefficents for various measures of aluminum tolerance in 
wheat. 

Grain yield, no lime /high limeNutrient culture 

3-year mL3n 1973 1974 1975 

Group I 
Root length, cm .36 (.008)t - - -
Root length, 8 ppm/0 ppm .36 (.008) .20 (.093) .06 (.334) .43 (.002) 
Root weight, 8 ppm/0 ppm .21 (.076) - - -
Leaf length, 8 ppm/0 ppm .14 (.179) - - -
Top weight, 8 ppm/0 ppm -. 01 (.468) - - -

Group II 
Root length, cm .48 (<.001) - - -
Root length, 8 ppm/0 ppm .51 (<.001) .42 (.002) .36 (.006) .35 (.007) 
Root weight, 8 ppm/0 ppm .37 (.005) - - -

Leaf length, 8 ppm/0 ppm .52 (<.001) - - -

Top weight, 8 ppm/0 ppm .21 (.074) - -

tValues in parenthesis indicate level of significance. 

Regression analysis (Fig. 2) confirned tile relationship belween nutri
ent solution and field plot yield data. Relative root length (8 ppml/0 ppm) 
was a more precise measure of field response than was an index value 
based upon indicator cultivar- .,. 3). However, the precision gained by 
using hile relative root length niot merit the extra resources required 
when screening large numlcni N of early generation lines in a cidtivar 
improvement program. The occurrence of large deviations from regres
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sion may reflect a differential response to soil changes, other than availa
ble Al, caused by liming. This phenomenon would also result in reduc
tions in the correlation coefficients reported in Table 2. 

Lack of soil uniformity, different levels of selection from year to year, 
and interactions involved in changing soil conditions make field selection 
for Al tolerance less than ideal. Characterization of cultivars for field 
response to Al requires replicated yield trials which are not always 
possible because of limited seed supplies of experimental lines in a breed
ing program and the land and labor requirement for testing large num
bers of lines. The effects of soil variability can be reduced by planting a 
control cultivar in every third plot and comparing relative yields of 
experimental liles to relative yields of the closest control plot (180). This 
scheme does not eliminate the differences in selection level from year to 
year. Correlations of' Al tolerance rankings based upon a single year's data 
with rankings based upon another year's lata were no higher than corre
lations based upon rankings of relative yields calculated fiom 3-year 
means and relative root lengths in nutrient solution (unpublished data). 
Because ofh hese complications it was concluded that Al tolerance can best 
be screened for in the laboratory with field observations to confirm that 
selected lies are indeed tolerant. 

The yield potential of all cultivars and especially Al-sensitive cultivars 
was probably not fully realized under even the high lime treatments since 
only a portion of' the root zone was affected by lime applications. Doss and 
Lund (58) showed that highly acid subsoils have detrimental effects on the 
root system andl plant vigor in cotton ((To.hvpiuni hirsuluim L.). Conditions 
were probally similar in this study. Yields on an ad jacent field ofthe same 
soil type that had been limed for a number of years were considerably 
higher than those reported here (1-1.N. l.afever, 1975. Ohio performance 
trials of' soft red winter wheats including 1975 results. Agron. Dept. Series 
No. 20:3, Ohio Agric. Res. and Dev. Center, Wooster, 01H), implying that 
subsoil pH was a yield-influenciuig factor. 

Despite the complexities involved in investigating the response of cul
tivars to soil factors, this study indicated that high Al concentration had a 
major differential effect upon yield and that the use of'cultivars tolerant 
to Al may be ben eficial, where pH caunnot be economically controlled 
throughout the root zone by the addition of lime. The results indicated 
that Al-tolerant cultivars could be developed, if conscious selection f'or 
tolerance were practiced. The ext, nt to which these results would apply to 
other regions and other cultivars is not known. The cultivars studied are 
representative of soft red winter wheat cultivau's produtced over a rela
tively large area. Cultivars with a greater range of tolerance or different 
soil and environmental characteristics might change some of the relation
ships found in thi:, study. 
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Screening Wheat for Aluminum Tolerance' 

D. P. Moore, W. E. Kronstad, and R.J. Metzger 

The principal direct effect ofalulitnul on plant, is a severe inhibition 
of root growth (74). Al directly inhibits cell division (46, 47, 93) in the root 
apical mleristem resulting in a drastically restricted root system. This 
characteristic has been used extensively as a criterion t'r Al toxicity, and 
tie dif'erential response of roots has been used to evaluate genetic varia
tion inl tolerance to Al (74). 

Two basic approaches, acid soils and nutrient solutions, have been used 
in developing screening neCt hods for dlet ernm ining geniet ic tolerance to Al. 
While it is possible to distinguish variatioU ill root response inl acid soils 
(74, 14 1), this approach has several limitations as a screening procedur'e.
It is very diflicoIt to adequately control a soil systelil so that tile degree of 
Al "insuht" can be ,eproduce d from experimen to experiment or Ironl
location to location. Fizrt her, Al toxicitv is not the oniv limiting fictor iti 
acid soils and it is difficultIo always isoiate tlie Al resp nse from NI in,Fe,
H, Ca, etc. Thus, screening methods using acid soils are usually not 
precise enough, and the plant part ollost directly affected, tile roots, is not 
easily observed. 

Nutrielnt solution technliques ale considerably more precise il that tie
important vaniables can be controlled. The Ilail disadvantages ale tIhat 
relatively large volumes ofdci;tilled wateiare required and pH changes in 
the solutions change both the solulbility and the fbrm of tile Al (145).
Nutrient solution screening methods have been successfully employed, 
however (82, 122, 172). 

The most common criteria used to measure Al toxicity are to compare
either root length or rool weight of AI-affected plants with control plants 
grown in tihe absence ofrAl. Generally, there isa rtiasolably good relation
ship between relative root length and tile degree of AI insult. Unfort u
nately, root length and root weight bothI require that measurements be 
made on individual plants which can be quite time consuming. This is not
such a serious limiltat ion where t lie objective is to characterize genetically
stable wheat cultivars but cani become a serious limitation to a breeder 

IPu)lished as techilcal paper number .,147, Oregon Agiictuhurat Experiment Statinn. 
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selecting for Al-tolerant progeny in a large segregating population. Such 
populations are required if adequate breeding progress is to be made. 
Another limitation with using relative root length or relative root weight 
as criteria of Al damage is that both length and weight are affected by 
factors other than Al. For instance, within a population of plants, lack of 
uniformity in germination can result in considerable variation in root 
length. 

In order for a screening method to be of maximum utility to a wheat 
breeder, the technique should be able to handle large populations rela
tively easily and not require that time-consuming individual length or 
weight measurements be made. The purpose of this study was to develop 
a nutrient solution screening technique that would overcome these 
limitations. This method is based on imposing an Al insult sufficient to 
completely and irreversibly inhibit cell division in the primary root meris
tem. The criterion of tolerance is then based on the magnitude of the 
insult required to completely inhibit root growth rather than on root 
length or root weight. 

MATERIALS AND METHODS 

Wheat seeds of known cultivars were germinated in aerated tap water 
for approximately 24 houis until the radicle was just beginning to 
emerge. Six sprouted seeds were placed, "crease" down, on the mesh 
screen bottom of individual plastic cups which were suspended through 
holes in an acrylic cover over a 25 liter polyetLylene vaste container as 
described by Kerridge et al. (122). The level of nutrient solution in the 
container was adjusted so that the solution level was just in contact with 
the screen on the bottom of the cup. Surface tension was sufficient to 
maintain liquid contact with the screen and the seeds on the scieen so that 
the seeds did not dry out. 

The composition of the basal nutrient solution was (in mM): Ca(NO3)2, 

4.0; MgSO4, 2.0; KNO:a, 4.0; (NH4)2SO4, 0.435; KH2PO4, 0.5; and (in 
pal): MnSO4, 2.0; CuS04, 0.3; ZnSO4, 0.8; FeCyDTA, 10.0; Na2MoO4, 
0.1; H-aBOa, 10.0; NaC1 30.0. The pH of the solution was adjusted to 4.0 ± 
0.02 and maintained within these limits by twice-a-day adjustment. The 
composition of the nutrient solution was chosen to minimize the pH drift 
that occurs from unbalanced cation-anion uptake. The solutions were 
continuously aerated with compressed air, and the containers were set on 
a greenhouse bench where the temperature was 25 ± 4 C. 

The plants were allowed to develop for about 48 hours or until the 
seminal roots were about 5 cm long. At this time there were three seminal 
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roots, a central one that was slightly longer and two other roots, one on 
either side of the central root. The central one was always readily identifi
able and was the one chosen for measurement or observation. Three out 
of the six seedlings in each cup were selected to be retained on the basis of 
uniformity of both top and roots. Six cups of plants were used for each 
treatment and thus the reported results are for an average of 18 plants in 
each treatment. The length of the central seminal root on each seedling 
was measured to the nearest millimeter (from the bottom of the cup's 
screen). Positions of the seedlings were identified with respect to a mark 
on the cup so that subsequent length measurements could be attributed to 
the proper seedling. 

The cups with their seedlings were then transferred to other containers 
holding the treatment solutions containing AI. The composition of the 
treatment solutions was the same as the basal solution except that the 
KH2PO4 had been omitted and FeC: had been substituted for the 
FeCyDTA. The pH was rigorously maintained at 4.0 + 0.02 and the 
volume of the nutrient solution was kept at 24 liters. These precautions 
were taken so that the concentration of AlIand its hydrolysis products 
could be precisely specified and maintained throughout the treatment 
periodl (145). 

Another precaution was taken in preparing the Al solutions. Because of 
the possibility of precipitation of AI(OH): and the uncertainty of it redis
solving completely, HSO4 was usually added to bring the solution pH 
down sole before Al was added so that when Al was added the pH was 
very close to the final value, 4.0. The required amount of A12(SO4)3 
18H.,O was weighed directly into the 24 liters of nutrient solution. Use of 
a concentrated Al stock solution was avoided since an AI(OH)3 precipitate 
was evident. The idea was to ever avoid precipitating Al because the 
solubilization reaction sometimes can he quite slow. Except at the higher 
concentrations of Al, base was not needed to adjust the pH to its final 
value. 

The seedlings were allowed to stay in the Al treatment solutions for 
exactly 48 hours. At the end of the treatment period, the central root was 
again measured and the cups transferred back into the original basal 
solutions. The difference in root length was, therefore, the amount of 
growth which had occurred in the Al solutions. The seedlings were then 
allowed to "recover" from the Al insult for exactly 72 hours and the root 
length was again measured. The difference between these last two meas
urements was the amount of growth during the recovery period and was 
dependent on the severity of the prior Al insult. Thus, the basic differ
ence between this technique and others is the use of a pulse insult followed 
by a recovery period rather than the continuous exposure to Al. 
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RESULTS AND DISCUSSION 

ADVANTA;ES OF A PU LSE I NSU :IT 

Fig. I shows the advantage of using a pulse insult. Seedlings are allowed 
to get a start so that they are all illa coiparable physiological codition 
piior to tile Al treatment, and this avoids any confounding froni tile 

natural variation in germination or the effects, if' any, of' Al on germina

tion. Furthermore, recovery from an Al insul appears to be a much more 

definitive measute of Al damage than does root growth in tile Al ti'eat

ment solut ions (Fig. I). Maximm inhibition of root growth in Al can only 
be determined by measuring tie root length; whereas, maxinurn irrever

sible damage to tile root apical meristem can be identified solely on tile 

basis of whet her or not tile root re-initiates growth during the 72-hour 
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Figure I Change inprimary root length of thecultivar Brt, 'orduring a48-hour pulse of 
At and during the 72-hour recovery at various Al concentrations. 
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recovery period. In tie case of the cutivar 'Brevor,' this point of irrever
sible damage was at 6 ppm (Fig. 1). This represents a precise, definable 
degree of biological danage, i.e., cell division (and thus root elongation) 
has been completely and irreversibly inhibited. This condition is readily 
identified by the appearance of the root tips. In those roots where growth 
has been irreversibly damaged, the tips are badly misshapen, often swol
len and/or discolored. Cytological examination of these root tips revealed 
that cell division had ceased and cells in the nieristem had completely lost 
their cell contents (93). Profuse lateral root development had taken place 
during lie recovery period and laterals developed to within a f'ew til
linieters of the root tip. In contrast, roots that re-initiated growth fi'rolltle
 
primary meristem had straight tips and were white. It was possible to see 
the point, well behind tile growing tip, where Al had affected the root 
meristen during the Al insult. Often there was a crooked portion of' the 
root where tile root tip was at tile time of'exposure. Cytological examina
tion revealed normal cell division in tile meristem and normal tissue 
development (93). Lateral root development was well behind tlie growing 
primary. Thus it was possible to separate the two ty pes of plants by simple 
observation instead of by neasurement. 

Very often, the separation of' irreversibl' damaged root lips f'rom
"recovered" root tips could be made within 24 hours f'ollowing the trans
l'er fi'olll
tile ti'eatnletit solutions. Some roots began to regrow bleween 24
 
and 48 hours as these were tile ones that were not quite irreversibly
 
inhibited. If'roots did not re-initiate apical nieristcne regrowth within 72 
hours, they did not recover. Some plants were grown f'or tip to two weeks 
without any evidence of root apical regrowth, even though new seminal 
roots and profuse lateral roots developed. 

FoUR REFERENCE CUI IIARS 

This technique was applied to four reference cultivars of 7,'iticum 
aestivum (L.) em Thell. chosen on the basis of their known tolerance to Al 
in solution and/or to acid soils (121). Kerridge, Dawson, and Moore (122) 
had identified three distinct classes of tolerance among 50 cultivars of' 
wheat based on total root length of'plants grown in various concent rations 
of Al. The most sensitive class was characterized by Brevor, tile moderate 
class by 'Druchamp,' and the most tolerant class by 'Atlas 66.' The fourth 
reference cultivar was 'Chinese Spring,' which in the study by Kerridge et 
al. (122), appeared to have been intermediate between Druchamp and 
Atlas 66. 

Fig. 2 shows the results for these four ref'erence cultivars. Primary root 
growth was irreversibly inhibited iti Brevor at 6 ppm, Druchamp at 15 
ppm, Chinese Spring at 40-45 ppm, and Atlas 66 at 120-135 ppm. Thus, 
the four cuhivars separated into f'our distinct Al-reaction types. There 
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was no overlap between tie four reaction types; e.g., at 6 ppm Al, all of the 
Brevor roots were irreversibly inhibited while 100% of the Druchaip 
primary roots re-initiated normal growth. Thus, it would be possible to 
separate a mixed population of Brevor and Druchamp types by a pulse 
treatment of Al at any of several Al concentrations between about 6 ppm 
and about 14 ppm. L.ikewise, Druchamp and Chinese Spring can be 
separated somewhere between 15 and 40 ppm and Chinese Spring and 
Atlas 66 between about 45 and 120 ppm. 
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Figure 2 Change In primary root length In the 72-hour recovery period following a 
48-hour pulse treatment of At for four reference wheat cultivars. 

The exact minimum Al concentration where irreversible inhibition 
occurs has not been precisely defined in these experiments for several 
reasons. First, the temperature fluctuations in the greenhouse nmade it 
difficult to reproduce the results more precisely. Subsequent experiments 
in the senior authors laboratory show that the toxicity of a given concen
tration of Al is highly temperature dependent. Secondly, the hydrolysis of 
Al around pH 4 is highly pH dependent (145), and even though consider
able effort was nmade to hold pH constant soine variation did occur. Lastly, 
at the Al concentrations above 30 ppm, it is very difficul to avoid precipi
tation of AI(OH):i a, Iblis pH. There was obvious cloudiless in the solu
tions at concentrations above 80 ppm. Nonetheless, the results in Fig. 2 
are sufficiently clear-cut to show that the technique is able to separate the 
four classes unamlbiguously, and that if other classes exist in this same 
range, they too can be separated. 
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TaIble I shows the results of screening 20 culhivars or selecl ions of wheat 
for their Al reaction. The cultivars fell into fou" classes that were charac
terized b)y the four reference cultivars noted above. ''he variation within a 
class in the concentration ofrAl needed to just cause irreversible inhibition 
of' primary growtlh was reinarkably small. There was no overlap bet ween 
classes and where the A] reaction was known from ot her studies, the 
culhivars were in the correct class relative to one allolther (122). We have 
designated these fbur classes sensitive, moderat ely sensit ive, moderately 
tolerlant, and toleranl. One culivar, 'Hyslop,'was almost equally divided 
between the firsl two classes, anl selections of these tVo types have been 
made. 

Table 1. Classification of degree of A tolerance of wheat cultivars. 

Sensitive Moderately Moderately TolerantSensitive Tolerant 

Brevor Druchamp Chinese Spring Atlas 66 
Burt Hyslop ( ) Blue Boy Carazinho 
Florence Yamhill Colonlas 
Gaines Inia 66 Preludio 
Nugaines Trintani 
Hop 
Kharkov 
Red Egyptian 
Hyslop (V2) 

OMISSION OF PH( )SPI )RUS 

Because Al toxicity is sometimes considetred to be related to phosphorus 
deficiency (74), a question might be raised about this part of*the tech
nique. Phosphorus was omitted from the Al trteatment solutions to allow 
the Al concentrtation to be widely varied without precipitation as Al
phosphates (149). To check on this, plants of Brevot which had been 
exposed to a pulse Al treatment of' 7 l)pi were allowed to recover in a 
basal solution in which phosphorus was also omit ted. This conient ration 
ofrAl was sufficient to irreversibly inhibit cell division and oot elongation. 
New seminal roots and profuse later-al roots developed over a peiiod of' 10 
days and top growthi was compara:ble to corn rol plants not insulted with Al 
but grown in the complete basal solution. Thus insulted plants contained 
sufficient phosphorus to supply the plant's needs dunring this time. Phos
phor-us deficiency sylptoms developed af'ter 10 days in tile no
phosphorus solution. 'rhese results suggest that seed reserves plus the 
phosphorus takeni up in the first two days were more than adequate to 
meet the pho,:phorus needs of' the plant (luring two days of' phosphorus 
deprivation. It also suggests that Al toxicity as maniffested by inhibition of 
root growth is probably not due to phosphorus deficieicy in the classic,,l 
sense. 
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TOI.ERANCE IN WIIEAT NOl AIS(T).UtE 

Subsequent research by the senior author and his students (93, 175, and 

S. M. E. Ali, 1973. Influence of cations on aluminum toxicity in wheat 

['T?1ticum aestivum (Viii.) Host]. Ph.D. Thesis. Oregon State Univ., Corval

has more precisely defined tile conditions for irreversible inhibition of 

primary root growth. These studies have shown that temperat uire, pH, Ca 

concentration, Nig concentration, K concentration, P concentration, Al 
concentration, and length of Al pulse are all factors affecting the degree 

of insult or damlage to the root system. By proper choice of the value of 

these variables it is possible to greatly reduce the Al concentrations that 

characterize the four classes of tolerance shown in Fig. 2. By limiting the 

Al concentration to below 30 ppin at pH 4.0, the uncertainty due to 

possible precipitation is eliminated. These st udies are too extensive to he 
reported here but by way of sumnary it has been shown that tile relation

ship of the four reference cultivars to each other remains unchanged.
Thus, we have concluded that tolerance inwheat is not ahsolute but that 

the concentration of Al needed to cause a defined degree of' biological 
danage (i.e., irreversible inhibition) is relative. Thus, to use this tech

nique, one must define the conditions for the four classes oftoleranice (or 

more if they exist) interiis of'response of(ithe reference cultivars. The 
exact conditions are relatively unimportant. 

lis) 


AI):\N'IAC:ES OF THE SCREIENING Mi tII()) 

Because plant breeders iiust handle large populations of'germplastn in 

order to bring together tile many diverse desirable characters, a screening 

met hod should be able to handle relatively large numbers. The tops of the 

containers can be modified so that screenied holtOll .Compartmentsin

stead of the cups are used to grow plants. With this modiification, we have 

growl several thousand seedlings ina single container at one time and 

have separatedl two reaction types simply by tile appearance of tie root 
system as descrihed above. The whole procedure is completed within one 

week and it is possible for one person to separate weil over 1000 individu

als within an hou. The seedlings are still snall enough to be easily 
transplanted to the field so that subsequent evaluation of'other characters 
can 1e made. Thus, this screening method could be used on a segregating 

population and should be most useful in parent identification and parent 
building.
 

Atlas 66 and the four Brazilian ctiltivars (Fig. 2) have the highest degree 
of tolerance we have yet seen inwheat, but only a hare fraction of the 
world's cultivars have been screened. If greater tolerance than the Atlas 

66 type exists, it call be relatively easily identified. For instance, if a 
composite sample of the world's collection were exposed to an Al insult 
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just sufficient to irreversibly inhibit Atlas 66. tho,, plants on which tile 
primary roots recovered would have a greater tolerance than Atlas 66. 
Inligenous cult ivars fiom strongly acid soil areas should be collected and 
suljected to this procedure bef'ore they are lost. 

We do not 'et know what, if'any, undesirable traits arc linked with Al 
tolerance. Because tile wide range of* tolerance types have survived in 
nature, one can spaw,'late that tolerance is advantageotis i0 acid soil areas 
but night be a disadvantage in areas where the soils do not contain soluble 
Al. If this is the case, then selecting away frot tolerance may be as 
important as selecting for the right degree of tolerance. In any event, 
incorporating tie maxim urn possible tolerance into cultivars to be grown 
in strongly acid soils would seemnio be desitable. 

CONCLUSI )NS 

A rapid, reproducible screening procedure was developed based on 
irreversible darnage to tile primary root meristem in tile seedling stage. 
Four classes of tolerance have been identified on the basis of the appear
ance of' tle root tips following a pulse insut of' Al. The niethod is non
(lest ruct ive and can handle relatively large popiulations. The mail limita
tion appears to be that the conditions of Al stress need to be precisely 
defined, Ihis iequires a ncans of' controlling ternprl'atre. pH and 
solution comn position. When these are precisely controlled, the degrees of' 
A! tolerance in wheat call be readily identified. 
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Screening Corn for Aluminum Tolerance 

R. D. Rhue and C. 0. Grogan 

The first observable effect of Al on plants is on root elongation.
Clarkson and Sanderson (48) showed that onion root elongation was 
reduced wit hin 3 hours by 10 -"MAl and stopped completely by 8 hours. 
Henning (93) treated wheat roots with 10 ppm Al and found that root 
elongation ofan Al-sensitive variety was stopped within 12 hours. In both 
instances, the number of' mitotic figures within the root neristems de
creased concomitant ly wit I root elongat ion. 

Species and varieties within species differ in the degree to which a given
concentration of' Al interferes with growth. For example,root when 
placed in the same solution, in Al-sensitive variety may show severe 
inhibition of root growl h while root growth of an Al-tolerant variety may
he little affected. This differential ability of roots to grow when placed in
the same solution containing Al is a very precise measure of differential 
tolerance to Al and has been used frequentll in the past as a criterion with 
which to rate plants for their tolerance to A I(74, 122, 123, 145, 172, and S.
Ni. E. Ali, 1973. Influence of cations on aluminum toxicity in wheat 
[7'ithiium aestiinum (Viii.) Host]. Ph.D. Thesis. Oregon State Univ., 
Corvallis). 

Factors known to affect the toxicity of Al in solution are: concentration 
of Al, pH, temperature, and concentration of salts, particularly Ca and 
Mg. In general, any degree of toxicitycan usually be obtained with a given 
genotype by varying one or more of' these f~ictors. 

The difficuh problem wc experienced in developing our screening
technique was to determine what levels of' pH and Al concentration in 
combination with a suitable nutrient solution would allow differences in 
root growth among corn inbreds to be clearly expressed. Ideally, we
wanted conditions which would consistently result in severe stunting of 
root growth in the more sensitive lines while at tie same time still allow tile 
more tolerant ones to grow at a reasonable rate during the course of the 
screening. In this manner, the differences in root tolerance to Al could be 
easily observed by visual examination and plants separated into two
classes: those whose roots tolerated the Al and grew in the screening
solution and those whose root growth was severely restricted. 

After much experimental effort, a pH, an Al concentration and a 
nutrient solution composition were found which consistently produced
the desired differences in root growth among inbred lines of corn. The 
purpose of this paper is to describe the technique in some detail and point 
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out what effect pH, Al concentration, and nutrient solution composition 
have on the expression of differential A] tolerance in these inbreds, 

MATERIALS AND METHODS 

PROCEDURE 

The screening begins by soaking seeds overnight in aerated tap water. 
The following day the imbibed seeds are placed between layers of moist 
paper towel in petri dishes and placed in an incubator at 30 C. Within 
24-36 hours these seeds germinate and produce radicles 2-5 mm long. 
These germinated seeds are then grown for 12 days in complete nutrient 
solutions containing Al. 

NUTIRI EN'I SOIUTION 

The composition of the solution used to screen corn inbreds for Al 
tolerance is given in Table i. The Al2(SO4)3 is added as Al2(SO4): •18 H20 
just prior to placing the germinated seeds in this solution and the pH is 
adjusted to 4.60 with KOH. Treatments receive no further pH or nutrient 
adjustments during the 12 day screening but pH is measured and re
corded at frequent intervals. The screening solution is aerated continu
ousl)' throughout the screenv*'g period. 

TAble 1. Composition of screening solution. 

Constituent Concentration 

Ca (NO3)2 1.0mM 
Mg SO4 0.5mM 
KNe 3 0.5mM 
(NH4)2SO4 0.05mM 
KH2PO4 0.1mM 

Mn SO4 2.0/,M 
CU S04 0.31,M 
Zn S04 0.8/,M
Na CI 30.0pM
Fe CDTAt 10.0/1M 
Na2MoO 4 0.31,M 
H31103 10.0/4M 

A12(SO4,) 0.125mM 

tCDTA: Cyclohexanediamine tetraacetic acid. 

The pH of the solution immediately after dissolution of AI2(SO4)3 and 
before addition of KOH is between 3.9 and 4.0. With the addition of 
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KOH, the solubility of amorphous Al hydroxide in the solution is rapidly 
exceeded with the result that a visible precipitate appears. For this reason, 
the actual concentration of soluble Al and P remaining in the solution at 
the beginning of the screening is not known. The concentrations of these 
elements given in Table 1, therefore, represent total concentration, both 
soluble and insoluble, initially present in this solution. 

EQUIPM ENT 

The screening itself actually takes place in our laboratory. The contain
ers of screening solution are placed on a raised wooden platform about 3" 
above the floor. The light source is two 1000 watt metal halide lamps 
suspended approximately 1.5 m above the surface of the nutrient solu
tions. The two lamps are on a time clock set to give 12 hours of continuous 
light per day. The spectral dist ribution and crop response to these lamps 
under greenhouse conditions were reported by Duke et al. (59). 

Temperature has a marked effect on the toxicity of Al in solution. For 
this reason, a temperature-controlled environment was preferred for 
screening. Our laboratory, however, is maintained at a fiirly constant 
temperature year-round which results in a more or less constant solution 
temperature. Solution temperatures during all the experiments reported 
here were generally 24 ± 1 C. 

The solution is held in plastic waste paper buckets which have been 
fitted with acrylic lids. Removal,et trays which fit into a large rectangular 
slot within these lids are suspended over the solution. Each tray has plastic 
screen fastened across its hbottom on which the germinated seeds are 
placed with their radicles protruding through the screen into the solution 
below. The solution is maintained in contact with the plastic screens so 
that the roots are submerged at all times. The \'olumc of solution in each 
bucket when properly maintained is 20 liters. The solution level is main
tained by daily addition of distilled water in a quantity sufficient to offset 
loss due to evapotranspiration. In order to ficilitate the measurement of 
pH, each acrylic lid has two holes throngh which a pH electrode and a 
reference electrode can be inserted directly into the solution. 

RESULTS AND DISCUSSION 

At the end of 12 days in this solution, root systems from various inbred 
lines range from severely stunted to well developed and fibrous. Fig. I 
shows the differential effects of Al on roots of two inbred lines of corn 
which had been grown together for 12 days in a screening solution. The 
two plants on the right are from the inbred line NY5 11 and the two plants 
on the left are from the inbred line R158. 
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Figure 1 Differential effects of Alon root growth of two inbred lines of corn: (from left to 
right) R158 and NY51I1. 

The roots of NY511 show symptoms which are typical of Al toxicity: 

stunting, thickening, and discoloration. Thin section studies of 

plant roots severely damaged by Al show that cells in much of the epi

dermal, cortical, and meristematic tissues in roots such as these are dead 

(93, 124). Lateral roots are also damaged in a similar manner soon after 

emerging from the root axis, resulting in a knobby appearance. 
none of these 

severe 

In contrast to the roots of NY51 1, those of R158 show 

symptoms in spite of the fact that both inbreds were grown together in the 

same solution. The important difference between these two inbreds is 

that the roots of R158 were able to grow quite well in this solut ion while 

those of NY511 were not. Because of this difference in root growth%R158 

is said to be more Al tolerant than NYS 1. 
have been selected at random and .Approximately 150 inbred lines 

screened using the solution composition in Table I with an initial pH of 

4.60. These 150 inbred lines constitute an exceptionally broad germplasm 

base, having originated in such diverse geographical locations as the U.S., 

Canada, Eastern and Western Europe, and Africa. Of these 150 inbred 

lines, about half tolerate the Al in these solutions and grow like R158; the 

other half is sensitive, like NY51 1. 

300 



Another observation we have made is that within any group of inbreds 
with a comrnnn origin, we find inbreds which exhibit a wide range in 
tolerance to Al. As an example, W153R, CO 13, Oh43, T224, Va31, and 
Pa884P are among the more sensitive inbred lines, while W64A, C0220, 
Oh26D, T222, Va 17, and Pa37 are among the more tolerant inbred lines. 

As indicated earlier, our screening technique as presented here re
sulted totally from experiments in which factors like pH, Al concentra
tion, and nutrient solution composition were varied, either singly or in 
various combinations. Since these factors have a rather profound efTect 
on the toxicity of Al in solution, it is important that results from some of 
these early experiments be discussed. 

PH 

Root growth of corn inbreds in the solution as defined in Table I was 
found to be very sensitive to pH. In many of our earlier experiments, in 
which different initial pH values were tried, it was observed that an initial 
pH of 4.40 or less in th: solution pr(;duced severe inhibition of' root 
growth in all inbred lines. Raising the initial pH to 4.50 sufficiently 
reduced the toxicity of Al to a point where roots of the more tolerant lines 
would now grow while those of the more sensitive lin es were still severely 
damaged. Raising the pH initi lly to levels from 4.80 to 5.00 allowed roots 
of even the most sensitive lines to grow. From these early experiments it 
appeared that an initial pH somewhere between 4.50 and 4.70 was 
needed to screen corn in this solution. 

In later experiments designed to determine the effect of initial pH 
within this range on root growth of' corn inbreds, inbred liles were 
selected and grown in solutions whose initial pH was adjusted to one of 
the following: 4.50, 4.55, 4.60, or 4.65. The Al was added and pH 
adjusted with KOH inmediately prior to placing germinated seeds in the 
solutions. No additional pH adjustments were made during the 12-day 
screening but pH was measured and recorded periodically throughout 
the screening. In addition to the freshly prepared solutions, an additional 
treatment was included to determine what effect aging a screening solu
tion at pH 4.60 would have on the subsequent toxicity of Al. For this 
treatment, solutions were made up 24 hours in advance, the pH a.djusted 
to 4.60, the solutions aged, and the pH readjusted to 4.60 just before 
placing the germinated seeds in the solutions. 

Fig. 2 shows the pH changes which occurred in these solutions during 
the 12-day screening. Included for comparison are data for plants grown 
in solutions of identical composition to which no Al was added. These pH 
changes probably resulted from two factors operating together: 1) the 
ability of Al to buffet' solution pH in the range 4.50 to 4.70, and 2) the 
effect of Al in reducing the level of root activity in these solutions. 

301 



6.50

5.10
 

5.00 IControlAl)(no 
pH
 

4.90
 

4.80 

4.70 E3 PH 4.60 (aged) 

4.60 0 pH 4.60 

4.50 

4.4C *I 
4 

4 -
8 

)rRpH 4.65 

pH 4.55 
.PH4.50 
12 

DAYS
 

Figure 2 pH changes which occurred inscreening solutions with various initial pH
values. pH changes which occurred Inan identical solution without A are given for 
comparison. 

Aging a screening solution at pH 4.60 for 24 hours prior to adding the 
germinated seeds causedltie pH of the solution to rise sharply in the first 
day after plants were added and remain higher throughout the screening 
than in any of the other Al solutions. 

The effect of these pl- regimes on the root growth of two inbred liles, 
NYI511 and RI58, is shown in Fig. 3. Regardless of the pH, the roots of 
R158 were more tolerant tothe Al in these solutions than those of*NY51 1. 
Increasing the initial pH from 4.50 to 4.65 accentuated the differences in 
root growlh bet ween these two inbreds, primarily through enhancement 
of bot h primary and lateral root growth of' R 158. Lateral roots of NY51 1, 
and primary roots to a lesser extent, were severely stunted over the entire 
pH range. We concluded from experiments like these that freshly pre
pared solutions with an initial pH of 4.60 were nuear optimum for screen
ing inbreds under these conditions. It also became apparent during these 
experiments that aging a screening solution at pH 4.60 for as little as 24 
hours could result in pH values substantially higher during a subsequent 
12-day screening than those found in freshly prepared solutions with the 
same initial pH. 
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Figure 3 Two Inbred lines, R158 and NY51 , which were grown in the screening 
solutions whose pH values are shown in Fig. 2. 
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The marked effect of a relatively small change in initial pH, namely 
from 4.40 to 5.00, on the root growth of corn inbrcds ini these solutions 
suggests caution when allowing the pH to vary during a screening, espe
cially if inbreds are to be compared simply on the ability of their roots to 
grow in these solutions. However, under conditions such as ours, where 
the variation in pH is not only small but is also well within the range in 
which differences in root growth are most pronounced, allowing the pH 
to vary seems justified. 

AL. CONCENTRATION 

During our initial efforts to screen corn for Al tolerance, many experi
ments were conducted to determine what effect Al concentrations would 
have on corn root growth. The nutrient solution composition in these 
early experiments was that given in Table I with one exception: the 
Ca(NO3)., concentration was khen 2 mM rather than 1 mM. Al was added 
as A12(SO4)3 - 18 H20 to give various concentrations of Al and the pH 
adjusted to 4.60 just prior to placing the germinated seeds on these 
solutions. pH during the screening was measured and recorded. 

Corn inbreds were found to give a marked response to Al at concen
trations of 0.05 mM in these experiments. Increased growth resulting 
from these low concentrations of Al was measured as increased dry matter 
in both iops and roots. At concentrations of 0.10 mAl Al, growth of corn 
plants equaled that of controls receiving no Al. A concentration of 0.15 
mM Al in these solutions may be considered as mildly toxic to roots of the 
most sensitive corn inbreds. The effect of AIat concentrations of 0.0, 0.15, 
0.20, and 0.25 mM on root growth of three corn inbreds is shown in Fig. 4. 

Figure 4 Root growth of the corn inbreds, Val 7, B37, and CO1 92 Insolutions with 
various concentrations of Al: (from left to right) 0.0, 0.15, 0.20, and 0.25 mM Al. 
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Val7 is one of the most Al-tolerant inbred lines and B37 and C0192 are 
among the most Al-sensitive inbred lines we have observed to date.
Although there is some effect of Al on roots of Val7 at the higher levels, 
the effect on B37 and CO 192 is much greater.

In other experiments we observed that root growh of Al-tolerant lines
like Val7 was severely inhibited at Al concentrations greater than 0.30
mM. Thus, root growth of both Al-tolerant and Al-sensitive inbred lines 
was found to cover the range from severely inhibited to virtually no)n
inhibited within the relatively small concentration range from 0.15 to 0.30
mM Al. In these early experiments, 0.25 mM Al appeared to be very
effective in producing differences in root growth among corn inbreds in 
these solutions with an initial pH of 4.60. 

The pH changes which occurred in these solutions are shown in Fig. 5.The pH of solutions containing Al were essentially the same until day 8.
Beyond day 8, the increases in pH reflected the level of root activity which 
resulted in these solutions. 

6.50 0 0.00 mM AI/ 
6.00 

pH 
5.50 1 0.15 mM Al 

/ 
5.00O 

S0.20 mM Al 
4.50i 

0 2 4 6 8 10 12 14 
DAYS 

Figure 5 pH changes which occurred Inthe solutions Inwhich the Inbreds shown In 
Fig. 4 were grown. 
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NUTRIENTr SOI.UTIoN COMPOSITION 

The ability of other cations, particularly Ca and Mg, to protect roots 
from the toxic effects of Al in solution has been well documented (55, 74, 
93, 205, and Ali, op. cit.). It was therefore important that we determine 
how the concentration ofCa or Mg in our screening solutions would affect 
tile growth of corn roots. In our original experiments designed to answer 
this question, solutions were made up with the Ca and Mg levels shown in 
Table 2. All other nutrients were added to these solutions in accordance 
with Table I. Al was added as Al.,(SO4):I - 18 H2.,O to give an Al concentra
tion of 0.25 ni and the pH was adjusted to 4.60 immediately prior to 
placing the gerninated seeds in these solutions. pH was measured and 
recorded periodically throughout the 12-day screening. Previous experi
ence had shown that the growth of corn roots in a 12-day period was 
virtually the same in any of tile solutions in Table 2 provided no Al was 
present. For this reason, a single control treatment was included which 
had the same composition as treatment 2 but to which no Al was added. At 
the end of 12 days, plants were harvested and the length of the prinmary 
roots Measured and recorded. Relative root lengths (RRL) were calcu
lated for each inbred line by dividing the average root Icngth obtained in a 
given Al treamient by that obtained in the control solution. At the same 
time that the roots were being measured, notes were made on the condi
tion of the roots, i.e., whether or not they had been severely damaged by 
tile Al. 

Table 2. Ca(N03)2 and MgS04 concentrations of screening sotutions. 

Treatment Ca(N03)2 Mg S04 

1 
2 
3 
4 
5 

0.5mM 
1.0mM 
2.0mM 
0.5mM 
0.5mM 

0.5mM 
0.5mM 
0.5mM 
1.0mM 
2.0mM 

Increasing tile concentration of Ca(N03)2 or MgSO4 in these solutions 
reduced the toxicity of Al in corn roots. The reduced toxicity as the 
concentration of these salts increased was evident in two ways: 1) ati 
increase in RRL, and 2) an increase in the number of inbreds whose roots 
were able to grow in these Al solutions. Fig. 6 shows the effect of increas
ing the concentration of Ca(NO:0), on the RRL. of 17 inbred lines. Solid 
bars in Fig. 6 indicate severely damaged roots which had been unable to 
grow in these solutions (like NY51 I in Fig. 1) while the plain, unmarked 
bars indicate roots which had been able to grow in these solutions and 
which lacked any visible evidence of Al toxicity. 
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Figure 6 Relative root lengths of 17 inbred lines grown in screening solutions with 
Increasing concentrations of Ca(N03)2: (from left to right) 0.5, 1.0, and 2.0 mM. Solid
bars Indicate roots severely damaged by Al Inthese solyutions; open bars Indicate roots 
with no visible evidence of Al damage. 
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For a given inbred, the greatest increa!;e inRRL. as Ca(NO3)2 increased 

was associated with a change in the ability of the roots to grow in these 

solutions. The most striking example of this was the 58% increase illRRL 

for Oh43 when the Ca(NO:-)2 concentration was increased from 1.0 mM 

to 2.0 nm, and the 53%, increase in RRI. for Pa33 when the Ca(NO:")2 
to 1.0 mrM. Above and belowconcentration was increased from 0.5 mAl 

the point where the roots were able to make this transition, the changes in 

RRL with increase in Ca(NO:i)- concentration were much smaller. 

Of the 17 inbred lines shown in Fig. 6, only four had roots which were 

able to grow in a screening solution with 0.5 mM Ca(NO:)2. The roots of 

the other 13 lines were severely damaged by Al. The number of inbreds 

with roots able to grow in solutions with 1.0 mil Ca(Ni0) increased to 
2.0 mellnine, leaving 8 whose roots were still severely damaged. At 

Ca(NO:)2, there were 13 inbreds with roots growing. W1153R,'A554, 

COl 13, and ND408 were still severely damaged by Al even in the pre

sence of 2.0 mil Ca(NO:i)..,. Additional experiments have shown that a 

of 4.0 mil Ca(NO3)2 is required in these Al solutionsconcentration 
before roots of these inbred lines will grow. On the other hand, roots of 

Al-tolerant lines like Va47 and CO220 can be severely damaged by the Al 

in these solutions if the Ca(NO:i)- concentration is reduced to 0.25 ilal. 

The most interesting observation from experiments like these is the 

differential response of corn inbreds in these Al solutions as the Ca(N03)2 

concentration is increased. It suggests the existence of genotypes with a 

wide range of tolerance to Al, with lines like W153R and ND408 among 

the most sensitive to Al and lines like Va47, W64A, and C0220 among the 

most tolerant. Whether the tolerance of corn inbreds forms a continuum 

within this range of tolerance or whether corn inbreds, like wheat vari

eties (see D. P. Moore, this volume), fall into a finite numnber of distinct 

tolerance classes remains to be determined. 

The results of these experiments are interesting for another reason: 

they suggest a potential problem which could arise in the interpretation of 

screening results. For example, using 2.0 mM Ca(NO3)2 in these solu

tions, the inbreds Oh43 and C0220 appeared to be a great deal more Al 

tolerant than CO 113. However, if screened at either 0.50 or 1.0 mM 

Ca(NO3)2, the ranking of Oh43 with respect to CO113 and C0220 would 

be entirely different. At these lower levels of Ca(N03)2, C0220 would still 

appear very Al tolerant but now Oh43 would appear to be as sensitive as 

COl 13. In other words, with respect to the two inbreds, C0220 and 

COI 13, Oh43 appears Al tolerant under one set of conditions and Al 

sensitive in another, which is an apparent contradiction. The contradic

tion is easily explained, however, if Oh43 occupies a position intermediate 

between CO1 13 and C0220, with respect to Al tolerance as indicated in 

Fig. 6. This hypothetical example shows the importance of screening 
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plants, at least initially, over a wide range of stress conditions. Under
standing how varieties perform under these different stress conditions in 
nutrient solution might also be helpful in interpreting results from field 
studies where plant roots are required to grow in contact with soil solu
tions whose composition with respect to Al, Ca, and Mg is not known. 

In all of these experiments, there was no apparent difference between 
the ability ofCa(NO3)2 and MgSO4 to protect corn roots from Al. Increas
ing the concentration of either of these salts above the 0.5 mM level 
resulted in almost identical increases in RRL. The),were also equally
effective in stimulating the roots to grow in these Al solutions. More 
recent experiments have shown that substitution of CaSO4 for Ca(N03)2 
above the 0.5 mM level gave virtually the same results as those obtained 
with Ca(NOa)2. 

The pH changes in these solutions are shown in Fig. 7. pH values of 
solutions containing Al were essentially the same for the first 4 days. After 
4 days the values were generally higher in solutions which had received 
additional Ca(NO3)2 or MgSO4, with pH values of Ca(N0.)2 solutions 
slightly higher than those containing an equal concentration of Mg as 
MgSO4. Although pH values were not the same in all treatments, the 
differences in pH are considered too small to make more than a minor 
contribution to the part that these salts played in detoxifying Al in these 
Sol * s 
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Figure 7 pH changes which occurred in screening solutions with the Ca and Mg
concentrations given InTable 2. 
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SUMMARY AND CONCLUSIONS 

A technique for screening corn inbreds for Al tolerance is presented in 
which germinated seeds are placed directly on complete nutrient solu
tions to which Al has been added. At the end of 12 days, marked differ
ences are observed in tolerance to Al. Roots range all the way from 
severely stunted, thickened, and discolored in the more sensitive lines, to 
long, well developed, and fibrous in the more tolerant lines. This differ
ential ability of roots to grow in these solutions can be used as a criterion 
for ranking corn inbreds with respect to Al tolerance. 

Factors which were shown to affect the toxicity of Al in these screening 
solutions are pH, Al concentration, and nutrient solution composition. 
Screening plants in the solutions in Table I with an initial pH of 4.40 or 
less resulted in severe inhibition of root growth in all inbred lines. Increas
ing the initial pH to around 5.00 allowed roots of all inbreds to grow in 
these solutions. Initial pH values in the range 4.50 to 4.65, however, 
resulted in marked differences among inbred lines in the ability of their 
roots to grow in these solutions. A similar growth response occurred in 
these solutions when the concentration of Al was varied. Root growth was 
severely restricted in all inbreds at Al concentrations greater than 0.30 
mM while a concentration of 0.15 mM was mildly toxic for only the most 
sensitive inbred lines. 

Increasing the concentrations of either Ca or Mg resulted in an increas
ing number of inbreds whose roots would grow in these Al solutions. A 
consequence of this was that relative differences in tolerance to Al among 
these inbreds appeared to change markedly. 
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Screening Several Crops for Aluminum Tolerance' 

C. F Konzak, E. Polle, and J. A. Kittrick 

Aluminum toxicity effects in plants are clearly observable in the root 
growth. For this reason most of the available techniques for selecting 
varieties for Al tolerance are based on observations of the growth ofplant 
roots in solution cultures containing aluminum (45, 81, 122, 172). How
ever, most solution culture techniques require careful pH control to keep
the Al concentration constant during the test. Additionally, for many
plant species the solution culture techniques have required prolonged 
periods of growth. 

In this paper, new techniques are described for evaluating Al tolerance 
in several plant species, i.e., wheat, barley, rice, sorghum, corn, and 
soybeans. These procedures have been developed considering ease ofpH 
control, simplicity, economy of time, potential for scale-up, and repro
ducibility. In some species enough was known about varietal response to 
Al to allow fairly precise setting of test concentrations. But for those 
species in which no prior varietal tolerance was known, our classification 
of varietal response groups must be considered tentative. 

MATERIALS AND METHODS 

SO.UTION-PAPER METHOD 

In two of the methods presented here the growing medium was a 
nutrient solution carried in absorbent paper. Based upon studies ofA. M. 
Prestes, C. E Konzak, and J. W. Hendrix (unpublished data, 1976), these 
solution-paper methods were used for screening wheat, barley, rice, sor
ghum, and soybeans. For reasons discussed later, a somewhat different 
culture technique employing only a nutrient solution was used for corn. 

With the solution-paper methods the seeds were placed in open mesh 
nylon bags and presoaked, the time and temperature depending upon
the species. Each seed lot was identified with a tag. At the end of the 
presoak period, the water was removed and replaced with a suspension
(concentration varies with species) of Terrachlor (75% PCNB, suggested 

'Project No. 6568, College of Agriculture Research Center, Washington State Univ.,
Pullman, WA. Research conducted in part under contract AID/ta-C-1209, U.S. Agency forInt. Developlpient. 

Mention of propriciary trade names does not necessarily constitute endorsement of the 
product by Washington State Univ. or U.S. Agency lfr Int. Development. 
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by Dr. R. E Line, USDA-ARS Plant Disease Laboratory, Pullman, WA) at 
room temperature to control fungal growth. 

Imbibition of soybean seeds in aerated water for 6 hrs at 25 C prior to 
planting retarded germination for 48 hrs. Therefore, for soybeans, no 
presoak period was used, but the seeds were scarified with a knife, scratch
ing the seed coat immediately surrounding the hilum, opposite the em
bryonic axis. The seeds were then immersed a few seconds in a Terrachlor 
suspension and shaken to eliminate the excess suspension before plant
ing. 

Two kinds of supporting media were used for growing seedlings in the 
solution-paper methods: 

Lucite holders. For wheat, sorghum, rice, and barley, one sheet of 8.5 
x 14 cm filter paper [Whatman chromatography paper 3 MM, 0.33 mm 
thickness, medium flow rate (W & R Balston Ltd., England)] saturated 
with the test solution was placed on a holder made of Lucite 1.5-2.0 mm 
thick. The Lucite holder consisted of a 14 x 18.5 cm plate with a bridge 
running across its smaller dimension 2 cm below and parallel to the upper 
edge (Fig. 1). The bridge was made from a i cm wide Lucite strip and was 
glued to the borders of the plate by means of two short pieces of Lucite, 
such that a gap 0.35 cm wide was left between the plate and the bridge. 
The filter paper was positioned under the bridge, which helps to keep the 
seeds in place. Ten seeds with embryos down were placed between the 
filter paper and Lucite holder, near the upper edge. A rubber band was 
used to keep the paper close to the seeds. 

With the solution-paper technique the paper was always moistened in 
the test solution prior to planting the seeds, and care was exercised to 
avoid air bubbles between the holder and the filter paper. Close associa
tion of the paper to the plastic appeared to be important for uniform 
solution uptake. Air bubbles between the paper and plastic could usually 
be avoided if both Lucite holder and filter paper were immersed as a 
single unit in the test solution. Six to ten holders were placed (using a 
Lucite support) in a one quart polyethylene refrigerator container in such 
a way that the lowest 2 cm of the filter paper was immersed in 500 ml of 
test solution. 

Rag doll. Soybeans were planted at the upper edge of a double layer (18 
x 28 cm) of commercial roll-type paper towelling previously moistened in 
test solution. A second double layer of towelling was laid over the seeds 
and the towelling rolled loosely to form a "rag doll" (Fig. 1) which was 
placed vertically in a container so that the seeds with their radicles point
ing downwards were located at the upper end of the roll (10 seeds along 
the 28 cm side of the paper). Nutrient solution to a height of 3 cm was 
placed in the bottom of the polyethylene container. 

It should be noted here that most absorbent papers-even those used 
for seed test laboratory germination purposes-may contain high Al and 

312 



Figure 1 Top: front and back views of Lucite holders and their arrangement in a one 

quart polyethylene container. Bottom: "rag dolls" with soybean seedlings. 



often high dye concentrations which can contaminate the test solutions at 
low pH. Also, many, paper towels and filter papers either do not have 
sufficient wet strength or may be too water absorbent for proper seedling 
growth. We found that Northern Brawny brand white paper towels 
(American Can Co., Greenwich, CT) are practically free of Al and have 
adequate strength for the "rag doll" system. Other paper towels with 
similar characteristics may exist, but many commercial paper towels 
tested did contain significant amounts of Al. More recently, we found that 
control growth was reduced on some batches of paper towels; con
sequently, it appears that it will be necessary to compare each lot of 
commercial towels against the chemically pure filter papers to determine 
their .uitability for screening tests. 

The polyethylene containers, with either the Lucite holders or the "rag 
dolls" inside, were covered with a moisture-retaining cover. They were 
then placed in a clark incubator or germination chamber at constant 
temperature for the growth time required by each species. After 2 days 
for wheat, barley, rice, and sorghum, and 3 days for soybeans, the cover 
was removed to improve germination and limit the growth of fungi (a pan 
of water was kept in the germinator to maintain high humidity). At the 
end of the test, the roots of the seedlings were examined and the average 
length estimated or determined by measurement. With soybeans the 
average root length was calculated from individual measurements ofeach 
seedling root. 

SOLUTION CULTURE METHOD 

With corn, a 10-day solution culture method similar to that used for 
wheat by Foy et al. (81, 82, 83) was developed. Approximately 24 seeds 
were placed in rows (with the radicles pointing one direction) between two 
double layers of paper towel premoistened with deionized water. The 
towel was loosely rolled and placed vertically (with seed radicles pointing 
down) in a container. The container was covered and placed in a germina
tion chamber. (We used alternate periods of 16 and 8 hrs at 20 and 30 C 
respectively.) When the roots were 2 to 4 cm long (2 to 4 days), seedlings of 
each variety were planted in separate plastic trays containing 3.1 liters of 
aerated solution. The seedlings in each tray were placed at the top of a 
supporting rack made of Lucite bars. The height of the rack was adjusted 
to permit the solution to just touch the seeds. The area of the supporting 
rack was large enough to keep the varieties separated. When the seedlings 
were placed in the solutions, incandescent light with an intensity of 8600 
lux at the top of the plants was provided for 16 hours per day. On the third 
day after planting, when the corn shoots were about 5 cm long, the 
seedlings were transplanted to larger containers holding 9.5 liters of the 
same solution, with twelve varieties per container. The containers were 
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covered with a plastic lid with holes in which seedlings of each variety were 
supported with non-absorbent cotton. The solutions were continuously 
aerated. Four days after transplanting, the nutrient solutions were re

newed. Root growth was evaluated on the tenth day after planting in the 
tray. During the entire test period, solution temperature was kept at 25 C 

by means of a water hath. 

SEED VIABI.ITY 

A problem which may contribute to error in screening tests is the 
physical condition of the seed, especially ihIreshing injury and general 
viability or soundness. Roots of seedlings from injured seeds grow slowly 

and although severely injured seedlings often can bc detected later and 
discarded from analyses. there are no doubt lesser degrees of seed injury 
which affect the uniformity of seedling development. Many seed stocks 
(especially corn and sorghum) received for testing also have had low 
viability, probably due to age and previous storage conditions. It is usually 

necessary to pregerminate these samples and select seedlings growing at 
about the same rate for the Al tolerance tests. This procedure is both 

time-consuming and subject to considerable error. Some seeds, especially 
sorghum and rice, appear to contain germination inhibitors, because the 
seeds grow poorly when sown directly in the paper towels. Presoaking 
these seeds for 24 to 48 hrs in a large volume of deionized water improves 
germination. Leaching them in running water or changing the water 
several times during the first day of soaking brings even better results. 

NUTRIENT SOLUTION COMPOSITION 

The basal nutrient solution used with the solution-paper methods was 
as follows (mM): MgSO4, 0.1; KNO:i, 0.1; NH4NO:i, 0.15; KHCsH404, 

8.0; and CaCI2, 0.1 to 8.0. Since the culture period is short, phosphorus 
was omitted to avoid precipitation of Al and trace elements were omitted 
for simplicity. In tests of this nutrient solution at constant pH 4.0 but 
without the potassium acid phthalate buffer, root growth was similar to 
growth in a solution containing phosphorus. The level of sulfate ion was 

chosen to keep the proportion of Al complexed by sulfate below approx
imately 10% when the solution contains 2 mM Al [in accordance with 
calculations by Hem (92)]. 

For wheat, barley, rice, and sorghum, and for all zero Al treatments, 
CaC12 was added (Table 1). in the Al treatments, AIC:3 was substituted for 

CaC12 to keep the Cl concentration contstant. However, for soybeans the 
same amount of CaCI2 was added to all treatments. Further details as to 

temperature, growing period pH, CaCI2 concentration, etc., are given in 
Table 1. 
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Tablet. Croptesting specifications forthe solution-paper procedure. 

Wheat Beey Rce Sorghum Soybeans 

Presoak indeionized water(room T)(hours) 24 24 48 24 none 
Typoolholder Luate Plate Lucite Plate Lucile Plate Lucite Plate "Rag Doll" 
Numberofseenelunit 10 10 10 10 12 
Dimensions ofpaper (cms) 8.5 x 14 8.5x14 8.5 X 14 .5lit 4 28x l 
Terrachlor concentration (gil) 0.1 0.1 0.t 0.1 4.0 
TimeofTerrachlortreatment (min) 30 30 30 30 fewseconds 
CaClconcentration inthe zero Al 

treatment (mM) 40 4.0 0.0 4.0 0.1 
A concentratlon (mM) range tor 

differences in root growth 0-20 0-0,9 0-5.0 0-08 0-100 
Single A concentration to detecting 

differences (mM) 1.6 04 3.75 0.4 7.5 
pHofnutrient solution 4.0 4.0 4.0 4.0 3.5 
Temperatureofgrowth chamber ('C) 25 25 30 30 30 
Growthperiod in days (including presoak) 5 5 8 5 5 

The basal nutrient solution used forcorn consisted of(mA): Ca(NO:0)-, 
1.5; NH4NO:i, 1.0; KCI, 0.8; MgSO.i, 0.4; and KH2PO4, 0.01. To this basal 
nutrient solution 3 mg/I of Fe was added as Sequestrene 330 Fe (Geigy). 
The rest of the trace elements were supplied with 5 ml of stock solution 
per liter of basal nutrient solution. This stock solution contained (g/l): 
MnSO4 •H2O, 0.2214; CuSO4 •5 H.,O,0.0235; ZnSO4 •7 H2O, 0.0966; 
H3BO:i, 0.2275; and MoO:, 0.0178. Al concentrations of 0.08-0.16 were 
added using a 0.1 Al stock solution of AICI.. The pH was adjusted to 4.0. 

RESULTS AND DISCUSSION 

WHEAT 

During preliminary work it was found that 8 mM potassium biphthalate 
buffer did not measurably affect the growth of wheat seedlings in the 
solution-paper system, confirming earlier studies by A. M. Prestes, C. F. 
Konzak, and J. W. Hendrix (unpublished data, 1976). However, in a 
solution system the biphthalate buffer markedly reduced the growth of 
wheat seedlings. These contrasting results may be due to the different 
physical conditions prevailing in each case. In a solution of biphthalate 
buffer stirred by aeration, the concentration of biphthalate near the 
solution-root boundary is probably the same as in the bulk solution. In the 
solution-paper system some beneficial gradients may be established near 
the roots. This is consistent with the fact that the concentrations of Al 
required to produce toxic effects in wheat seedlings in the solution-paper 
system are about ten times higher than those required using a solution 
culture. 

In the solution-paper system the roots can exert a modifying influence 
near their surface. Thus, the solution-paper system may allow the seed
lings to show their ability to grow in the presence of Al, not only by 
mechanisms of exclusion but also by their capability to modify their own 
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environment, as has been suggested by Foy et al. (79, 82) and Dodge andHiatt (57). In several hundred tests performed with the solution-papersystem, the pH of the buffered free solution in the container varied by not 
more than 0.1 pH unit over the test period.

During the work with wheat, uneven germination was found in somesamples when the seeds were planted without presoaking. The unevengermination increased the experimental error of the root length measurement. Pregermination for 24 hrs aided detection of the more viableseeds. Selecting these seeds for planting resulted in a more uniform
growth of the test sample.

Preliminary work indicated that the comparison of root growth with 1.6mM vs 0 mM Al was efficient for observing differences between wheatvarieties. Based on these results, a series of experiments was conducted
with four typical varieties to determine the reproducibility of the testmethod. In a single experiment, nine replicates of each treatment wereincluded. Measurements of the maximum root length were recorded forall seedlings in each replicate. Additionally, for each replicate an averagelength of the longer roots in each was estimated visually. Statisticalanalysis of these data indicated that the visual apprF.ial of the averageroot length provided a better value for estimating the Al response thanthe more time-consuming measurement of the length of individual seedling roots. Thus, the average of the visual appraisal for three replicatesper treament was adopted as a standard evaluation procedure. Thereliability of this average was also checked experimentally. The fourvarieties were again tested in three separate experiments at 25 C. Theaverage root length of the three experiments was 9.4 ±'0.10, 10.0_+0.15, 9.2 ±'0.25, and 9.9 ±'0.35, respectively, for'Akadaruma,"Albatroz,'

'INIA 66,' and 'IAS 20' in the control (zero Al) treatment and 4.1 ±'0.15,8.9 ±'0.4, 4.6 ±'0.26, and 8.8 ±'0.46, respectively, in the 1.6 mM Altreatment. A maximum coefficient of variability of 5.8% was determined 
using all the data. 

In another experiment the influence of temperature was studied using
the same four varieties cultured at 21 
 ±1, 25 ±0.5, and 30 ±2 C. Asbefore, the measurements for each treatment were the average of visualestimates for three replicates. The results indicated that, for all treatments, the maximum root growth occurred at 25 C. For zero Al the values were about 5% lower at either temperature extreme; for 1.6 mM thevalues were 25% lower at 21 C and 20-40% lower at 30 C. 
The temperature experiments indicate that the culture of seedlings inan ordinary seed germinator will give values reproducible within a 10%variation. Nevertheless, the experiments leading to this conclusion were run with only a few varieties. Error may be increased when a singleoperator must evaluate a larger number of samples. Since one person can 
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plant about 300 sample replicates per day with the solution-paper 
method, a series of experiments with 50 varieties was undertaken. These 

experiments included 49 varieties whose tolerance level had been re

ported in the literature. The 50 varieties were tested at two levels of Al (0 

and 1.6 mM) at 26 C with three replicates of each treatment. This experi

ment was replicated twice. In these experiments the root growth in the 

zero Al treatment was nearly constant and statistical analyses showed the 

root growth in the 1.6 mM Al treatment could be taken as a direct 

measurement of the Al tolerance response of the varieties. 
If five Al-treated root length classes are considered with limits (cms) < 

3.08, 3.70-/,.40, 5.25-6.0, 6.47-8.60, and > 8.62, the distribution of the 

50 varieties among these classes remained much the same in both experi

ments. For example, 41 out of the 5C arieties differed by less than 10.5% 

of their lower average value in each run. In Table 2, a tentative classifica

tion of the 50 wheat varieties (based upon the two experiments) is given 

along with references to results previously reported. Data for the Al 

tolerance classes are summarized in Table 3. When it is considered that 

different tolerance designations were applied by eight different authors 

using various field and laboratory tests, the agreement with published 

results is very good. In fact, the agreement is probably as good as can be 
not designate intermediateachieved, because some of the authors did 

resistance levels, indicating resistant or susceptible classes only. Also, 

different accessions of the same designated variety, as 'Frontiera' for 

example, may not be the same (A. R. da Silva, personal communication). 
Al treatment wasAs mentioned earlier, the root length in the zero 

approximately constant for the 50 varieties tested. In cases where this is 

not so, a useful estimate of Al tolerance may be the ratio of the root growth 

at 1.6 mM Al to the root growth at 0 mM Al. However, the error of 

measurement for a ratio is somewhat greater than that for a single value. 

In field studies, Foy et al. (84) found differences but large error values for 
top growth. 

Another useful estimate of Al tolerance is the linear regression of the 

length of the roots with Al concentration. Two separate experiments with 

the same 50 varieties were performed using the solution-paper system. 

This time the slope of the curves varied fiom -0.7 to -4.34 cm/mM Al. 

An arrangement of the varieties in order of increasing tolerance to Al 

showed a trend similar to that observed in Table 2. However, considerable 
run wasvariability from the first to the second found. In the second 

experiment the values for 25 varieties differed more than 10% from those 

obtained in the first experiment. Consequently, the approach in Table 2 

was considered more reliable than the slope of the regression lines for 

measuring Al tolerance in wheat. However, the results suggest that the Al 

response curves of varieties may differ, a factor that may merit further 

investigation, especially in genetic tests. 
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Table 2. 	 Groups of wheat accessions detected by root growth response to 1.6 mM Al. 

Group 	 Varieties or accessions 

1 	 Very Luke, Brevor, Nugalnes, Burt, Stephens, Gaines, and Penjamo 
Susceptible 

Comment: 	 All accessions in this group have been found to be of low Al tolerance in field 
and/or laboratory tests by different authors (87, 122, and C. F.Konzak and E. 
Polle, unpublished data, 1976). 

2 	 Moderately Druchamp, Thatcher, Akadaruma, P1344180, Blue Boy, 
Susceptible P1344195-Pel, and INIA 66 

Comment: 	 In this group two varieties have been reported moderately susceptible, four as 
susceptible, and one as resistant by different authors (86; 122; 125; C.F. 
Konzak and E. Polle, unpublished data, 1976; and A.M. Prestes, C. F. Konzak, 
and J. W Hendrix, unpublished data, 1976). 

3 	 Intermediate Monon, P1344179, Alba (Redmond), Chinese Spring, and Nord Desprez 

Comment: 	 Three varieties in this group have been reported moderately resistant and two 
as susceptible by different authors (82, 122, 125). 

4 Tolerant 	 P1344182, P1344187, Azteca F67, Pitic 62, P1344193-Pel, Fielder, 
Seneca, Carazinho, P1344176, P1344198-S16, Atlas 66, Sonora 64, 
Sawtell, Albatroz, P1344188, P1344197-PF, P1344160, and P1344194-Pel 

Comment: 	 Five varieties in this group have been previously reported moderately resistant 
(87, 125, 141) and 11 resistant (86, 87, 122, 125, 141, and C.F Konzak and E. 
Polle, unpublished data, 1976). Sawtell is of recent origin and Al tolerance 
previously unknown. P1344188 has been found susceptible (125). This 
discrepancy is most likely due to an error in the identity of the stock. A new 
sample of P1344188 direct from the USDA collection will need to be tested. 

5 Highly Erechim, Preludio, P1344162, P1193916, IAS-20, P1353388-Pel, 
Tolerant Cotipora, P1353389-Pel, P1344192-Pel, Lagoa, Vermelha, Toropi, 

Cinquentenario, and P1344161 

Comment: 	 All accessions in this group have been found resistant to Al toxicity (86, 87, 
125,141). 

Table 3. 	 Summary of seedling root length data for the response of 50 wheat varieties to 
1.6mM of Al. 

Tolerance 	 Root length (cm) 5days 1.6mM Al 
Groups No. Max. Min. Range Mean Variance S.D. S.Error 

1 v.susc. 7 3.08 1.85 1.23 2.55 0.176 0.419 0.158 
2 m.susc. 7 4.40 3.70 0.70 4.12 0.064 0.253 0.096 
3 Intermed. 5 6.00 5.25 0.75 5.55 0.079 0.281 0.126 
4 tolerant 18 8.60 6.47 2.13 7.84 0.381 0.617 0.145 
5 v. tolerant 13 9.42 8.62 0.80 8.87 0.061 0.247 0.068 
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BARLEY 

A series of tests was performed using the solution-paper method on a 

collection of barley varieties of diverse origin. The results indicated that 

the range in Al concentration over which tolerance to toxicity was ob

served proved much narrower for barley than for wheat. As with wheat, 

more definitive and reproducible results were obtained by pregerminat
ing the seeds 24 hrs prior to planting. 

In contrast to wheat, the barley varieties differed markedly in root 

growth in the zero Al (control) treatment. The roots of the controls 

ranged from 3.6 to 12 cm among the more than 160 varieties studied. The 

effective Al concentration range for screening varieties using the 

solution-paper sys em seems to be 0.6 to 0.75 mnA Al. 

Extreme differences in response to Al concentrations were found with 

the varieties 'Dayton' and 'Kearney,' as observed by Reid et al. (172). With 

the root growth of Kearney biarley was afthe solution-paper method, 

fected when the concentration of Al reached only 0.15 mM and decreased 

steadily as tile concentration of Al increased to 0.9 aM, at which the root 

length was only 40% of that at 0.15 mA' of Al. In contrast to Kearney, the 

root length of Dayton was not affected until the Al concentration reached 

still 80% of that value when the Al concentration0.45 mM and was 

reached 0.9 miM. Relatively few of the barley varieties tested with the 

solution-paper technique were comparable to Dayton in Al tolerance. 

RiCE 

A pregermination time of48 hrs was required to germinate the approx

imately 110 rice varieties tested. The effective Al concentration range for 

testing rice was found to be from 0 to 5 mM Al. Mal)-varieties showed a 

Al. Toxic effects generallymarked stimulation of root growth in 1.25 himl 

occurred in the range above 2.5 mM Al. A convenient concentration for 

screening with the solution-paper system appeared to be 3.75 mill Al. 

In rice, even more so than in barley, wide variations in root length were 

observed with tile zero Al treatment. Control root length ranged fron 4 to 

14 cm among tile 1I!0 varieties tested. In view of the variability of rice root 

length in tile zero Al treatment, tile ratio of the root length in the 3.75 miMl 

Al treatment to the root length in the control was taken its the estimate of 

Al tolerance. The value of this ratio was larger than 0.70 for ABB, 

NROS/NATO//GROS/3/9628, P1167932, PI175017, P1164981, 

'Brazos,' C17179, 9580/STRN, NV66, NV76, and 9593/NV66. The ratio 

was less than 0.55 for nany accessions. Some examples are 'CCA-4,' 

PETA/T487, 'IR8, 'LA 110,' and 'TN L.' 

Typical examples of Al effects in rice are shown (Fig. 2) for six varieties 

differing in control root length. Varieties IR8 and 'CICA-4' (we think 
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CICA-4 is the same as our CCA-4) were found susceptible to Al from 
studies in Colombian soils high in exchangeable Al (189) and in solution 
cultures containing Al (104). 

BRZOS Ct 7179 

9m/66 CCA4 

LA 110Ile 

LIT 0 MiINT&.T ffi At 

Figure2 Six varieties of rice grown Inthe Lucite holder show differential response to 
Al. Ineach pair, the left Isthe zero Al and the right Isthe 3.75 mM Al treatment. Varieties 
Brazos, C17179, and 9593/NV66 show relatively low Al effects on root growth com
pared to CCA-4, IR8, and LAI 10. 
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SORGHUM 

Many seeds of sorghum showed dormancy, and in some varieties tested 
the germination was very poor. Moreover, little information was available 
on the response of sorghum varieties to Al. According to Schaffert et al. 
(personal communication), the varieties 'Redland B' and PU-932204 be
have as Al tolerant and Al susceptible respectively, in soils of the Brazilian 
cerrado which are high in exchangeable Al. Fig. 3 shows the growth of 
seedling roots of these varieties at 0, 0.4, 0.6, and 0.8 mM Al. The root 
length response differences agree with the observations of Schaffert et al. 
Our work with this species is incomplete, but as of now it appears that the 
Al tolerance range for sorghum may be similar to or lower than that of 
barley. 

Figure3 Redland B(top) and PU932204 sorghum, previously grown inLucite holders, 
show from left and right the differential effect of 0,0.4, 0.6, and 0.8 mM Al. 
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SOYBEANS
 

The "rag doll" technique used in this work seems to be readily adaptable 
to seeds with epigeal germination and may in fact be adaptable to all 
species tested. The results with soybean varieties tested were unusual in 
that rather high concentrations of Al were required to show toxic effects. 
In order to maintain the Al concentration required to display differences 
in Al tolerance, the pH of the solution-paper system was lowered to 3.5. 
However, these differences may reflect conditions in the "rag doll" vs the 
solution-paper rack systems. When grown in 7.5 mM Al, 'Richland,' 
'Manchu,' and 'Mukden' were much less affected than 'Lindarin,' 'Flam
bean,' 'A-100,' and JA53-7-6. When grown in solution culture, tile effec
tive test concentration range was 0.04-0.07 mM Al, suggesting that soy
beans are in fact more sensitive to Al than was suggested by our test 
conditions. Nevertheless, the objective to differentiate tolerance levels in 
soybeans was achieved. Relating the test levels of Al to actual potential is 
another factor. 

CORN 

The seminal root of corn seedlings grows at a rate of 1.5-2 cm/day at 
room temperature. Corn roots have therefore been used extensively as a 
test material in studies of root growth (21,66,67). Some preliminary work 
was done to study the effects of Al on the rate of growth of seminal roots 
of corn. It was thought that growth rate in a few roots over a short period 
of time might be used as a technique for detecting Al tolerance. This 
avenue was investigated because the problems of uneven germination, 
with differences in germination time of 2 to 4 or more days for different 
varieties, limit the use of screening methods which require large numbers 
of uniformly germinating seedlings. 

Corn seedlings with seminal roots 1-2 cm long were placed in nutrient 
solutions containing various levels of Al, and measurements of the root 
growth per day were taken. As for wheat (S. M. E.Ali, 1973. Influence of 
cations on aluminum toxicity in wheat [Triticum aestivum (Vill.) Host]. 
Ph.D. Thesis. Oregon State Univ., Corvallis) it was found that the effects 
of Al on root growth were highly dependent on the salt concentration of 
the nutrient solution. Thus, for hybrid 64A x M 14 and inbreds WH and 
B57, with a nutrient solution containing 0.05 mM of NH4NO3, CaNO3, 
MgSO4, and KNOa, only a nominal 0.005 mM Al was required to reduce 
the average seminal root growth per day to about 80% of the control 
value. With more concentrated nutrient solutions, measurable changes in 
the growth rate of test varieties occurred after 48 hrs of treatment in 0.2 
mM Al. However, while 0.2 mM Al caused a greater reduction in the 
growth rate of inbred WH than of Pa36, the difference was not large. 
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A general survey of 11 corn inbreds and one double cross hybrid was 
undertaken with the solution technique described. The results of this 
experiment suggested that the response ofcorn roots to Al toxicity may be 
rather complex. In some cases (as shown in Fig. 4 by inbred Mo 17) the 
main effect of Al in treatments below 0.04 mM Al appears to be a 
reduction in the development and growth of adventitious and secondary 
roots. Measurements of seminal root growth length alone would give a 
poor estimate of Al tolerance in these cases. 

By giving consideration to general root growth and toxicity symptoms
in the differing Al treatments, the varieties tested can be grouped into 
very tolerant (64A x M15, WI82BN, W703), tolerant ('Caribi,' 
CAR73A-CARS Sel AM, CAR73A-BR2AM, PA36, B57), sensitive (WH),
and very sensitive (OH40B, W153R, Mol7). These results agree with 
those of Clark and Brown (45)and R. D. Rhue (personal communication).
Tests using the solution-paper systems, not yet completed, may yet
simplify the evaluations. 

SUMMARY AND CONCLUSIONS 

SEEDLING CULTURE SYSTEMS 

Simplified methods were developed to grow seedlings for Al tolerance 
screening. One method used a plastic holder plus filter paper, while the 
other involved placing seeds at the top of a doubled paper towel in a "rag
doll" fashion. A standard, simplified culture solution, including K 
biphthalate buffer to control pH, was developed and extensively tested 
with highly reproducible results. The solution-paper method permitted 
the tentative classification of at least five Al-tolerance groups in wheat, 
four in barley and rice, and three in soybeans and sorghum. Further tests 
may reveal additional tolerance levels in these crops.

Al tolerance for barley and rice was measured in terms of the relative 
root growth of seedlings grown in control vs Al solutions, usually at pH
4.0. For wheat, the root growth in Al solutions only was highly correlated 
with the level of Al tolerance. The influence of Al on the root growth of 
maize appeared to be more complex than for the other species studied. In 
particular, secondary rootlets of some varieties showed more injury than 
the primary roots. A simplified 10-day solution culture method to screen 
maize seedlings for Al tolerance was developed. Laboratory test results 
compared favorably with reported field data. Tests using the solution
paper methods, not yet completed, may simplify the evaluation. 
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Figure4 Growth ofcorn roots in nutrient solution with 0, 0.02,0.04,0.08,and 0.16 mM 
Al (left to right). Corn OH40B (center) shows Al toxicity at 0.02 and 0.04 mM Al, 
especially in the length of the seminal root. Corn Mol 7 (top) also shows toxic Al effects 
at these concentrations but mainly in the growth of secondary and adventitious roots. 
Corn W64A x M14 (bottom) shows relatively minor toxic effects at Al concentrations 
below 0.16 mM. 
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FACTORS AFFECTING THE EFFICIENCY 

AND ACCURACY OF SCREENING TESTS 

Several factors contributing to error in Al tolerance tests were iden
tified, and methods to circumvent or control them were devised. Of these, 
microorganism infestation was controlled by use of a fungicide (75% 
PCNB). Error due to variable growth of seedlings could usually be 
avoided by carefully selecting seeds, pregerminating seeds before testing, 
and removing from the test results those seedlings with obviously defec
tive growth. The influence of dormancy factors on the growth of seed
lings could be reduced by leaching the seeds. 

At. TOI.ERANCE MEASUREMENT 

Many of the above-ment ioned problems are ofmajor concern in testing 
Al tolerance, largely because the method employed to measure tolerance 
depends upon root growth. A method that is not so dependent on the 
extent of rate of seedling germination and root development, but which 
could be used to distinguish different tolerance levels, would greatly 
improve the success of screening procedures. If the detection system 
could be applied to seedlings in their early germination stages, the test 
procedures could be further simplified and improved in efficiency. Inves
tigations currently in progress aim to develop an improved method for 
detecting Al-tolerant seedlings. 
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Screening Tropical Legumes for
 
Manganese Tolerance
 

C. S. Andrew 

Manganese toxicity in plants is one of the principal factors associated 
with acid soil problems (95, 178). Other principal factors are low soil pH, 
aluminum excess, and deficiencies of phosphorus, calcium, and molyb
denum. It is therefore important that the screening of plants for man
ganese tolerance be done using techniques that allow clear interpretation 
of the plant-manganese interaction, uncomplicated by the other factors 
above that are associated with acid soils. 

In the first half of this century numerouF reports were made of man
ganese toxicity in plants, e.g. Hewitt (95), L6hnis (129), and Peech and 
Bradfield (166). Information contained in those reports was obtained 
from soil experiments incorporating lime, the identification of visual 
foliar symptoms of the toxicity, and the assessment of manganese concen
trations in plants and soils. Thus, even in that period several techniques 
were being employed. Results accrued from that period also showed that 
plants differed in their reaction to high soil manganese; in particular, 
legumes were more sensitive than non-legumes. However, very few of the 
reports were directed towards a direct comparison of legumes. Morris 
and Pierre (148) made a comparison of five legumes in water culture; 
their results showed the relative order of tolerance to be Lespedeza > 
sweet clover > soybean = cowpea > peanut. In a comparison made by 
Lhnis (130), Trifolium pratense, T repens, and Viciafaba were showr to be 
relatively tolerant of manganese excess, while Phaseolus vulgaris, Vicia 
saliva, and Medicago saliva were very sensitive. Andrew and Hegarty (11) 
compared eight tropical and four temperate pasture legumes using a 
water culture technique, and estimated toxicity threshold manganese 
concentration in the plant tops of each species. Table I shows the group
ing of the species in relation to their tolerance. A soil culture technique 
was used by Souto and Dobereiner (188) to evaluate six tropical forage 
legumes; marked differences were recorded. Current interest is being 
shown in the comparison of cultivars and breeding lines of plants. 

This paper attempts to evaluate the various techniques available for the 
screening of tropical legumes for tolerance to manganese excess. Con
sideration is also given to the criteria of assessment. 
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Table 1. Multiple range tests for linear coefficients of the regression of yield of nine tropical 
pasture legumes on concentration of manganese insolution. 

Rank RegressionCoefficients 
Species Grouplngt

5% 1% 

1 -0.0023 Centrosema pubescens 1-3 1-3 
2 -0.0038 Stylosanthes humilis 
3 -0.0039 Lotononis bainesii 
4 -0.0066 Macroptilium lathyroides 4-6 4-6 
5 -0.0077 Leucaena leucocephala 
6 -0.0080 Desmodium uncinatum 6-7 
7 -0.0102 Medicago saliva 7-7 
8 -0.0128 Glycine wightii 8-8 8-8 
9 -0.0159 Macroptilium atropurpureum 9-9 9-9 

tGroupings obtained bymultiple range test. Data from Duncan, 1955 (61).
LS.D. olcoeff.at 5%level = 0.0012. 
LS.D. of coeff. at 1%level = 0.0016. 

CULTURAL METHODS 

Methods currently available are: 1) soil culture (pot and field; natural 
and induced toxicity), and 2) solution culture (water and sand culture) 
long term and short term, including uptake and translocation studies. 

SOit. CUlTURE 

Techniques in this group apply to two systems, firstly those that can be 
used on soils of known excess manganese, and secondly those that can be 
used on soils modified (acidification with or without added manganese) to 
achieve toxic amounts of available manganese. In both systems pot or field 
culture investigations may be undertaken; however, the choice between 
the latter will be governed largely by environmental and experimental 
factors. 

Selection of soil. If one considers soil chemistry in relation to man
ganese, what is the relative importance of total manganese, exchangeable 
manganese, readily reducible manganese, and water-soluble manganese? 
Most nutrient toxicities, including manganese, affect seed germination 
and early seedling development more scverely than older plants. This 
implies that the concentration of manganese in the soil solution is the 
dominant factor and indeed several publications are associated with this 
aspect. Grasmanis and Leeper (88) suggest that the supply of soluble 
manganese being in equilibrium with the soil exchangeable manganous 
ion, depends on the relative importance of two opposing actions: (1) the 
oxidation by atmospheric oxygen, and (2) reduction by organic matter. 
Oxidation is biological with an optimum pH range of 6.0-7.5 (127). The 
reduction is normally non-biological, is rapid in acid soils, and goes on 
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slowly in neutral soils. Anything that checks microbial oxidation causes 
soluble manganese to increase (acidity, sterilization, air drying, waterlog
ging). Truong et al. (198) considered soil exchangeable manganese to be 
superior to readily reducible manganese in predicting toxicity, but in their 
investigation, no water-soluble manganese measurements were made. 

Generally speaking, manganese excess is associated with soils of low 
pH, but pH as a sole criterion is not sufficient to allow choice of experi
mental site. Grasmanis and Leeper (88) obtained toxic amounts of man
ganese in near-neutral soils. Morris (146) investigated 25 naturally acid 
soils (pH 4.6-6.1) and determined the concentration of manganese in a 
water-soluble extract in a 1:2 soil-water system. The range of water
soluble manganese concentrations was 0-6.3 ppm; soils below pH 5.2 had 
a mean manganese concentration of 2.1 ppm; soils with pH 5.2-5.4 had a 
mean of 1.0 ppm; and soils with pH higher than 5.4 had a mean of 0.5 
ppm. However, several anomalies existed. 

The author's experience in northern Australia indicates that man
ganese toxicity usually occurs in soils developed on sedimentary roc!-s, 
particularly if metamorphosed, and in soils developed on basic volcanic 
rocks under conditions of high rainfall and some impeded drainage. The 
important considerations in choosing a soil are effective manganese con
centration (water-soluble and/or exchangeable manganese), suitability of 
the soil with respect to other nutrients, attributes for the group of plant
species or lines of plants to be assessed (see species mineral requirements 
section), and freedom from other complicating factors such as aluminum. 
Furthermore, an, il ameliorants essential to the plants under test may 
interact with the s. nanganese and thus alter the relative effectiveness. 
Concentrations of water-soluble manganese in soil require to be qualified
by the extraction procedure; concentrations decrease with dilution. How
ever, in the soil-water ratio of approximately 1:1 or less, changes in 
concentration are minimal provided the extraction is of relatively short 
duration. Exchangeable manganese will often increase with soil storage 
(127). Whether a particular soil is suitable for toxicity studies will depend
in part on the severity of the toxicity in relation to plant species. For 
example, solution concentrations of up to 10 ppm would be suitable for 
testing plants within a very sensitive grouping but would be too dilute for 
plants in a moderately tolerant group. Soils having very high amounts of 
soluble manganese may be ameliorated with lime to varying levels and 
thus allow the testing of species at differing concentrations of manganese, 
provided the side effects of the lime addition do not confound the in
terpretation of the results. 

Induced toxicity. Alternatives to using a naturally occurring toxic soil 
are to acidify a potentially toxic soil and/or add manganese to soils of low 
to neutral pH. Several workers have used various salts for soil acidifica
tion; sulphur and calcium sulphate are commonly employed (88, 146). 
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Souto and D6bereiner (188) used a soil of sedimentary origin, added 
various amounts of manganese sulphate to soil in pots, and compared the 
growth of six tropical forage legumes. Their results showed that the 
relative order of species tolerance was Centrosema pubescens > Glycine 

javanica var. Sp-I > Stylosanthes gracilis > Glycinejavanicavar. Tinaroo > 
Macroptilium atropurpureum var. Siratro. Accuracy of interpretation of 
data obtained from the above types of experimentation will be largely 
determined by the investigator's experience of the soil and plant species, 
but caution needs to be exercised. High correlation between treatment, 
visual foliar symtoms of manganese toxicity, manganese concentrations in 
soil solutions and in plant material, and plant performance do not neces
sarily indicate a simple plant x manganese interaction. Other possible 
factors are pH effects on legumes (nodulation and efficiency of symbiosis, 
and growth) and pH effects on soil, especially with respect to aluminum, 
calcium, phosphorus, and molybdenum. Heavy applications of man
ganese to soil, e.g. 200 ppm manganese as manganese sulphate, repre
sent an addition of 1624 kg of MnSO4 • 4 H20 per hectare (assumed 
weight 2 x 106 kg/ha 0-15 cm depth). From the acidification viewpoint 
this application is equal to an application of 1250 kg CaSO4 • 2 H20 per 
hectare, a heavy application indeed on light-textured soils. Localization of 
added manganese or gypsum should be avoided. 

SoI.urION CULTURE 

Basically the nutrient solutions used in water culture and sand culture 
systems are identical. The merits of the two systems have been described 
(97). Differences may occur due to adsorption of manganese and other 
nutrients onto sand particles, thus altering effective concentrations. The 
choice between the two systems is largely determined by the form and size 
of experimentation and the facilities available. The author has used both 
systems and is of the opinion that sand culture is preferable for legume 
investigations, particularly when it is desired to have the legume-
Rhizobium symbiosis fully operable. In the initial investigation ac
complished with tropical forage legumcs, individual species were grown 
in separate pyrex containers using a solution having combined nitrogen 
added (11). Results from that investigation are shown in Table 1. Follow
ing research into and the modification of solution formulation suitable for 
nodulation of tropical legumes, a sand culture system was used. Two 
variants of the latter were employed. In one case solution was transferred 
by air pressure (9); in the second case the solution transfer was done by 
electric pump. The latter variant was employed by Hutton (personal 
communication) to select and finally study the tolerance of eleven bred 
lines of Macroptiliumatropurpureum to manganese excess. Results of ear
lier investigations (11, 188) showed that M. atropurpurenimwas a species 
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sensitive to manganese excess. Selection and breeding programs by Hut
ton have produced lines of this species with greatly improved tolerance. 
Advantages ofthe sand culture technique are considered to be assessment 
of treatment effects on seed germination and early seedling development,
improved aeration in relation to root and nodule initiation and develop
ment, efficiency of symbiosis, and improved plant handling. A system 
designed for comparative species studies (9) has been used successfully 
for investigations into calcium, aluminum, manganese, and pH effects on 
a range of tropical legumes. 

The principle of having multiple species or cultivars of plants growing 
in a communal container for each treatment compared to individual 
containers per species, has several advantages. Facilitation of the physical 
aspects of the investigation is improved and uniform control of solution 
concentration (basal and treatment) is enhanced. A disadvantage of 
communal containers is the error incurred as a result of differential 
growth rate of the species and changing nutrient concentrations. Changes
in nutrient concentrations due to the above factor are slight, and monitor
ing and adjustment of nutrient concentrations are relatively easy. Con
tinuous flowing cultures with automatic pH and nutrient adjustment (17) 
overcome many of the problems associated with uniformity of solution 
concentration. 

Investigations into the tolerance of plant species using solution or soil 
culture experiments usually occupy time periods of 6-12 weeks. Experi
ence has shown that toxicity effects occur early in the seedling stage of 
growth; therefore from a plant breeding viewpoint 4-6 weeks' growth 
should be sufficient. Alternatively, consideration could be given to the use 
of short-time manganese uptake and translocation studies with young
plants and preferably with radioactively labelled manganese (52Mn). Re
sults of Ouellette and Dessureaux (162) and Andrew and Hegarty (11)
indicate that plant tolerance is in part associated with reduced transloca
tion of manganese from the rootsto plant tops. Short-time experiments 
using excised roots (7, 14, 90) thus do not lend themselves to comparative 
species studies of manganese excess. 

FORM OF EXPERIMENTATION AND ASSESSMENT 

FORM 

The majority of the experiments involved in the comparative species 
studies of manganese excess have been done in solution culture based on 
relatively large supplies of combined nitrogen. The author isnot aware of 
studies in which the legumes rely on their host-Rhizobium symbiosis for 
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nitrogen supply. Is the reaction of the legume to manganese excess when 
supplied with nitrogen different from that of the legume relying wholly 
on symbiotic nitrogen, and does excess manganese affect initiation of 
nodulation and efficiency of symbiosis? Current investigations associated 
with the M. alropurpureul breeding program in this laboratory embody a 
comparison of eleven bred lines grown at two manganese solution con
centrations (0.5 and 40 ppm) and in the presence and absence of com
bined nitrogen (nitrogen and Rhizobium series) (Hutton, personal com
munication). A summary of the results (Table 2) shows that the relative 

Table 2. 	The effect of Mn on the mean dry matter production and root weight ratios of eleven 
bred lines of M.atropurpureum grown in the presence and absence of added 
nitrogen. 

Cultural Dry matter (gl t) Root weight ratios 
Series Mn (0.5 ppm) Mn (40ppm) Mn (0.5 ppm) Mn (40 ppm) 

Nitrogen 15.9 8.0 (50% 0.15 0.19(26% 
reduction) increase) 

Rhizoblum 10.4 6.3 (39% 0.27 0.33 (22% 
reduction) increase) 

Data from Hutton (personal communication). 

effect of excess manganese on the Rhizobiun series (39% reduction) was 
less than that on the nitrogen series (50% reduction); differences may be 
due to relative growth rates. Astudy of root weight ratios (Table 2) shows 
that manganese excess reduced the plant top growth to a greater extent 
than the root growth in both series, but that the nitrogen series was 
affected more than the Rhizobium series. However, manganese excess 
reduced the percentage of nodule tissue in the root system (32% reduc
tion) but had little effect (7% reduction) when results were expressed as a 
percentage of the total plant weight (Table 3). The latter criteria may be 
the most appropriate for use in this instance. Furthermore there was no 
decrease in the nitrogen concentration in the plant tops (Table 3) due to 
manganese excess.
 
Table 3. The effect of Mn on the mean relative percentages of nodule tissuet and nitrogen in
 

the plant tops of eleven bred lines of M. atropurpureum (Rhizobium cultural series). 

Index 	 Mn (0.5 ppm) Mn (40 ppm) 

Nodule tissue as apercentage of root + nodule 12.6 8.6 (32% 
reduction) 

Nodule tissue as apercentage of total plant 3.1 2.9 (7% 
reduction) 

Nitrogen inplant tops (%dry wt) 3.32 3.49 (5% 
Increase 

tDry weight 	 Data from Hutton (personalcommunication). 
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Data from soil experiments accomplished by Souto and Dbereiner 
(188) show that large applications of manganese sulphate to soil reduced 
plant growth, nodule numbers, and weight, but increased nitrogen con
centrations in the plant tops in all but one case. In that experiment some 
nitrogen may have been obtained from the soil, and this, related to low 
plant yield at high manganese treatment, may account for the increase in 
nitrogen concentrations in the plants. Also, the observed effect of treat
ment on plant growth and nodule numbers and weight may have been 
confounded by the side effects of large additions of manganese sulphate 
to the soil, e.g. low pH and aluminum excess. 

SELECTION OF TREATMENT 

Extreme treatment with manganese or chemicals to induce manganese 
excess should be avoided where possible. In pilot experiments some 
advantages may be gained, but in attempting to place an accurate in
terpretation on data obtained from extreme treatments, questions in 
regard to side effects arise. For example, in soil experiments the applica
tion ofacidifying compounds imposes numerous problems of plant nutri
tion. It is possible to have a situation where the effect of reduced soil pH,
aluminum excess, and deficiencies of phosphorus, calcium, and molyb
denum may singly or in combination dominate the manganese effect. 
Furthermore, increased complications arise in regard to soil type and 
plant species involved. Fortunately, toxic concentrations of soil man
ganese occur at pH levels above those usually associated with severe 
aluminum excess; and for most tropic,1l legumes used in agriculture, pH 
levels of 5.0-5.5 are sufficient to allow reasonable nodulation and growth 
provided no other side effects exist. In order to mitigate the problem 
associated with soil acidification it is suggested that the treatments should 
be only slightly above the amounts necessary to achieve the approximate 
toxicity threshold concentrations in plant tops (11). 

ASSESSM ENT 

Experience of soil or solution x species interactions assists in the in
terpretation of results. Before detailed assessment is made, plant tops 
from all treatments, or minimum and maximum treatments, should be 
analyzed and the sufficiency of all nutrients other than the treatment in 
question judged (8). 

The effect of manganese excess on legume growth is relatively more 
drastic on tops than on roots (I1, 147, 188); therefore assessment of 
treatment effect on plant tops is justified. However, the author is not 
aware of published toxicity or sub-toxicity effects on legume grain 
production. As emphasis is increased on the production of grain in 

335 



marginal areas, more attention should be directed towards this form of 
investigation. 

SPECIES MINERAL REQUIREMENTS 

It is important that screening methods for assessing manganese toler
ance in tropical legumes be uncomplicated by nutrients other than man
ganese. However, legume species differ in their nutrition, and this aspect 
should be fuily appreciated in the selection of testing methods and sub
strates, especially if the legumes are largely or wholly dependent on the 
legume-Rhizobium symbiosis for nitrogen. Nutrients and substrate re
quirements that are especially important in this context are pH, calcium, 
aluminum, molybdenum, phosphorus, and sulphur. 

PH AND CALCIUM 

Fig. 1shows the effect of pH and calcium concentration on the nodula
tion of four pasture lcgumes, and Fig. 2, the effect of those treatments on 
the dry matter production of nodulated plants grown in sand culture in 
the absence of combined nitrogen. Results in these two figures confirm 
the recognized sensitivity of M. saliva to low pH and calcium concentra
tion, and illustrate the variation that exists in a group of four tropical 
legumes. For example, Glycinev wightii is very sensitive to low pH and low 
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Figure 1 The effect of pH and calcium substrate concentration on percentage of 
legume nodulation. From Andrew, 1976 (10). 
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Figure 2 The effect of pH and calcium substrate concentration on the relative dry
matter of nodulated plants. From Andrew, 1976 (10). 

calcium substrate concentration (10). It is also sensitive to manganese
(Table 1). At the other end of the scale the production of Lolononisbainesii 
was adversely affected at the high calcium substrate concentration. It is 
most unlikely that high soil solution calcium concentrations occur in soils 
that have high concentrations of soluble manganese. Howeve!, in artifi
cial substrates excessive concentration of calcium should be avoided. A 
concentration of 0.5-1.0 mM calcium is recommended for experiments 
involving multiple species. Similar arguments may be employed in rela
tion to pH. Soils having high concentrations of soluble manganese are 
usually in the pH range of 5.0 to 5.5; in artificial substrates a pH value of 
5.0-5.5 is recommended for manganese excess studies. However it must 
be accepted that pH 5.0 especially, while allowing reasonable nodulation, 
is sub-optimal with respect to dry matter production for G. upightii and 
Desnodiwm uncinatum (Fig. 2). In artificial substrates, control of nutrient 
concentrations, especially iron, phosphate, aluminum, and manganese, is 
more easily accomplished at low pH than at high pH. In relation to 
manganese uptake and toxicity in plants, acidification of soil substrate 
usually increases toxicity, whereas in artificial substrates toxicity is re
duced by lowering solution pH. In the former case the action is per
medium of the soil (i.e. acidification increases the concentration ofsoluble 
manganese), but in the latter case it is considered that the hydrogen ion 
competes with the manganous ion for uptake by the plant (197). 
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ALUMINUM 

Aluminum can quite often confound the interpretation of results from 
manganese toxicity experiments, particularly those accomplished in soil 
(pot and field culture) (see earlier discussion). The varied sensitivity of 
species to aluminum (12) further confounds the issue. In the author's 
experience, many of the legumes that are relatively sensitive to man
ganese excess are also sensitive to aluminum excess and low pH; however 
there are exceptions. For example, M. atropurpureumcv. Siratro has been 
shown to be sensitive to manganese excess (188 and C. S.Andrew, unpub
lished data), but it is relatively tolerant of aluminum excess. Similarly
Macroptiliumlathyroides has been recorded as being sensitive to manganese 
excess (l1) and tolerant of aluminum excess (12). Recourse to soil and 
plant chemistry will assist in the identification of aluminum excess (see 
other sectional papers). 

MOLYBDENUM 

Legumes are known to differ in their responses to applied molyb
denum. Medicago species have been shown to be more responsive than 
Trifoliunt species (96). Johansen and Kerridge (personal communication) 
ha ve shown that the relative order of response of five tropical legumes was 
G.wighiii > Desmodium intortum > M. atropurpureum > Stvlosanthes humilis 
> L. bainesii. Correction of manganese toxicity has been achieved through 
the use of molybdenum (143, 203). However, Truong et al. (197) were 
unable to show any beneficial effects of molybdenum on manganese 
excess in soil or water culture experiments involving M. lathVroides, G. 
wightii, M. atropurpureum,S. humils, and C. pubescens, and suggested that 
beneficial effects of molybdenum additions in soils with manganese excess 
were more easily attributed to an influence on nitrogen metabolism of the 
legume-Rhizobium symbioses, and a consequent dilution of the manganese 
excess effect per medium of increased plant vigor. The sufficiency of 
molybdenum is best judged by experimentation. 

PHOSPHORUS 

Knowledge of available soil phosphate, the interaction of phosphate 
with aluminum, and an assessment of the phosphorus concentration in 
the plant tops in relation to standard diagnostic cor.centration (13) will 
enable the investigator to determine the sufficiency of phosphorus. How
ever, it must be emphasized that certain tropical legumes are adversely 
affected (in terms of growth and nodulation) by high concentrations of 
phosphorus in solution; concentrations of 2 ppm or less are recom
mended. The literature shows no consistent effect of phosphorus on 
manganese excess. High phosphate application has been shown to reduce 
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manganese concentration in plants (30, 50), but other workers have 
indicated an increase in manganese concentration (6, 142, 147, 170). 
Truong et al. (198) studied the latter aspect in some tropical legumes. 
They showed that increasing phosphate additions increased the man
ganese concentration in the tops of G. wightii,M. atropuipureum, S. humilis, 
and C. pubescens grown in water culture. The distribution index (%)was 
unaltered by phosphate treatment; thus the observed effect of phosphate 
addition on manganese in the plant was due to an increase in manganese 
uptake. Addition ofacidic phosphate compounds to soil, e.g. Ca(H2PO4)2, 

aggravated manganese toxicity in the above plants (198). In this regard, 
Randall et al. (170) showed that mono-ammonium phosphate had a 
greater effect than Ca(H2PO4)2, and furthermore banded applications 

had greater effects than broadcast applications. In these cases it was 
considered that the effect of the acidic phosphate fertilizer was due to 
change of pH of small soil pockets without influencing the general pH of 
the soil. This effect, added to the influence of phosphate on manganese 
uptake, explains the gross effect on plants; therefore the level of phos
phate application and form of fertilizer should be considered in relation 
to the test soil and test species. 

The form and amounts of other nutrients added as basal nutrient 
applications, e.g. sulphate, should be kept to a minimum commensurate 
with the thesis of nutrient sufficiency. 

CONCLUSIONS 

The choice of methods for screening tropical legumes will be dictated 
by the relevance of the program to published data, the time span, and 
available facilities. In long term programs covering several seasons, e.g. 
plant selection and breeding programs, especially where data from sev
eral seasons are to be compared and/or related to published data, solution 
culture methods are preferred to soil culture. An added advantage of the 
solution culture techniques is the control of substrate conditions (pH, 
basal nutrients, aeration, temperature, Rhizobium), the exact identifica
tion of treatment, and the absence of cortiplicating factors associated with 
acid soil problems (pH, Al, Ca, P, Mo, etc.). 

It is preferable to choose a solution culture technique that facilitates 
early initiation of nodulation and efficient legume-Rhizobium symbiosis; 
sand culture (coarse sand) has certain advantages over water culture. The 
author considers that nitrogen should not be used in the substrate except 
for a small quantity at the germination and early seedling stage (10). Plant 
communal growth conditions are considered preferable to individual 
plant containers for toxicity studies. The technique of Andrew (9) allows 
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for individual containers to be sub-irrigated from a common substrate 
solution, thus allowing ease of handling and the assessment of root and 
nodule data. 

The substrate formulation requires careful consideration especially 
where species may have specific requirements of pH, calcium, phos
phorus, molybdenum, etc. A compromise may be necessary. 

Excessively high treatments of manganese should be avoided; 
maximum concentrations may be judged from the literature associated 
with the species in question, but in general should only provide for a slight 
excess beyond that necessary to attain the threshold toxicity concen
trations in plant tops. A range of manganese treatments may be necessary 
where species of widely different response are grown. 

Assessment of data for the relative tolerance of species to manganese 
excess should be preceded by a multiple chemical analysis of the plant 
tops in order that the sufficiency of all other nutrients may be judged, e.g. 
N (via symbiosis), P, S, K, Ca, Mg, etc. Assessment for tolerance can be 
based on plant top dry matter; however, chemical analysis of roots and 
tops allows interpretation to be made in respect to possible reasons for 
tolerance, e.g. low manganese uptake and/or low translocation index. 
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Screening Rice for Tolerance to Mineral Stresses 

F N. Ponnamperuma 

Two recent developments have focused attention on mineral stresses in 
rice soils: 1)the advent ofnew rice varieties with a high yield potential and 
resistance to pests, and 2) the pressing need to bring more land under rice 
cultivation in the densely populated countries of the tropics and sub
tropics. Marginal land could be opened up for rice cultivation and the new 
rice varieties could deliver their full potential, were it not for obstacles 
such as mineral stresses in soils. These stresses include salinity, alkalinity, 
strong acidity, iron toxicity, Histosol problems, zinc deficiency, phos
phorus deficiency, and (in aerobic soils) iron deficiency and manganese
and aluminum toxicities. These problems can be alleviated by chemical 
amendments and water control. But both methods are costly and beyond
the means of most developing countries. Breeding for tolerance to soil 
stresses may be a simpler and less expensive method of overcoming the 
stresses where they are not severe. To accomplish this, reliable, rapid, and 
convenient methods of screening rice for tolerance to mineral stresses are 
necessary. 

Developing techniques for screening of rices for tolerance to mineral 
stresses is beset with difficulties. First, a mineral stress in rice soils rarely 
occurs in isolation; it is usually compounded by the presence of other 
mineral stresses and by environmental problems. Second, the magnitude
of the stress varies spatially and with time. Third, the reactions of the rice 
plant vary with the method of planting, age of seedling, and development 
stage. These problems aad methods of overcoming them are discussed 
under the various soil stresses. 

SALINITY 

Salinity is one of the main obstacles to high yields on millions of hectares 
of flat land in deltas, estuaries, and coastal fringes in the humid tropics,
physiographically and climatically well suited to rice. It is also a serious 
impediment to the growth of irrigated rice in arid and semi-arid areas. 
The total extent of current and potential rice land in the tropics and 
subtropics affected by salinity may be as high as 40 million ha. 

Saline soils vary widely in their chemical and physical properties and 
their hydrology. The variables include: 1)content and nature of the salts, 
2) distribution of salt in the surface horizon and in the profile, 3) soil pH, 
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4) nature and content of clay, 5) organic matter content, 6) nutrient 

content, 7) water regime, 8) relief, and 9) temperature. 
The salt content varies spatially, seasonally, and with the water regime. 

The dominant salts in areas of marine salinization are chlorides; in arid 

areas they may be sulphato-chlorides and chlorido-sulfates (68). The pH 

may vary from 2.5 to 8.5, the composition of the clay from montmorillo

nite and illite to hydrous oxides of iron and aluminum, the organic matter 

from I to 50 percent, and the nutrient status from very low to moderately 

high (Ponnamperuma, 1975, unpublished data). These variations pre

sent problems in devising screening techniques of universal applicability. 

REVIEW OF PAST WORK 

During the past two decades the following methods have been used for 

screening rice varieties for salt tolerance: 1) germination in sodium 

chloride solutions (179), in mixed salt solutions (23), in salt-treated sand 

cultures (164), in soil cultures treated with sodium chloride and calcium 

chloride (22), and in salified soil at different water contents (201); 2) 

growing seedlings in culture solution salified with sodium chloride (107) 
or a mixture of sodium chloride and calcium chloride (5); 3)transferring 
seedlings from soil culture to a 0.5% solution of sodium chloride and 

scoring injury (177) or measuring salt uptake (114); 4) growing seedlings 
to maturity in soil cultures in pots (53,115,163); and 5) growing plants to 

maturity in salified microplots (116) or in replicated field trials (169). The 

maximum number of varieties tested at a time by any one of these 
methods was 18 (23). Apart from intrinsic defects, all these methods 
suffer from one severe drawback: they are unsuitable for mass screening 
of the world's germplasm or the progeny from a breeding program. 

PROBLEMS IN DEVELOIIIN(; TECHNIQUES 

Salt tolerance in rice isinfluenced by: 1)the nature and content of salts, 

2) soil pH, 3) water regime, 4) method of planting, 5) age of seedling, 6) 
development stage of the plant, 7) duration of exposure to salt, and 8) 
temperature (112). These factors and the field problems discussed earlier 
have to be considered in devising techniques that are rapid, reliable, and 
suited to screening large numbers. 

Our experimental studies of these factors (111, 112) indicated that: 1) 
tile discriminating level of salinity is 8-10 mmhos/cm at 25 C; 2) at an EC 
of 8-10 mmhos/cm seawater is less injurious than a solution of common 
salt; 3) soil culture is better than solution culture; 4) salified Maahas clay 
(Table 1)behaves chemically and physiologically like a natural saline soil 
in the Philippines (110); 5) uneven distribution of salt can be minimized 
by using small amounts of soil (5 kg) in shallow trays and keeping them 
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submerged to a depth of 1 cm; 6) transplanting is better than direct 
seeding; 7) a two-week-old seedling is better than a younger seedling; and 
8) salt injury as measured by the percentage of dead leaves (Table 2) is a 
good measure of varietal tolerance. On the basis of these findings, we 
developed greenhouse and field techniques for screening large numbers 
of rices for salt tolerance (112). 

Table 1. Some properties of the soils used for screening for mineral stressas. 

Soil 
Property Maahas Shamping Upa clay Luislana 

clay clay loam loam clay 

Color Very dark Reddish Dark grey- Yellowish 
brown brown ish brown brown 

pHt 7.1 8.04.8 5.2 
Organic matter (%) 2.9 1.5 9.0 3.0 
N(%) 0.16 0.09 0.48 0.16 
CEC (meq/100 g) 43.8 9.7 40.3 32.3
 
Exch. bases (meq/100 g) 41.7 1.5 - 16.9
 
Reducible Fet (%) 2.5 2.1 0.50 5.2
 
Reducible Mnt (%) 0.21 0.012 0.54 0.04 
Available P§ (ppm) 10 5 35 0.2 
Available Zn (ppm) 5.4 2.3 1.8 3.8 

t1:1 water
 
tDatafrom Asaml and Kumada, 1959 (16).
 
Wata from Olsen et al., 1954 (159).
 
TData from Trierweiler and Undsay, 1969 (196).
 

Table 2. Scoring salt injury inthe greenhouse. 

Dead leaves (%) Score 

0-20 1 
21-35 2 
36-50 3 
51-70 5 
71-90 7 
91-100 9 

SCREENING TECHNIQUES 

Five kg of Maahas clay is placed in shallow plastic trays measuring 35 X 
27 X 11 cm. Four liters of a 0.5 percent solution of common salt is added, 
the contents of the tray thoroughly mixed, and the soil slurry allowed to 
settle. This salt concentration (0.4%) gives an EC, of 8-10 mmhos/cm at 
25 C. Three two-week-old seedlings of each variety raised in solution 
culture (Table 3) are transplanted in each tray. One row of trays of a 
resistant variety and one row of trays of a susceptible variety after every 20 
trays of test plants serve as checks. The soil is kept submerged to a depth 
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Table 3. Composition of culture solution. 

Concentration of 
Element Source element (ppm) 

N NHtNO3 40 
P NaH2PO4•H20 10 
K K2SO4 40 
Ca CaCI2 40 
Mg MgSO4•7H20 40 
Fe FeEDTA 5.0 
Mn MnCI2 • 4H20 0.5 
Mo (NH4)6M07024 . 4H20 0.05 
Zn ZnSO4•7H20 0.01 
B H3B03 0.2 
Cu CuSO4• 5H20 0.01 

of 1 cm by adding dremineralized water daily. Four weeks after transplant
ing the plants are scored according to the percentage of dead leaves 
(Table 2). Using 104 m2 of greenhouse bench space about 4000 varieties 
are screened in 12 months. We use this method for screening elite lines 
from the Institute's general breeding program and the world collection of 
germplasm. 

Salt-resistant varieties identified in the greenhouse are used by the 
plant breeding department as parents in their hybridization program. 
Since plant breeders like to test the progeny in the field under insect, 
disease, and other stresses, screening of material from the breeding 
program is done in a I/ 10 hectare block of Maahas clay on the Institute 
Farm treated with common salt to give an EC. of 8-10 mmhos/cm at 25 C. 
After uniform application of the salt and its thorough incorporation in 
the puddled soil, the block is divided into eight plots, each surrounded by 
ridges and irrigation ditches. Each plot is subdivided into four subplots 
and surrounded by ridges and ditches. Each subplot is irrigated simul
taneously from the four surrounding ditches. Three-week-old seedlings 
of each entry, raised in unamended Maahas clay, are transplanted in rows 
replicated four times. The EC, is measured at the start, the middle, and 
the end of each test. Salt is added from time to time to keep the EC, at 
8-10 mmhos/cm at 25 C. The entries are scored according to the scale in 
Table 4. In one year 1200 varieties can be screened. 

Under natural saline conditions, a rice plant isexposed to many hazards 
other than salinity. Thus a line selected for high yield under the Institute 
Farm conditions may fare poorly in a different environment. To sample 
other environments, we have the International Rice Testing Program 
(IRTP), which is a component of the Genetic Evaluation and Utilization 
Program of the International Rice Research Institute. The International 
Rice Salt and Alkali Tolerance Observational Nursery (IRSATON) is a 
part of IRTP. In the IRSATON program, promising varieties and selec
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Table 4. Scoring salt Injury Inthe field. 

Observation Score 

Normal growth and tillering 1 
Normal growth and tillering, but leaf tips or upper halves of the leaves 
are white and rolled 2 
Normal arowth and some tillering, some rolled leaves 3 

Growth and tillering severely retarded; most leaves are rolled; only a few 
are elongating 5 
Complete cessation of growth; most leaves are dry; some plants dying 7 
Almost all plants are dying 9 

tions as well as material from the breeding program of the Institute and its 
collaborators are tested in different countries under field conditions. The 
field plan is in Fig. 1. Entries are rated according to Table 4 at 2 and 4 
weeks after transplanting. The second series of tests under this program 
in the Philippines, Thailand, India, and Pakistan hasjust been concluded. 

vilO 1 V15 I ' :v14V3 

-- o -

0 0 

V12  %1 V9V1 6 

0 0
 

A * 0 a 

0 Variety or selection a Susceptible check 

N Resistant check 0 Local adapLed variety 

Figure 1 Soil-variability grid design. 
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ALKALINITY 

Alkalinity due to excess exchangeable sodium limits the growth of rice 
in several million hectares of irrigated or irrigable land in the Indo-
Gangetic plain in Pakistan and India as well as several hundreds of 
thousands of hectares in the Near East and Africa. Alkalinity occurs often 
in association with salinity so that saline-alkali or saline-sodic soils are 
more common than straight sodic soils. 

The main growth-retarding factors in submerged sodic soils are excess 
exchangeable sodium, excess electrolyte, and deficiencies of calcium, zinc, 
and iron, induced by high pH. 

REVIEW OF PAST WORK 

Studies on screening for alkalinity are meager. Abdul Samad et al. (1), 
cited by Srinivasan and Srinivasan (190), observed the performance of 74 
varieties of rice in the field on an alkali soil with a pH of 8.9. Srinivasan 
and Srinivasan (190) tested three varieties in a field experiment on soil 
with a pH of 8.7 and an EC of 2.3. The best variety (PVR-I) yielded 1060 
kg/ha. 

PROBLEMS IN DEVELOPING A TECHNIQUE 

Solution or sand .ulture cannot be used because at pH values over 8.5, 
phosphate, iron, zinc, copper, and manganese are precipitated and ren
dered unavailable. Bulk soil cultures in tanks in the greenhouse or 
outdoors lack precision because of uneven distribution of alkali. So, as in 
the case of salinity, we used small amounts of soil (Maahas clay) treated 
with 1.4 percent sodium carbonate. The pH of the air-dry soil after 
treatment was 8.5; its sodium adsorption ratio (SAR) was 45 and its EC., 
3.9 mmhos/cm at 25 C. The chemical kinetics of this soil on submergence 
was very similar to that of a natural alkali soil from Cotabato, Philippines 
(110). 

SCREENING TECHNIQUES 

Four kg of soil is mixed with 5 liters of a 1.12 percent solution of sodium 
carbonate in demineralized water in the shallow plastic trays described 
under "Salinity." Two-week-old seedlings raised in solution culture are 
transplanted in the trays. Alkali injury is scored 4 weeks after transplant
ing according to Table 5. The screening capacity, using 104 m2 of bench 
space, is about 4000 entries per year. This method is used for screening 
the world collection of germplasm and elite lines from the general breed
ing program. 
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Table 5. Scoring alkali injury. 

Observation Score 

Normal growth and tillering 1 

Normal growth and tillering, but leaf tips or upper halves of the leaves 
2are discolored 

Normal growth and some tillering, some discolored leaves 3 

Growth and tillering severely retarded; most leaves are discolored; 
only a few are elongating 5 

Complete cessation of growth; most leaves are dry; some plants dying 7 
9Almost all plants are dying 

As with salinity, material from the hybridization program for alkali 
tolerance are tested in a 1 / 10 ha block on the Institute Farm made alkaline 
with sodium carbonate. The capacity is 1200 entries per year. 

To cover a wider range of environmental conditions, up to 100 promis
ing selections and early generation breeding lines are tested, annually, in 
the International Rice Salt and Alkali Tolerance Observational Nursery 
program, described under "Salinity." 

IRON TOXICITY 

Iron toxicity is a nutritional disorder of wetland rice associated with 
excess water-soluble iron (167, 195). The disorder is characterized by a 
purple, reddish-brown, orange, or yellow discoloration of the leaves 
which later dry up and give the plant a scorched appearance. The roots 
are dark brown, scanty, and coarse. The disease occurs in strongly acid 
Ultisols, Oxisols, and acid sulfate soils, often in association with other 
stresses such as salinity, phosphorus deficiency, and low base status. It has 
been reported in Sri Lanka, India, Malaysia, Indonesia, Philippines, 
Senegal, Sierra Leone, Liberia, Nigeria, and Colombia. 

REVIEW OF PAST WORK 

Field screening for iron toxicity has been in progress for the past several 
years in Sri Lanka (Gunewardena, 1974, unpublished data) and Liberia 
(Virmani, 1976, unpublished data). The probems are: 1)variability of the 
severity of iron toxicity within a field, with time, and between seasons; 2) 
other nutritional stresses, chiefly P and K deficiencies (195, 204); and 3) 
climatic and biotic hazards. 

We have attempted to minimize the extraneous factors by growing rice 
in an iron-toxic soil in small pots on Shamping clay (a red-yellow podzolic 
soil from Taiwan) in the greenhouse. The characteristics of the soil are in 
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Table 1. Within 2 weeks of submergence this soil built up a concentration 
of 400 ppm Fe2 in the soil solution and maintained this concentration or 
higher ones for 8 more weeks (110). This is one of the few strongly acid 
soils that maintains a high iron concentration for several months after 
submergence; in others the concentrations attain peak values and then 
decline to non-toxic levels. 

SCREENING TECHNIQUES 

The soil is mixed with 50 ppm N, 25 ppm P, and 5U ppm K and 
transferred to 3-liter pots. The soil is submerged to a depth of I cm and 
four 2-week-old seedlings raised in solution culture are transplanted. The 
symptoms are scored 4 weeks later. Seven hundred varieties can be 
screened on 4 m2 of bench space, annually, in a screenhouse with no 
protection from rain. 

To sample other environments, mass screening of 1000 entries, includ
ing reputedly resistant varieties, elite lines from the general breeding 
program, and material from the breeding program for iron toxicity, is 
under way in Sri Lanka. Five-meter rows replicated three times with 
resistant and susceptible checks were direct seeded in ha of a field 
where Fe toxicity occurs every season. 

ZINC DEFICIENCY 

After nitrogen and phosphorus deficiencies, zinc deficiency is the most 
important nutritional element limiting the growth of wetland rice. The 
disorder occurs on sodic soils, calcareous soils, Histosols, sandy soils, and 
soils that are wet for prolonged periods of time (108, 109). 

Zinc deficiencies may be associated with alkalinity in sodic soils, with 
phosphorus and iron deficiencies in Vertisols, with potassium deficiency 
in calcic soils, and with multiple nutritional deficiencies and multiple 
toxicities in Histosols. 

REVIEW OF PAST WORK 

Reports on screening rice varieties for zinc deficiency are few (109, 110, 
111, 112). They describe greenhouse tests in soil cultures and replicated 
varietal trials in the field. 

The drawback of pot experiments isthat they limit the number that can 
be screened at a time. The disadvantages of field experiments are: 1) 
frequent absence of zinc deficiency in fields known to be zinc-deficient if 
the fields dry out thoroughly as a result of prolonged dry weather before 
planting, 2) flood damage in the basins in which zinc deficiency usually 
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occurs, and 3) pest damage. We have overcome both difficulties by grow
ing rice on a zinc-deficient soil (Lipa clay loam) in concrete beds measur
ing 27 x 2.5 x 0.3 m in a screenhouse. The properties of the soil are in 
Table 1. 

SCREENING TECHNIQUES 

The soil is treated with NPK fertilizers and thoroughly puddled. Then 
pre-soaked seeds are direct sown in lines 1.2 m long with a resistant and 
susceptible check after every 10 entries. The symptoms are scored accord
ing to Table 6 four weeks after sowing. One thousand entries can be 
screened per year. 

Table 6. Scoring zinc deficiency. 

Observation Score 

Normal healthy growth and tillering 1 
Normal growth and tillering, slight discoloration of basal leaves 2 
Slight stunting, some tillering; some basal leaves are brown 3 
Growth and tillering severely retarded; about half the number of leaves 
is brown 5 
Cessation of growth and tillering; most leaves are brown 7 
Almost all plants are dead or dying 9 

For mass screening of the world collection of germplasm we use 1000 
entries at a time. Three-week-old seedlings raised in good soil are planted 
in 5 m rows replicated three times in I hectare of a zinc-deficient soil in a 
farmer's field. The plants are scored 4 weeks after transplanting. We hope 
to screen 8000 varieties every year by this technique. 

PHOSPHORUS DEFICIENCY 

Phosphorus deficiency is perhaps the most important factor limiting 
the yield of rice on Ultisols, Oxisols, acid sulfate soils, Andosols, and some 
Vertisols. Not only are these soils low in available phosphorus but they also 
fix considerable amounts of added phosphate fertilizer. Therefore large 
amounts may be required to produce a response (Ponnamperuma, 1974, 
unpublished data). Since varieties vary in their capacity to extract soil 
phosphorus and metabolize it efficiently (108), breeding may be a partial 
answer to the problem of phosphorus deficiency. 

Phosphorus deficiency is associated with iron toxicity and base defi
ciency in strongly acid soils, while on Vertisols it is associated with zinc 
deficiency, iron deficiency, salinity, and alkalinity. 
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REVIEW OF PAST WORK 

The first case of varietal differences in susceptibility to P deficiency was 

reported only a few years ago (108). Of' 10 varieties, 'IR8' was severely 
injured by phosphorus deficiency while 'IR5'and 'H4' grew well on a 
phosphorus-deficient soil (luisiana clay) in pots in the greenhouse. The 

characteristics of the soil are in Table 1. The following year, 52 varieties 

were screened on the same soil in outdoor concrete tanks. Tolerance to 

phosphorus deficiency was assessed by comparing the yield of grain with 

and without phosphate fertilizer (109). Other methods reported were 

unreplicated (109) and replicated experiments (110, 111, 112), with and 

without phosphate on phosphorus-deficient farmers' fields. 

Because these techniques are unsuitable for screening the large num

bers of plants from a breeding program, we investigated the possibility of 

using solution culture. After studying the factors that affect the symptoms 

of phosphorus deficiency in culture solution, viz. concentration of phos

phorus, method of planting, and age of seedling at planting (112), we 

worked out the method described below. 

SCREENIN(; TECHNIQUE 

Four seeds of each variety are placed on nylon net screens floating on a 

culture solution (TIable 3) containing 1 ppm P in 5-liter porcelain pots. 

Four other seeds of the same variety are placed on screens on a normal 

culture solution (10 ppm P). The pH of the culture solution is adjusted 

daily and the solution changed weekly. Four weeks after sowing, the 

varieties are rated according to their tiller number at 1 ppm P relative to 
2


that at 10 ppm P (Table 7). Using bench space of 32 M ,100 varieties can 

be screened every 4 weeks. 

Table 7. Rating tolerance to phosphorus deficiency. 

no. tRelative ti"ar Rating
(*-I 

100-76 Tolerant 
75-51 Moderately tolerant 
50-26 Moderately susceptible 
25-0 Susceptible 

tNo. of tillers in 1ppm P culture solution x 0
 

No. of tillers In 10 ppm P culture solution
 

Promising varieties from the greenhouse tests and elite breeding lines 

are tested in phosphorus-deficient fields in replicated experiments. The 
rating is based on a combination of actual yield of grain without phos
phate and yield relative to that on the phosphate-treated soil (110). We 

test 32 varieties on Luisiana clay each season, making a total of 64 for a 
year. 
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We have also embarked on mass screening of the world's germplasm 
collection in the field using the procedure described under zinc. On I ha 
of Luisiana clay, we can screen 1000 varieties each season, using the 
procedure described under "Zinc deficiency." 

AEROBIC SOILS: IRON DEFICIENCY, MANGANESE
 
AND ALUMINUM TOXICITIES
 

The poor yield of rice on dryland soils is usually attributed to water 
stress and weed competition. But it has been clearly shown (105, 106, 108, 
109) that iron deficiency (regardless of soil pH) and manganese and 
aluminum toxicities on acid soils are impitant mineral stresses limiting 
the yield of rice on dryland, aerobic, or oxidized soils. Since there are no 
simple ways (apart from soil submergence) of ameliorating iron defi
ciency, and since correcting aluminum and manganese toxicities by liming 
may not often be feasible, selecting and breeding for tolerance to these 
stresses have assumed increasing importance. 

REVIEW OF PAST WORK 

Screening of rice varieties for aerobic soils was first done on three soils 
in pots in the greenhouse (108). The preliminary experiment with 14 
varieties indicated that the fmur dryland varieties in the group showed no 
signs of iron deficiency on any of the soils nor manganese nor aluminum 
toxicity on the acid soil, while the typical wetland varieties showed varying 
degrees of injury on all three soils. 

PROBI.EMS 

To screen for tolerance to iron deficiency and manganese and 
aluminum toxicities, it is necessary to exclude water stress, weed competi
tion, other mineral stresses, and anaerobiosis. We achieved these condi
tions by growing rice on well-drained soils fertilized with N, P, and K and 
kept at field capacity (109). 

SCREENIN; TECHNIQUE 

Each variety of rice is direct seeded in three rows on the three soils 
(Luisiana clay, Maahas clay, and Maahas clay treated with 1% ground 
limestone) in concrete tanks provided with underground drainage. The 
soils are watered to maintain the soil moisture tension at < 200 millibars 
but the redox potential above 0.5 V. Plant observations and the yield of the 
middle row at harvest are used as indexes of tolerance. Fifty varieties can 
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be screened per season for iron deficiency and manganese and aluminum 
toxicities in three tanks each measuring 10.8 m X 8.7 m. 

Promising varieties are grown to maturity in replicated field trials on 
the Institute Farm on Maahas clay and on Luisiana clay (Table 1) in a 
farmer's field. The field tests provided striking confirmation of the 
greenhouse and tank tests (110). 

MINERAL STRESSES IN ACID SULFATE SOILS,
 
HISTOSOLS, AND COLD SOILS
 

ACID SULFATE SOILS 

Acid sulfate soils are extremely acid soils derived from marine sedi
ments rich in sulfides. They cover about 5 million ha of flat land in the 
tropics physiographically suited to rice. Much of it is uncultivated because 
of such mineral stresses as salinity, aluminum and iron toxicities, and 
phosphorus deficiency. 

Acid sulfate soils vary so widely in their chemical properties and their 
hydrology that screening of rices on a single acid sulfate soil will be of little 
practical value. The best course seems to be an extension of the IRTP to 
acid sulfate soils in the countries where they occur, viz. Vietnam, Thai
land, Malaysia, Indonesia, Senegal, Gambia, Sierra Leone, Guyana, etc. 

HISTOSOLS 

Histosols occupy 20-30 million ha of flat land chiefly in Indonesia. 
Rainfall and physiography would permit rice cultivation. Because of 
population pressure these soils are being brought under rice. The main 
mineral stresses are deficiencies of nitrogen, phosphorus, potassium, 
zinc, copper, and molybdenum (113). Salinity, strong acidity, and hydro
gen sulfide toxicity are other possible stresses. 

Like acid sulfate soils, Histosols vary so widely in their chemical 
properties, profile characteristics, and hydrology that screening is best 
done in the field in the regions where they occur. The IRTP will be a 
convenient way of handling field testing. 

COLD SOILS 

Rice is grown from the equator to 49 N and from sea level to altitudes 
of 2,500 m. At high latitudes and at high elevations, even in the tropics, 
rice suffers cold injury. Part of this injury may be due to mineral stresses 
associated with the chemical kinetics of the soil at low temperature (43). 
These stresses are more severe in acid soils than in neutral soils and 
include phosphorus deficiency, iron toxicity, and carbon dioxide toxicity. 
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Screening for cold tolerance has been done for decades and continues 
to be done without any recognition of the mineral stress component of 
cold injury. 
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Screening Plants for Iron Efficiency 

J. C. Brown 

A plant requires a continuing supply of* Fe to maintain proper growth. 
Any factor that interferes with use of Fe, e.g. high soil pH or excesses of 
phosphate, bicarbonate, Cu, Zn, Mn, or Ni in the growth medium, may 
cause Fe deficiency. 

Cox and Kamprath (51) discussed several soil tests for Fe used by others 
(31, 71, 160) and concluded that Fe availability depended on factors other 
than the extractable Fe in soils. Brown and Holmes (38), and Brown and 
Tiffin (40), who developed a soil test for available Fe by extracting soils 
with chelating agents, concluded that available Fe in soil depends on tile 
plant grown. This provided a basis to conclude that selection can be made 
to fit crop plants to nutrient-deficient soils. 

Plant species, and varieties within species, differ in their use of the Fe 
fiom alkaline soils (35). A variety that uses Fe under Fe stress conditions, 
like in alkaline soils, is called "Fe efficient"; a variety that develops Fe 
deficiency is "Fe inefficient." In Fe-efficient. plants, Fe stress induces 
changes in metabolism so that H ions and reductants are released from 
roots. The pH at the root zone is lowered, which f'avors Fe :* solubility and 

" reduction of Fe to Fe 2 .These activated factors, in response to Fe stress, 
are associated with increased Fe uptake by the plant. The Fe stress 
response noted has enabled us to develop a technique to determine the 
relative degree of Fe efficiency in plants (39). 

SCREENING PROCEDURES 

A suggested sequence for screening plants for Fe efficiency is: 
. Seedlings are grown in about 8 liters of a modified Steinberg solu

tion (191) containing (in mg/liter): Ca, 76; K, 81 ; Mg, 11; N, 83 (66 as NO: 
and 17 as NH4); S, 10; Cl, 9; Mn, 0.33; Zn, 0.10; B, 0.52; Cu, 0.03; 
Mo, 0.03; P, 4; and Fe, 3 (as FeHEDTA, Fe-hydroxyethylene
diaminetriacetate). Demineralized or distilled water is used in all solu
tions. When the seedlings are about 16 cm tall (14 days old for corn and 
soybeans, 21 days for tomatoes), they are transferred to a modified 
Hoagland and Arnon No. I solution (98) containing (in mg/liter): Ca, 
100; K, 102; Mg, 12; N, 70 (as NO3); S, 16; Cl, 9; Mn, 0.33; Zn, 0.10; B, 
0.52; Cu, 0.03; Mo, 0.03; P, 4 or 6; and Fe, 0.2 (as FeHEDTA). Within 6 
days, Fe-efficient plants will be green, while Fe-inefficient plants will be 
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chlorotic, and some plants may be partially chlorotic. Degree of Fe 

chlorosis is all that is needed to give an Fe-efficiency rating to these plants 

(Fig. 1, top). 
2. 	 All plants that were chlorotic in the above test, and need further 

solution conevaluation, should be tested on a modified Steinberg (191) 

taining 4 mg P/liter and 0.2 mg Fe/liter (as FeHEDTA) using new seed

lings. Less Fe stress is produced in this solution than in the modified 
1 (98) solution. Within 6 days, Fe-efficientHoagland and Arnon No. 


plants will be green or partially green, and Fe-inefficient plants will be
 

chlorotic (Fig. I, bottom). Degree of chlorosis is all that is needed to give
 

an Fe-efficiency rating to these plants. 
Fe-efficient3. If additional Fe stress is needed to separate the more 

friom the more Fe-inefficient plants, Fe stress can be increased by adding 
to the Steinberg solution toCaCO:i, at 8 tug CaCO:/liter increments, 

prevent the pH from decreasing until the desired Fe stress in solution has 

been established using new seedlings (39). With 100 tug CaCO:,/liter, only 

the most Fe-efficient plants do not develop Fe chlorosis. The amount of 

CaCO: added to the solution can be varied to meet the needs of different 

plant species to screen for Fe efficiency. 
4. By increasing the amount of P added to a modified Steinberg solu

tion (191), Fe stress may be increased and has also been used to separate 

Fe-efficient and Fe-inefficient plants (34, 39). 

TEST FOR AVAILABLE IRON IN SOIL 

To best fit the plant to the soil, a quick qualitative test for available Fe in 

the soil is helpful (38, 40, 71). A suggested sequence for such a test is as 

follows: 100 ni of demineralized water and 10 mg EDDHA 

[ethylenediaminedi (o-hydroxyphenyl) acetic acid] are added to 50 g of 
hrs and then centrifugedalkaline soil. The mixture is shaken for 12 

(25,000 X g) for 5 minutes. The liquid is decanted and filtered through a 

(No. 42) filter paper. The red FeEDDHA in solution is 	determined by 

reading the absorbency of the solution in a spectrol)hotometer at 485 nll. 

Iron extracted from the soil by EDDHA is determined by reference to 

standard curves for FeEDDHA. This technique can be 	modified to fit 

specific-needs. With experience, the amount of' Fe extracted from a soil 

can be visually estimated, and the solutions may not need to be filtered. 
Chelatable Fe in a soil is not necessarily a reliable index of plant 

response, but the relative status of Fe in a soil is determined. Only the 

most Fe-efficient plants would be planted on soils where chelatable Fe in 

the soil is low (colorless or very light red soil solution colors). To keep Fe 

chlorosis from appearing in our fields and landscapes, the Fe require
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Figure 1 Top: (left to right) T203 (PI-54619-5-1) soybean, Hawkeye soybean, 
T3238fer tomato and T3238FER tomato grown for 6 days in a modified Hoagland and 
Arnon No. 1 nutrient solution (6 mg P/liter). Bottom: (left to right) ysi/ysi corn, WF9 
corn, Wheatland sorghum, and Pioneer 846 sorghum grown for 6 days in a modified 
Steinberg solution (4 mg P/liter). The corn and sorghum lines all developed very severe 
Fe chlorosis on the Hoagland and Arnon No. 1 nutrient solution (above). 

nieit (Fe efficieucy') of'a plant should be deterimined bef'ore it is released 

to the grower. 'Hawkeye' (39) and lragg' (unpublished) soybeans are 

good examples of' Fe-efficient plants, and Forrest' (unpublisled) and 

T203 (11-54619-5-i) (39) soybeans are good examples of Fe-ineflicient 

plants. These soybean varieties may be used for comllparative purposes iii 

tcsting for Fe efficiency in other plani species or varieties within species. 
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Screening Plants for Salinity Tolerance 

R. H. Nieman and M. C. Shannon 

One of the first and niost urgent goals set frr tIle U.S. Salinitv l.abolra
tory when it was established nearly 40 years ago was to determine salt
tolerance limits for crop plants andl to (lentify hose plants caplable of 
producing an economic yield on sall-affected soils. Thus, a type of screen
ing program to appraise salinity tolerance of existing crop plants was 
started and continues to the present day. The infornamtion obtained is 
used by flmers as tile basis for choosing crops for com mercial produc
tion on salt-affected soils. Onl recently have we begun to screen fOr 
hertable plant characteristics Ihatcan beiused to increase cro)p olerance 
to salinity. The objective still is to select plants that will produce iln 
economic yield on saline soils under comnmercial cultural conditions. 

The mechanics of screening whole plants for salinity tolerance pose few 
special prolems as long as the following principles are considered: I)saline soils contain a mixture of soluble salts including sttfficien calcium 
to maintain soil structure and to satisfy the nutritional requirements of 
most crops (199): 2) the suppression of' platit growth by salinity is a 
nonspecific salt effect that is related to the total conceit ration of soluble 
salt in the root medium; 3) a plant's salinity tolerance lay change during
tile course of ontogeny: and -1) salinity cannot be isolated from other 
environ mental factors; it interacts with them in affecting plants. Perhaps
the most inst ructive contribution we can make to this workshop is to share 
a few insights regarding factors that iodify salinity tolerance of' plants.
But, in obser'ance of'our assigned topic, we will also comimtuent briefly on 
the measurement ofrsalinity and on some screening procedures that have 
been tested. L.et us begin by defining the terms we are using. 

DEFINI NTI (iNS 

SCREENING 

Screening is a process of selecting plants possessing Some desirable 
characteristics - in this case tolerance to salinity. However, a problem
arises because, unfortunately, we do not know what specific structural, 
physiological, or biochemical characteristics confer tolerance (133). Tol
erance probably does not depen~d on one or two )plant properties, bit 
rather on tie adaptation of tie total plnt to its environent, as 
exemplified by the native halophytes (42, 202). 
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SAI.1NITY 

We define salinity simply as the presence of excessive concentrations of 

as saline if they contain enoughSoils are regardedsoluble salts (199). 
plants. Chloride, sulfate, and bicarbonate salts of

soluble salt to harm 
sodium, calcium, andl magnesiun contribute in varying degrees to soil 

salinity. Sodic soils, which are dleicient in calcium, are not to be confused 

with saline soils, which arm not (199). We are concerned here only with 

salinity, which is conveniently measured by determining the electrical 

conductivity (EC) of irrigation water, drainage water, or soil extract. The 

unit of' measurement is nillimhos per centimeter (mnmhos/cni) at 25 C. 

The preferred soil extract is the saturation extract (199), which does not 

require special equipment, includes the water-holding properties of the 

cause excessive dissolution of precipitated salt. "he
soil, and does not 
saturation extrl'act is f'l'om one-half to one-fourth as concentrated as the 

soil solution at the upper and lower ends, respectively, of the field mois

ture range. The EC of the saturation extract (E(',) is readily converted, 

with the aid of' soil moisture data, to the EC of the soil water, which is the 

most useful basis we have now for comparing the sal tolerance of difle

ent crops (132). It would be a significant accomplishment if all inves

tigators could be persuaded to use this measurement when reporting soil 

salinity and to correlate their plant yield data with it. Besides being an easy 

nicual :i'etuellt to make, the EA of'a solution can be converted with i'eason

able accuracy to osimotic potential (EC x -0.36 bar/nmlo/cm). The 

latter may be the property of' a saline soil solution having the greatest 

influence on plant yield. 

SA 1,1 N ITNTOIERANC E 

The definition of this term poses some problems, primarily because we 

do not know what actually constitutes salinity tolerance. Excess soluble salt 

causes some injury to plants that we do not understand. We recognize that 

some plants are much more susceptible than others. But we will not know 

what actually distinguishes tolerant from sensitive species until we under

stand the injury. Presently. our appraisal of' tolerance is based entirely on 

one pragmatic consequence of'the injury, reduced growth. However, with 

growth as an indicatotr, there are at least three ways of appraising toler

1) the ability of a plant to survive on saline soils -- a 
ance to salinity: 
criterion widely used by ecologists and, sometimes, by breeders searching 

for more tolerant relatives of'crop plants; 2) the absolute yield of' plants on 

saline soil-the criterion of the econoliists and 3) the relative yields on 

soils salified to different degrees as compared with yield oin nonsaline soil, 
useful 'criterion for judgingall other factors being equal- the most 

allowable salinity levels tor a given crop, f,,N comparing the toleirance of' 
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different crops, and for revealing possiI)le interactive effects. One fur[ her
note-the ability of a plant to survive on saline soils may be of no vale if'
yield isa concern. Some halophytes, like Salicornia and Airiplx, have an 
astonishing capacity to virtually suspend growth, shed plant parts, and 
wait out periods of severe salt stress. 

Farmers usually think of salt tolerance in terms of familiar crops. They
want to know how an unfamiliar crop compares, for example, with bean 
or barley - crops they recognize as sensitive and tolerant, respectively.
The relative tolerance of 1 agricultural crops was evaluated in a recent 
review (132). 

Plant species differ widely in their salinity tolerance. Some, like man
groves, grow with their roots in sea water which is about 0.5 11 NaCI plus
other salts and has an EC ofabout 55 mmhos/cm (35,0()0 lg I). 'lb grow 
crops with sea water is the uItimate challenge, and it might be done wit I
certain special crops (176). In fact, this has been done for years if we
regard mangroves and kelp as commercial crops. However, vields of even 
the most salt-tolerant econonically important crops are affecled when
irrigation waters exceed 7 to 10 minmhos/cni. Yields of sensitive ones are 
affected by waters exceeding I mnho/cm. Even a modest increase in the 
tolerance of these crops to permit ecolomfic production with brackish 
water would be a significant accomplishment. Bul ill searching for plants
with increased tolerance, we 1iust recognize that tolerance may 1oI be a 
constant plant property and that it may be modified by other eiiiroii men
tal conditions. 

FACTORS AFFECTI NG SALINITY TOI.ERANCE 

PLANT GROWTI I S'I;E 

As the plant changes during its , :,togeny, its salinity tolerance may also
change. It may be sensitive at certain growth stages, more tolerant at 
others. Sugar beet, for example, is highly tolerant during most of its life
cycle but sensitive (luring seed germination (20). I may be unique in this 
respect, since most crops seeui to tolerate salinity equally well dtht'ing seed 
germination and later growth stages (25. 29). The gerlilination faii'es 
that are f'requent on saline soils may suggest that mny crops are espe
cially seinsitive dhuring germination. But usually the failure is caused by
exceptionally high concent rations of salt in the surface 2 to 3 cil of soil,
where the seeds are planted (25, 29). The salt is concent rated because of' 
the upward movement and evaporation of' soil solution. Since tile toler
ance of many crops seems to be similar during gernination and later 
growti stages, tile germination rate could be a useftl criterion of' toler
ance for some crops where tolerance does not diminish at some later 
growth stage. 
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Rice (164), tomato (60), wheat and barley (19), and sesbania (25) are 
crops whose tolerance diminishes after germination. These plants are 
more sensitive (uring the early seedling stage than during germination or 
later vegetative stages. Certain varieties of' rice germinate well at high 
concen rations of salt (30 to -10 innmhos/cln) only to succumb during the 
seedling stage. According to some investigators (25, 165), rice becomes 
more sensitive again during flowering and seed set- others (117, 118) 
report that tolerance cont inues to increase after the seedling stage with no 
decrease during flowering and seed set. As yet, there is no explanation for 
these conflicting reports. 

CIMATE 

Several climatic fiactors (all modif'y salinity tolerance. High at nospheric 
humidity increases the tolerance of several crops including kidney bean, 

barley, corn, cotton, oniol, and radish (100, 101 , 103, 155, and Hoffman, 

personal communication). Humiditv presumably hls a similar effect on 

many other crops not vet tested. However, two' crops, beet and wheat, 
have tolerances not markedly in fluenced by humidity ( 101 and Hoffman, 
personal communication). TI,elperature also inlfluences salinityv tolerance 
-crops generally are more tolerant to salinity at moderate temperattires 

(1 8 to 25 () than at higher temperatures (27, 63, 85, I00, 128, 136). We 

know of*no1exceptiolis, but relatively fiew crops have been tested. Gern'i

nation of sugar beet seeds is strongly depressed by salinities of 3 Io 8 
niihis/cli at 25 C and above, binl not at 10 to 15 C (85). 

L.ight infliences salinity\ tolerance, since tolerance is lower ill brighter 

light. In ex perinents with kidney beati se'(llings (1I56), salinitv (-4 bars 

NaCil iin a balanced nutrient, EC = II nihos/ci) (lecreased growh ii 

bright light (1. 1 lux) but not in din light (0.4 lux). Isolated radish cotvle
oins showed a sililar interaction of salinity and light on growtlh al(i on 
the )iroductionl of' nucleic acid and protein (156). Light is indicated as a 
factC r in chloride inlju0ry to grape leaves (63): injur appears first ill more 

exposed leaves. These salinity-light effects need to he investigated, since 
sone experilents reported in the literature were conducted at light 
intensitics below those known to be required for some sail effects io occur. 

Oxygen tension ill tihe root medium influences salinity tolerance. Both 

salinity and low partial plessure separately reduced growtl of* tomato 
plants (18). Their effect together was more than additive. During gernli
nation, senlidwaif Mexican wheat was moderately tolerant of salinity (-6 

bars) aild low 02 concentration (217( ) separately but not ill cotmbination 
(2). low (), concenlitation decreased salinity tolerance. 

Ozone has, LIlnforttlalely, become a pal of ihe environllllet iil some 

areas. Salinity increased tile resistailce of lft tto ozolne damage so hit a 
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slight salt stress actually improved the yield of' plants exposed to ozone 
concentrations occasionally registered in Riverside, Calif. (99). 

NUTRITION 

In saline soils, the concentration of the excess itons may' be as mItch as 

three orders of magnitude greater than the concentration of' some essen

tial ions. With difterences of this order, it is surprising that nutritional 

clist urbances are not detected more often in salt-stressed plants. A few 

that have been noted were discussed inl recent reviews (24, 25, 26) so we 

will not dwell on theii here. For the most part, they are restricted to 

certain species oi' varieties (25) and s(o can not be regarded as part of it 

common mechanism of growtlh suppression. One nitt ritional effect that is 

common to all species we have examined (154 and Nieman and Maas, 

unpublished data) is impaired utilization of' orthophosphate (P). Some 

consequences of'this efTect have been reported by other investigators (28, 

69, 70, and A. Cerda, F.Bingham. and ,..J. Iof'ffma u npublished data).,n. 

Salinity appears to damage plant mechanisms controlling intracellular 

concentrations of P1, (154). This leads to increased accumulation of' 1Pin 

plant tissues (38), leading to P toxicity. The illjuriotis effects of' salinity 

depend on the concent ration of' ) in the root iediu in. (oncentratiotls of 

P (0.5 to 2 m,1) that are cominmonlv used without injury in nonsaline 

solhit ion cult ures caused injury in corin (28. 154) and sesame when grown 

in saline cultures (A. Cerda. E I Bingham. and (..1. Hlolffni, utipub

lished data). Similar reslts were shown with sovhI'eatl antd pepper 

(Nieman and Mias, unpublished data). However. when 1) was supplied 

at a lower concent ration (0.02 to 0. 1 ml), but still higher than tle 

concent ration in most soils (<0.01 mM0l), salinity caused i deficielcNv of' P 
for phosphorylation in corn (15-1), and possibly in kidney bean, iomiato. 

and safilower (Nieman and Maas. un published data). These effects on the 

concentration of' l, itl plant tissues seemi tniq tie, since salinitv (foes tict 

cause coinmparable changes in concentration of'oi ier essential ions (241, 25. 

28). We hope to use these effects on tissue P, is an ,ai'Iv indicator of' salt 

injury to plants, and their absence, possibly, as in indicator of' salt toler

ance. The determination of total P in plant tissues may not I('eal c'itical 

changes inl 1, concentnration because of'comipenlsating changes in organic 

P (154). 

IRRI;A'TI)N 

The method and firequency of irrigation| with saline water influence the 

efTect of' the water on the plants. The objective is to keep tle salt concen

tration of' tle soil solution in tile 'oot zone as close to that oftie irrigation 

water as possible. This requii'es ftrequent tiform water apl)lications, by 
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drip or sprinkler, to prevent tile soil f'rom drying out and concentrating 
the sa!t in the root zone. Sprinkling the water that would cause no injury if' 
applied to the soil may iljure the plants by depositing salt on the foliage 
(25, 26,64, 65). This risk is greater during tile day when tile evaporation 
rate is high, because salts concentrate on the foliage as water evaporates 
between passes of the sprinkler. The risk is less with plants like avocado 
and strawberry that have low rates of f'Oliar salt absorption (64, 65). 

SCREENING M ETHODS 

N UTRIENT CUf'TURE 

For preliminary screening, plants may be grown in sand, gravel, or 
solution cultures in a greenhouse or controlled climate room, observing 
tile usual culture requirements of adequate culture size fCr root develop
ment; a balanced, complete nutrient solution thai is renewed often 
enough to maintain adequate nutrition; aeration; and suitable iempera
ture, photoperiod, and light intensity. Al ad(vallage of solutionl cultures 
over soil is tile ease of controlling salinity and nutrition. Large sand or 
gravel beds minimize the labor of growing large numbers of' plants to 
daturit .Solutioi is pumped onto them every I or 2 firs and allowed to 
drain back to a solution reservoir. The larger the reservoir the less fre
quent ly the solution has to be renewed. Unless tile objective is to study the 
effects of salinity on seed germination or early seedling levelopment,
small increments (if a concentrated salt solution, commonly a mixttire of 
NaCl and (aC-, Can be added to the cultures after seedlings have become 
established. Single salt solutions do not exist innaturally saline soils, and 
they should not be used fbr screening. They cause toxicity problenis and 
give spuriotis results. Also, Ca must be maintained at an adequate level, 
comlparable to that in saline soils. Except with plants known to be highly 
tolerant, it is unwise to increase tlie salt concent ration of the culture 
solution by more than 31or 4 ninhos/cl in 24 hrs.which is equivalent to 
reducing the solution osmotic potential I to 1.4 bars. There is also less 
chance of plant dainage due to osmotic shock if the salt is added at tile 
beginning of a dark period. 'he range of salt treat meits employed will 
depIend on tile iolerance of tie plant- possibly 6, 9, and 12 nillllhos/cll 
(-2, -3, and -4 bars osmotic potcitial) For sensitive plants like kidney 
bean and pea. Growl is monitored by ieasuring stem le gtlil, numlber o'f 
leaves, leaf area, and number of tillers. Measurements of water and 
osmotic potentials of plant tissues are valuable indicators of' plant re
sponse to salinity (101, 102, 171). At maturitv, the total yield of' plant
tissues and marketable plant product is determined and correlated with 
tile salinity of' the root medium. 
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GERMINAI(N 

Effects of salinity on germination are tested by planting seeds in 
covered containers of soil or sand that have been equilibrated with hal
anced salt solutions--usually NaCI and CaCl-of'the desired c,,-ncentra
tion. blotting paper or filter paper in petri dishes or similar closed con
tainers have also been used. Seeds of many plants Contain inhibitors of 
germination that must be renoved. Planting seeds in sand that is periodi
cally flushed with fresh solution or between sheets of blotting paper or 
filter paper that "chromatograph" inhibitors away from tile seed may 
improve germination even in tile presence of salinity. Germination is 
commonly reported as the percent emergence within a fixed time. he 
time required for emergence would be more useful in studying the effects 
of salinity. Salinity retards germination of all crops tht have been tested 
(25, 29), but rarely causes permanent inhibil ion. 

Salinity seems to retard germination Iy iffectilg solmc events occutring 
during the first 48 hr of'inbibition (62, 156). Adding NaCI to the level of' 
I I mmhos/cm after 48 hr caused no suppression of gerinination or early 
seedling development of beau plants maintained in dim light (1i56). This 
salt concentration severely retards both germination and early seedling 
development when it is present at the beginning of inbibition. Possibly 
these early salt effects might be "used" for rapid screening-or avoided to 
im l'ove tolerance. 

FIEl. TESTS 

Whatever procedures are used for preliminary screening, tie final 
appraisal of' salt tolerance must be done in the field, reproducing as closely 
as possible coil mercial cuhural practices and conditions, including cli
mate, soil type, bed shape, planting dates and methods, density of' stand, 
spacing, fertilization practice, irrigation methods and frequency, watcr 
quality, pest control, and harvesting procedure. The outdoor plots at the 
U.S. Salinity laboratory (199) are 4.3 ineters square with concrete bo'
ders to a depth of 76 cm and waikways between to isolate the plots. 'his 
size has proven very satisfactory for salt tolerance tests hut would be too 
small for most )i'ee(ling experinents.lhe irrigation waters are artificially 
salified, usually by adding equal weights of' NIIC aid Ci(.(:l,, btut other salts 
have been used to simuhte particular problem waters. Control plots are 
i'rigated with nonsaline water, treat ment plots with water of the desired 
salinity. Customarily, two or niore trteat meits are employed. For a moder
ately tolerant crop, irrigation waters might be 3,000, ,000, and 9,000 
mg/nl (EC = 4.7, 9.4, and 14 mmhos/cm). The waters are applied in 
excess of plant needs, to maintain a downward movement of'sats through 
and below tie root zone. A steady level of soil salinity is achieved after 
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applying j few saline irrigations. Soil flertility is maintained by adding N 
and K (unually as Ca(N40., and KNO:0 to the irrigation water. Before 
each experiment, P is appliedias a soil dressing. The salt statuis of the soil is 
determined periodically during tile growth of the crop by taking soil 
samples from the root zone anl mcasuring EC.. Leaves and other plant 
Parts are saimplec at critical developmental stages to assess salt and nttri-
Cli contet. (;rowth, yield, and quality of marketable plant product, and 
chemical composition of tile plants are cOcrrelatel with measured soil 
salinity levels. Salinity inay affect vegetative growth and the marketable 
pllt pr)duhct dliferentlv. The yield of* barlev seed and cotton fiber, for 
example, uiiay not be appreciably diminished even though vegetative 
growt h1is. Theref're, the maititeIlance of economic yield wit Ii rehticed 
vegetative growth is a useful selection criterion. 

TI SS.'tCt'URE.
 

[lhe use of, tissue cltrttte techniqtuces to screeti plats fion salinity tolcr
alice-to screen millioln olcells iii a fIew flasks and pet -i(ishes itistead of a 
fiew thotisand whole plants oil acres of field plots - is ail attractive but 
utrealized idea. There is some question whether salt-tolerant whole 
plats catl be obtained ill this way. hlie requireliemlts fol. tolerance of a 
whole terrestrial plant are quite different tioml those of' single cells ill 
solution culture. Even tile Iraisitioti froi single cell to callus growth 
decreases salinity tolerance (Rains, personial communication). Neverthe
less, several researich groutps are attemptinig to p rodutdce more tolertant 
plants ftc ll selected cell lilies. Cell lines of'tobacco (56, 15 1 ), pepper (56), 
soybean, and alfalfia (Rains, personal commtnication) withi increased tol
erance to NaCI have beenl obtained. But regeneration of' tlese cell lines 
into whole planits witi itncreased salinity tolerance has not been demon
strated. 

St rogonov ci al. (187, 194) have been usiig tissue ctiltii'e techniclues for 

years to sttndy salt effects ol plants. They reported (194) hat intact plants 
generally are more olerallt thal cultured tissues. Of partic'itlar interest is 
tile observation that callus tissue of,Sair'urim spp., a very salt-tolerant 
halophyte, was Just as sensitive to salt as callus tissue of carrot, cabbage, 
sol'ghiuli, tcobacco, and sweet clove. St rogotiov concluded Ihat salt toler
ance requires tile o'gaiizecd and concerted fIntictioucf tlhe whole l)hla1 or, 
as we stated earlier, it reflects the capability of' tile whole plant to adjust to 

its environmllelnt. 

QUICK ItE.S'TS 

Maiiy attempts have been made to devise quick tests for salinity toler
alice. These tests customarily involve brief exposure of isolated plat 
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parts to saline solutions, followed b) some measure of injury. Often such 
tests are simply measuring resistance to osmotic shock. Still, they may 

provide useful itifortiiation about the resist ance of*ccll mem bralies to) salt 

injury. Cell processes and phenomena that have bcen usedaas itndicators of 

injury include: 1) ef'lux of cellular constit uent s (152, 157. 168), 2) solute 

uptake (157), 3) cychosis (157), 4) plasmolysis (only viable cells plasmolyze) 
(52, 144, 174), 5) respiration (52), 6) reduction o' l dye like tetrazolium 
chloride (52, 144), and 7)survival on t ransfler to a nolsaliie cultre (185). 

All of these tests inldicate sme correlation between salinity tolerance and 

resistance to injury during brief exposure to saline solutions. Uliforlu

nately, none of them has been developed to a point where it can be used 
routinely as a reliable indicator of salinity tolerance. Antother protcedure 
that may be more inImediat ely al)plical)le is rooting of plant parts in saline 

media. Hannon and Bradshaw (91) used this suIccCssf'tll ill appraising 

salinity tolerance of native grasses. 

CONC,USION 

We have attempted to flocus atteltiol on two iml)ortalt considerations 
in screening Or salinity tolerance. First. the objective of screening is the 

selection of plants that will produce an economic vield on saline soils 
undler condlitions emp)kvcd by commercial growers. irsent lv, no screen

ing procecdtres can fully substit ute for growing plants from seed to Seed 
under those conditions. Possibly, some (lay tissue ctltures anld quick tests 

with isolated plant parts may be valulable Su pplements to field screeninlg. 

Second, salinity can not be isolated firoml other enviroimental factors: it 

interacts with them in affecting plants, and these interactions must be 

considered in devising screening proceduIres. Plants that seem tolerant to 

salinity when they are propagated in a growth roomnl im; well-aerated 

cultures and with moderate temperature, high humidity, and low light 
intensity may be much less tolerant when grown itndtler field conditions. 
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The Use of Plant Tissue Cultures to Produce 

Altered Varieties of Agriculturally Useful Plants 

M. W. Nabors 

The general world food and energy situation nil1e it imperative that: 

A. 	 We obtain maximal production from currenti arable hind. 

B. We begin to utilize land and water supplies currently unsuited for 

agricultural use. 
Two general methods exist for improving agricultural production 

where the environment is unsuitable. 
A. 	 Alter the environment to suit available crop varieties. 

Produce new crop varieties to suit particular natural environments.B. 
hesis of this paper is that tihe second method is economically andThe 

ecologically more desirable. 
Traditionally, new varieties are produced using whole plants by cross

breeding existing varieties or by incorporating new genes into current 

varieties. These new genes can arise spontaneously or by laboratory

induced mutation. In either case new varieties arise only after a consider

able expenditure of money and time due to the numbers of plants neces

sary and the time required for many generations (150). 

It is our feeling that new methods of plant cell tissue culture and mutant 

selection will be able to considerably increase the rate and decrease the 

cost of' obtaining new useful varieties. Several workers have used these 

methods to produce altered varieties. In our lab, we are using such 
ormethods to produce varieties tolerant to high levels of sodium 

aluminum. This paper reviews our results to dlate and presents a general 

on other possible uses of tissue culture breeding techniques.discussion 

MATERIALS AND METHODS 

a tissue culture breedingThe following fiacts are utilized to construct 


technology.
 
Groups of' plant cells can be removed from the plant and culturedA. 

on either solid or liquid medium. Typically, a portion of theaseptically 

plant (for example the root or a stem section) is removed and placed on a 

levels of an auxin as well as
solid medium containing relatively high 

standardized concentration of' ions and vitamins. The composition of the 

medium is adjusted so it encourages proliferation of' the cells into an 
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undifferentiated cell mass called a "callus." A callus can be disrupted and 

placed in liquid medium on a shaking machine to form a mixture of cell 

clumps and single cells called a"cell suspension." 
B. Calli and cell suspensions contain large numbers of cells in small 

100 mis can contain as
volumes. For example,. a suspension culture of 

many)as 1(07 cells. 
is, they have tle geneticC. Cultured plant cells are totipotent; that 

capability to produce an entire plant. For some species the composition of 

the medium can be adjusted to encourage regeneration of'cells into entire 

plants. For other species regeneration methods are not currently avail

able, 	and flirther study is required. 
are clones; that is, the cells are geneticallyD. Cultures of plant cells 


identical because they originated from one plant. However, spontaneous
 

mutations occur in cultured cells, or the mutation rate can be increased by
 
particular


various induction procedures. A general mutation rate for a 

type of multation (e.g. sodium tolerance) is on the order of one mutant per 

million cells per month. 
canlbe applied to plant cell cultures. Such selection will

E. Selection 
tend to encourage the growth and division of'certain types oftspontaneous 

and induced mutant phenotypes. For example, by gradunally increasing 

the NaCI level in a suspension culture, NaCl-tolerant mutants are selected 

livision is favored. Such selection1 proce
because their growth and cell 


dures can rapidly produce an entire culture of mutant cells.
 
F. Mutant cells can be regenerated into whole plants. These plants can 

be tested for phenotype persistance and for inheritability of the mutation. 

then be used to further incorporateStandard breeding procedures can 


the new mutation into established cultivars.
 

RESU IXS 

Several workers have utilized plant cell culture techniques to obtain 

mutant cell lines and mutant regenerated plants. Maliga et al. (137) ob

cell lines from haploid tobacco.
tained 5-1)romodeox)uridine-resistint 
Plants have been regenerated (139). The same workers (138) regenerated 

streptomycin-resistant plants from resistant haploid callus. Carlson (4 1) 

a line of tobacco cells and regener.atecl plants partiallyhas produced 
resistant to a Psiudommia. labaci toxin analogue and containing increased 

levels of methionine. Both Maliga (139) and Carlson (4 I) have presented 

evidence on the pattern of inheritance of their muta|its in regenerated 

plants. 
Research in our laboratory has been directed toward producing cell 

lines and regenerated plants with agricultural utility. In particular, we are 
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interested in producing varieties tolerant to highei levels of sodium or 
aluminum (151). At present we are perfecting our selection system in 
lobacco, and transfeiniiig the complete(d melho(lology to fod cropl)lants 
such as wheat, Corn, oat, sugar beet, and soybean. 

Salt-tolerant lines of tobacco and other plants are selected by exposing 
callus or suspension cultures to gradually increa:zing levels of salt. Tol date 
most of our selection has utilized NaCI. Ve have stcceeded in increasing 
the tolerance of'tobacco suspension cult'ures from about 800 ppm NaCI to 
a current high of' 8200 ppm. Plants have been regenetated during all 
stages of the selection procedure and we are currentlv testing these plants 
for phenotype retention and for inheritability of NaCI resistance. At 
present we are waiting for regenerated plants to flower so that an inbred 
second generation can be obtained. 

Tobacco plants are utilized because tissue culture and plawt regenera
tion methods are well known andi perfected for this species. For some 
food crop plants a complete tissue culture breeding techmology is avail
able. Such plants include wheat, oats, and tomato. For other plants such as 
corn and soybean the technology is not vet cormplete. In these cases wc ai'e 

directing our efforts toward developing o0'perfecting tissue culture and 
regeneeration procedures. For example. in corn only one relatively cor

plicated regeneration procedure iscurrentlv available (89). We have 
developed a much simpler method utilizing root callus tissue. For soy
bean, despite expensive tnnpublished eftort by sevea'al investigators., no 
regeneration procedure isyet available. We are currently attempting to 
develop a successf'ul method. 

DISCUSSION 

Tissue culture breeding offers the promise for rapidly and econotni
cally producing new varieties of plants with increased toleirance to various 

environmental stress actors. A Ii.,ting of the problems and advantages of' 

the met hod is given below. 

PROIB.EMS 

1.Absence of tissue Lltdure and particulrly regeneration techniques 

flor certain plants. 
2. Persistance of' mutant phlnotype inregeneratedl plants. in ce'rtain 

instances (discussed earlier) this has been demomst rated. 
3. Itneritability of' the mulant traits ill regenerated plaints. This has 

been lemonstrated for two illutant types (discussed earlier). Continued 

research should rapidly supply th11'necessary inlfomination. 
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4. Cytological abnormalities occur in tissue cultures. Much data has 

been accumulated on this phenomenon. However, selection for desired 

mutants and regeneration of whole plants can occur rapidly in most cases. 

In general, regenerative ability (which is retained over four years in our 

tobacco cultures) is indicative of the presence of cytologically normal cells 

in the population. 

AI)\V\NI'AGES 

LargeI. Millions of potential plants can be grown in a single flask. 

comunitments of field space aridl labor are unnecessary. Rare, useful plants 

discovered in this field cal be rapidly cloned using tissue culture methods. 

9. Selection of mutants is economically perforned in single flasks. 

Large commitments of field space and labor are unnecessary. 

3. 	 Selection results in a population which consists of' 100 mutant 
to field selection.individuals. This is in marked contrast 

4. Single genes can be added to a specific cultivar thus further enhanc

ing its economic usefulness. 
5. Many types of mutations can be selected. A partial listing would 

include tolerance to various salts, extreme temperatures, drought, herbi

cides, and diseases caused by defined toxins. Selection can also be nmade 

for increased levels of' particular amino acids and nitrate uptake and 

red uct ion. 

CONCILUSION 

Tissue culture breeding is seen as a developing technology which is 

uniquely suited to rapidly providing modified varieties with genes con fer

ring resistance to various environmental stress factors. The methods of 

tissue culture hreeding as well as current results are described. Finally a 

on the advantages and disadvantages of thediscussion is presented 

method.
 

372
 



Summary of the Session 
C. F.Konzak, Chairman 

The occurrence of genetic variation for degrees of tolerance to mineral 
stress factors was abundantly clear from the results of tests designed to 
identify or select stress-tolerant plants in several crops. Two main systems 
for screening may be employed (soil and nutrient solution culture), and 
judicious use of both may ultimately prove the most advantageous. Prin
ciples for the effective application of the two types of screening systems 
were outlined b) -xperienced investigators. In b)oth systems, pI, mineral 
composition, and relative concentrations may influence the severity oft he 
stress factor; hence, these must be optimized for efficient screening. 
Culture systems appear generally preferable for initial screening, mainly 
because of the opportunity to simplify the test systems and to screen for 
each stress factor independently of others that might be present in soil. 
However, it was also generally accepted that tests in soil or field trials 
should be used to confirm the tolerance of selections identified in labora
tory tests. Seedling tests requiring as few as 5 days in culture proved
effective in screening for alumliinurn tolerance in a number of plant 
species. Selection for tolerance to Mn toxicity or to Fe and Zn deficiency 
was also effective but generally longer growth periods were required for 
stress symptoms to appear. Although liquid culture solutions were exten
sively tested with abundant success, a new paper-solution system for Al 
tolerance screening of several crops was described. This system showed 
promise as a simpler, widely adaptable method. The new paper-solution 
system achieves pH control with bilpht ialate buffer, and it was 
hypothesized that the paper filters used to convey the culture solution 
might simulate some conditions in soils regarding the root-mineral inter
face. The principle ofa synthetic soil, perhaps constructed of inert mate
rials "loaded" with selected mineral species, might merit further de
velopment as a means to investigate ion absorption and exchange 
mechanisms by roots. Such systems would more closely simulate physio
chemical conditions in soils, absent in cult iire solutions, as well as avoid the 
complexity of variability associated with natural soils. Screening methods 
for salt and alkalinity tolerances using culture solutions are less well 
developed, but also show considerable promise for the identification of 
plants tolerant to these important stresses. Extensive field and 
greenhouse testing for these stress factors using local soils amended as 
necessary were also described. 

However, none of the screening systems yet developed meet all of tht 
criteria considered necessary for ready and wide adoption by plant
breeders, with the consequence that progress in breeding stress-tolerant 
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plaits lags behind its evident importance. Among the important criteria 
are: 1) accuracy, 2) efficiency, and 3) simplicity. Tile desired screening 
system should accurately identify single tolerant individuals, preferably 
after short periods of growth. The method should permit the screening 
evaluation of thousands of lines or populations at minimal expense and 
effort, should not involve complex and sensitive apparatus or test compo
nents, and should not require special expertise. One of the systems 
requiring special expertise, the cell culture system, might be especially 
usefl as a means for producing new sources of' germplasm for achieving 
higher levels of st ress tolerance than currently exist in adapted cultivars. 
Cell culiure methods are only in early development stages, but it is 
anticipated that cell culture methodology should eventually contribute 
useful breeding material to cormplement current research efforts. It is 
unlikely that cell culitre or any other single method will replace more 

conventional techniques of reconibining and creating variation for selec
tion in plant breeding practice. 

Closest to meeting the above-mentioned requirements for greater ap
plicatiou in practical breeding appear to be methods for screening plants 
tolerant to Al toxicitv or F deficiencv. Current methods for Al tolerance 
screening now have been widely tested, and with little further develop
nient could probably be readied for exploitation via training programs 
and assistance t, developing nations where crop productionl must be 
increased on acid soils. Priorities for development and exploitation 
should be focused on Al tolerance and Fe deficiency. Research efforts on 
NIii tolerance should receive the next priority consideration, mainly be
cause Al and Mn toxicities often occur in the same soils. Methods for 
screening plants tolerant to Zn, heavy metal toxicity, or microelement 
deficiencies may also inerit consideration because similar genetic 
niechanisins may be involved and the tests can be developed in conjunc
tion with current research programs. However, it appears that these 
factors do not affect large areas of the developing world. Selection for 
phosphate tuse-efficiency may be ilore worthy of' attention, since P avail
ability can also limit yield advancement in many non-acid soils. Methods 
f'or screening plants toler ,nt to salt and alkalinity st ress are only in initial 
plhases but show exceplional promise. These methods iiay soon permit 
wide-scale exploitat ion, and their application in plant breeding programs 
could have considerable impact on world food production. Since some 
basic investigations may be necessary for rapid advances with salt and 
alkalinity tolerance and tile problem areas affect many developing na
tions, research oil these tolerances also should receive continued strong 
support. The development of screening via cell culture also should re
ceive co,.lintied support because this method may yet provide genetic 
resource materials for extending current limits to crop tolerance levels. 
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Summation 

D. L. Plucknett 

There can be little doubt that the world, and notably the Less De
veloped Countries, needs more food and real income for its people. The 
goal of this workshop could be said to be better anmunition (more 
tolerant germiplasm and cultivars) in the fight against hunger. "o achieve 
this goal will require concerted, cooperative efforts of' many disciplines 
and schools of thought. The worKshop was designed to bring together 
plant breeders, plant physiologists, and soil scientists to review and debate 
the state-of-the-art in breeding and screening for tolerance to soil mineral 
stress and attempt to recommend best procedures and techniques to 
achieve this. 

That there is need for such work cannot be denied. Developing coun
tries could benefit greatly from such work, for they: 1) often cannot 
afford fertilizer, 2) usually find that a "new seed" technology is readily 
adopted, 3) probably have indigenous farmers of their own who grow 
some tolerant crop varieties, and 4) must save time in meeting their food 
problems and to do this must manage their resources carefully. 

We have heard enough this week to be able to say that the problem of' 
soil mineral stress is serious and extensive in large land areas, especially in 
the tropics. Defining just where these stresses occur may be difficult, 
however, for only about 28% of the "usable" land area of the world has 
had detailed soil surveys completed (Dudal). It has been estimated that 
about 22.5% of the land surface has some form of mineral stress (Dudal). 
It should be apparent that high priority must be placed on soil surveys in 
order to define the extent and nature of the problems, but we should 
spend more time in understanding soils where people live; we may be 
placing too much emphasis on soil where no, or few, people live (Van 
Wambeke). 

The bright spots seem to be that: 1) there is crop tolerance to many 
mineral stress problems, 2) some of the tolerance is heritable, and 3) 
breeding can help to improve tolerance. 

The priority problems must be chosen from those which face us. Major 
problems facing the tropics (and therefore most of the LDCs) are: 

" aluminum toxicity, acid soi!s 

" phosphorus deficiency and immobilization 

" manganese toxicity 

" salinity 
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If these problems were studied in detail, several large land areas might 
benefit. These are upland areas in Latin America and Africa, lowland 
areas of Asia, and irrigated areas of the world. Rainfed agriculture would 
especially benefit from work on Al, Mn, anl 1; irrigated areas would 
benefit from work on salinity. 

Crops which have been studied intensively are mostly propagated by 
seed. Vegetatively propagated crops, which are extensively grown in the 
tropics, have received little attention. This is a serious omission, and high 
priority should be placed on finding screening methods for vegetatively 
propagated tropical crops such as sugarcane, banana, cassava, other root 
crops, etc. 

Two points deserve special attention: 

1. We should make every effort to test or characterize tolerance limits 
of existing cultivars befbre breeding begins. We should attempt to benefit 
front the years of experience and work by the "ruitic plant breeders," 
farmers who have sunrvived under these diffictlt conditions. Some coun
tries may not need to start breeding crops for toleriancc. but indeed may 
benefit more front characterization of existing materials. I ie experience 
of Brazil with aluminum-tolerant wheat varieties is one good example (da 
Silva). Some plat breeders in developed countries did not recognize the 
virtues of'these Al-tolerant wheats, and only the vision of Brazilian work
ers led to their development and utilization. In vegetatively propagated 
plants, cassava is all outstanding example of tolerance of indigenous 
cultivars to severe stress conditions. 

2. In screening, we need: (a) field screening techniques (these nmay be 
preferable) or (b) relatively quick, reliable greenhouse or laboratory tech
niques; but inl any case, we need to know evaluation methods and meas
trements and characterization procedures. 

To be clear inl our objectives, we should defie research and develop
ment needs in screening and breeding in relation to the needs of* the 
fairtner and the researcher. We should be prepared to assist both. 

Devine laid out a checklist for carrying out a research program of this 
kind. It can be summarizedi as follows: 

" What is the problenl? 

" Is the problem amenable to solution through breeding? 
-Is response heritable? 
-What limits of tolerance are available? 
- Can tolerance be improved? 

" Assay techniques should be:
 
- plrecise
 
- capable of handling large numbers
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It was pointed out that only two general al)proaches are possible for 
overcoming soil iinertl st ress problems: genetic maniphtilatonl and alter
ation of the environment (Epstein). 

A strong plea was made for characterization of cultivars and olher 
plants as to their tolerance of v; rious levels of certain elements (Dudal and 
Sanchez) It is apparent that there are "efficient" and "non -efficient" 
plants which either can use or not use low levels of soil nutrients, and these 
differences could be important in agricultural production (Foy, Gabel
man, Brown, etc.). Also, there are "tolerant" and "non-tolerant " plants 
which can grow under adverse levels (usually high) of minerals (Foy. 
Brown, Moore, da Silva, Humphreys, etc.). 

In field screening, there are several fiactors or questions which require 
attention; these are: 
" Wh,.re should screening be (lone (identify best sites)? 

" What plants should be used - test plants or economic plants? 

" How should vegetatively propagated tropical plants he handled? 

" Sources of stress must be identified and characterized. 

" Should part of' the test area be limed? Fertilized? Hlow? 

To achieT a successiul program in screening and breeding for soil 
mineral stress, a wide network of' linked research and (evehl)omenti)r)
grams should be encouraged. A major goal of such efforts should l)e to 
improve the ability of*national programs to identify. problens, and to 
assess the best apl)roach(es) to f'ollow in solving them. In this regard, the 
role of' regional and international centers would be to itify tolerant 
strains or sources of' germ plasnil, and to make tolerant germ pllasl stocks 
available. Developed country i;istitutions could assist by elucidating the 
soil-plant-environ ment relationships that are most widespread. 

One step which would be extremely usefui would be to carefully cliarac
terize the soils of existing experimental stations and research centers 
across the tropics and to classify them by a common soil classification 
system. Where possible, correlations with several of, the important soil 
classification systems should be made. This would allow f'or better transfer 
of' information f';'omn one site to another. 

There should be close ties between plat breeders, soil scientists, and 
physiologists in attacking such problems. Niulti-clisciplinary teams are 
probably the best way to approach this research. 

In closing, I might make some estimates of our chances for success. We 
seem to have the most information, and to have achieved the greatest 
success, with aluminum and salinity tolerance, and it may be possible to 
exploit this inf'ormation now. Certainly this appears to be the case for 
alumintim-tolerant wheat in Brazil (da Silva) and the U.S. (Foy). 
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Screening of Crop Varieties with Respect to
 
Micronutrient Stresses in India
 

N. S. Randhawa and P. N. Takkar 

Tie major micronutrient stress problems so fiar identified in India are: 
widespread zinc deficiency in both normal and saline sodic soils, and Mo, 
B, and Se toxicities in areas of high water table and sodicity. The work on 
screening of crop varieties wit h respect to the above problems has been in 
progress since 1969 at Lucknow, Delhi, Ludhiana, and Hissar centers of 
the All-India Coordinated Scheme on Micronutrients in Soils and Plants. 
Some of the results are reported in the following paragraphs. 

MATERIALS AND METHODS 

The seeds of crops and crop varieties are collected from the Crops 
Improvement Coordinators in the count ry. The approaches followed are: 
sand culture, solution culture, pot culture, and field experiments. 

SAND CUITUREISOLUTION CUIT:URE 

Varieties are raised in high density polyethylene containers with a basal 
drainage hole. The silica sand, nutrient stock solutions :tnd the water used 
for culture of plants are purified by the procedure of Hewitt (3) and 
adapted for Indian conditions by Agarwala and Sharma (I). 

Nutrients, other than those whose supply was varied, are siupplied as 4 
mM Ca(NO:i)2; 4 mM KNO:i; 2 mM NgSO: 1.5 mi NaH2PO4; 0.2 1M. 
Na. MoO4; 0.1 mM NaCI; 0.1 ,1M CoSO4; and 0. I1/M NiSO-t. The var
ieties are screened at low, medium, and normal levels of micronutrient 
supply (2). 

POT CUILURE AN) FIELID ExPERIMENTS 

Both pot soil cultures and field experiments are also used to screen crop 
varieties for reaction to nutrient stresses. Trhe latter are preferred to the 
former. Fields or soils deficient in the micronutrients tinder investigation 
are used. 

In the pot soil culture, 3 kg soil is taken in polyethylene-lined clay pots 
and 3-4 plants per pot are grown to maturity. Deionized water is used for 
irrigation. 
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Table 1. Crop varieties tolerant to micronutrient deficiency/toxicity. 

Crop 

Wheat 
(Triticum aestivum ) 

Barley 
(Hordeum vulgare) 

Rice 
(Oryza sativa) 

Maize 
(Zea mays) 

Gram 
(Cicer arietinum) 

Black gram 
(Phaseo/us mungo) 

Raya 
(Brassicajuncea) 

Sorghum 
(Sorghum vulgare) 

Sunflower 
(Helianthus annuus) 

No. of 
varieties Zinc 

screened deficiency 

32 	 WG 377, WL 212, 
UP-301 

52 	 PL 26, PL 27, 

DL 40, BG 7, 

PL 74, DL 70,
 
RD 103, PL 76, 
BH 2, Vijay 

41 	 Sabarmati, Ratna. 
Annapurna, Cauvery, 
Madhukar, Balmagna, 
Caloro, CR 10-113, 
CEB 24, BR 24, 
S 10-13 

21 	 Ganga 2, Ganga 3, 
JML 22, T 41, 
Ganga 4, T1W 

31 P 6628, N 59, 

S 26. BR 78
 

18 T 65, 55, 

Khargaon 3
 

16 	 T 51, RL 198 

10 	 2077 x 1151, 
Swarna 

10 	 Armavirskij, 

NP 15
 

Manganese 
toxicity 

Boron 
toxicity 

Iron 
chlorosis:* 

K 816 WG 357 
Vijay 

Vijayt Vijay, K 19, 
Jyotit Kesari 

- - MTU 17, lET 1444, 
IR1561-228-3, 
Karuna 

- -

- - -

- -

- - -

- -

- - -

tTolerantto both toxicity and deficiency .Data from J. C. Katyal, AI-India Coordinated Rice Improvement Project. Rajendranagar. Hyderabad. 



In the field experinents, a variety most susceptible to the micronutrient 
stress is planted at regular intervals covering all parts of the field. The 
varieties are tested at fairly' narrow increments of the applied micrornu
trient (e.g. 0, 1.25, 2.5, 3.75, and 5.00 ppm Zn). 

High analysis f'erilizers are used for NPK supply as a basal (lose. 
Screening work is rest ricted to varieties of high yield potential and prom

" ising varieties just befoi release. One variety is taken as the standard 
(highly susceptible to the deficienc ol'a micronut rient).f 

Varieties are rated susceptible, moderately susceptible, and slightly 
susceptible/tolerant. The peiformance of a variety in terns of' severity of 
visual symptoms, major growth attributes, dry matter production, and 
pod/grain formation isjudged on the basis of a score card. The number of 
points scored determines the degree of'susceptibility/tolerance of a varie
ty. The effect of' micronutrient st ress on the delay in maturity of the crop 
is also recorded. 

EXPERIMENTAl. RESUILI'S 

Marked differences have been recorded in crops and crop varieties 
which can withstand low/toxic levels of, various micronut rients. Only 
those varieties which were tolerant to low or excess levels of microlnU
trients are listed in Tables I and 2. The lreliminary information thus 
obtained is being tested under diverse soil and environment conditions. 

Table 2. Selenium accumulation by different varieties of Sorghum vulgare intwo soils. 

Selenium (ppm)
Varieties ... .. ... . . ... .. ... .... 

Silt loam Fine sanr.i loam 

JS 263 10.2 1.3
 
SSG 59-3 3.9 6.2
 
CSH-1 6.5 1.5
 
Composite-988 6.2 1.0
 
JS 20 9.2 1.8
 

Data from M. Singh. 1975 (6). 

The results reveal that the relative order of*susceptibility under con
trolled (solution/sand culture) conditions differs f'rom those under poi 
soil culture and field conditions (Table 3). The differences seem to 
emerge f'rom interaction between variety, soil, and environmental 
conditions. 

Research investigations aire in progress to determine the physiological, 
chemical, and biochenical paranieters responsible for the differential 
responses of wheat varieties to zinc deficiency. 
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Table 3. Relative susceptibility to zinc of wheat varieties. 

Pot soil culturet Field§Sand culturetWheat variety 

LH MKalyan Sona 
L M H

WG 357 
-UP-301 L H 

tData from Agarwala et i ., 1971 (2).
 
tData from Dr. U. C. Shukla, HAU, Hisser (personal communication).
 

§Data from Dr. P N. Takkar, PAU, Ludhiana (personal communication).
 

BASIS FOR DIFFERENTIAI.PIIYSIOI,O(;ICAI. 
RESPONSES IN WHEAT 

Mechanism of nutrient absorption. The kinetics studies made under 

solution culture wlth C 306 (low susceptibility) and WL 334 (high suscep

tibility) varieties showd that there seem to he two sites of zinc absorption 

and the other at higher (A) concen
(Fig. 1), one operating at lower (B) 


trations. The values of K.\i (dissociation constant) and K3 (rate constant)
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Figure Effect of zinc concentration in solution on uptake of zinc by wheat roots. 
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are higher for variety WL 334 than for C 306. The slightly higher uptake 
of zinc by C 306 than WL 334 at lower concentrations of applied zinc 
(Table 4) seems to have resulted from the higher concentration of carrier 
in the former than in the latter variety. Tile results suggest that at lower 
concentrations, where the carriers are not fully saturated, their effect may 
be more important. 

Table 4. 	Effect of zinc concentration in solution on its absorption by roots of two wheat 
varieties (C306 and WL 334). 

Concentration of zinc Zinc uptake (1,M1 00 mg roots)
 
in solution (,M) C 306 WL 334
 

0.5 	 0.0151 0.0101 
2.0 	 0.0481 0.0418 
8.0 	 0.1676 0.1226 

16.0 	 0.2815 0.2241 
40.0 	 0.4095 0.4221 

Data from S. P S. Brar. 1973. Ph.D. Thesis. PAU, Ludhiana. 

Capacity to mine na.ive zinc. In soil (pot) culture studies, the variety 
with low susceptibility (C 306) did not show any response to applied zinc 
and recorded both higher concentration (35.8 ppm Zn) and higher total 
uptake of zinc (605 /ig/pot) in the control pots than the susceptible variety 
(WL 334). The zinc concentration and total uptake by WL 334 were 27.6 
ppm and 495 /ig/pot respectively, and the variety showed significant 
response to the zinc application. 

Uptake pattern of zinc absorption. The two non-responsive varieties 
absorbed eq(ual amounts of zinc durilg the second and third months of' 
growth, the peak periods of vegetative growth. In responsive varieties the 
uptake concentrated in only one of' these periods, namely the first to 
second month or the second to third month (S. P.S. Brar, 1973. Studies on 
susceptibility of' wheat and maize varieties to zinc deficiencies in soils. 
Ph.D. Thesis. Punjab Agricultural Univ., Ludhiana, India). The results 
suggest that the varieties whose uptake is fairly uniform during the active 
growth 	periods are less responsive. 

CHEMICAL BASIS 

It is generally recognized that the growth of plants depends not only on 
absolute concentrations of different essential plant food elements above 
the critical limits but also on the suitable ionic balance among them. The 
dat, in Table 5 indicate that the elemental ratios (P:Zn, Fe:Zn, and 
Mi:Zn), especially P:Zn, at initial stages of plant growth have their impact 
on the ultimate yield. 

The value of the relationship between the zinc content in the plant tops 
and responses to zinc application was high (r = 0.93) and could alone 
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Table 5. Ionic ratios inthe tops of wheat varieties (control pots). 

30 days growth stage 
ariety Percent P/Zn Fe/Zn Mn/Zn 

response 

WG 357 52 308 4.9 3.2 
WL 334 109 369 6.5 2.9 
Kalyan Sona - 259 4.8 2.5 
C 306 19 296 5.7 2.8 

Data from S.P S. Brar, 1973. Ph.D. Thesis. PAU, Ludhiana. 

explain 88.5 percent of the variation. When the elemental ratios and zinc 
concentration were taken together tile predictability increased to 92 per
cent (r -- 0.96). The prediction value remained the same when the zinc 
concentration data values were excluded. These results indicate that the 
differences among varieties are mainly due to variations in the concentra
tion of zinc in the plants. 

BIOI.O(;IC:AI. BASIS 

The varieties which have relatively low concentrations of zinc in their 
tissues but are able to maintain a higher proportion of it in the active state, 
can withstand zinc deficiency. The variety which was less susceptible to 
zinc deficiency recorded higher vales for biologically active zinc and 
higher activity of*carbonic anhydrase (Table 6). 

SCREENING OF DIFFEREN' CROPS WiII 

RESPECTv TOMNIMxBIENUM 

In India, 7 million hectares represent different degrees of salinity and 
alkalinity hazards. Farm animals fed on forages raised on such soils 
exhibit symptoms which are similar to those of molybdenosis. Analyses 
from such areas showed high to excess levels of molybdenum (4, 5). 
Studies were undertaken to find forages which would maintain low levels 
of molybdenum under such conditions (4). The results revealed that 
leguminous forages accumulated more Mo than non-legumes (Table 7). 
Forages from a Brassica sp. had the highest concentration of Mo, and 
cowpea ranked next to it. Maize, sorghum and teosinte (Euchlaena 
mexicana) are low accumulators of molybdenum. 

PROJECTIONS FOR FUTURE RESEARCH 

The methodology currently employed enables us to screen only a small 
number of crop varieties. There is a need to modify it so that a larger 
volume of the germplasm could be screened which would permit isolating 
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Table 6. 	 Effect of Zn stress on the concentration of active zinc, carbonic anhydrase activity 

and reduction in grain yield. 
Zinc stress Zinc con- Biologically Carbonic Percent 

f anhydrase 

Genotypes (DTPA- centration active zinc activity reduction 
extractable in leavc-s (l,gileaf (C02gIg in grain 

zinc) (ppm) (ppm) protein) dry wt.) yield 

WG 377 	 Low susceptibility 

0.40 254 680 13.7 0.0 
0.65 28.2 585 12.2 1.8 
1.30 30.0 550 9.3 3.6 

WG 334 . . . .. High susceptibility 

0.40 22.0 360 7.6 12.9 
0.65 25.8 410 10.6 10.5 

0.01.30 27.2 660 15.0 

Data from R.S. Dwivedi. R N. Takkar. N. S. Randhawa. and M. S. Mann. PAU, Ludhiana 
(personal communication). 

Table 7. 	 Effect of molybdenum on the molybdenum concentration in kharif (wet season) and rabi (dry season) fodders. 

Rabi foddersKharif fodders 

Molybdenum Maize Sorghum Teosinte Cowpeas Guar Egyptian Lucerne Seni Japan rape Oats 
(Zea (Sorghum (Euchlaena (Vigna (Cyamopsis (Tloium (Medicago (Mehlotus (Brassica (Avenatreatments 	 parviflora) carpestns) sativa)(ppm) mays) vulgare) mexicana) sinensis) tetragonoloba) alexandnnum) saliva) 

0 2.2 1.1 1.2 1.5 1.2 1.6 1.5 1.3 2.2 1.0 

0.5 23.8 23.8 37.8 99.7 54.0 67.0 57.0 81.0 100.0 72.2 

1.0 53.0 55.3 60.8 195.7 123.0 136.0 117.0 164.0 248.3 130.0 

1.5 76.5 85.3 113.3 297.3 178.0 190.0 175.0 198.3 402.0 236.0 

2.0 	 118.7 109.8 132.3 410.0 262.0 268.0 208.5 241.3 538.0 288.0 

Mean 54.9 56.1 69.1 200.8 123.6 132.5 111.8 137.2 258.2 145.4 



the donor that has the heritable capacity to withstand the nutrient stres
ses. Detailed investigations need to be undertaken to verify the prelimi
nary information in respect to parameters (physiological, chemical, and 

biochemical) determining the differences among crop varieties. In view 

of strong interaction between varieties, soil, and environmental condi

tions, it may be desirable to correlate the findings under controlled 
conditions with those tinder field conditions. There is also a need to 

extend the work on screening of crops and their varieties with respect to 

animal and human health. 
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Selection and Fertilization1 

Benedito de Oliveira Paiva 

May, 1944 - Rio Grande do Sill 

Dear Colleagues: 

The main objective of this seminar is to present the f'ollowing 
hypotheses for the study and conisideration of those whose principal 
interest is cereal breeding, especially wheat. 
1. In Rio Granle, tile tniversalitv of the wheat cultivars is deter

milled based on their resistance to pi, which is an important variable 
ill oti' soils. 

2. Consequently, the most resistant ctltivars to acid pH can be 
cultivated in large areas and in differett regions.

3. For the diverse iegions of' the state with pH 5 ot below, 
specialized cultivars are needed. 

I am going to presenit to you tile restits obtained in one of several 
experiments onducted in the region of Julio de Castilhos, and show 
the relationship of' hese results to standard works on selection and 
genetics. 

These results by themselves show a way to make an economic use Of' 
fertilizer in that region. But, their principal significanc is as indices 
for initiating a permanent agrictItural system in that region. 

Besides, these results explain the failure of some important wheat 
cultivars in the region. They also show that the region is one of' the 
most agriculturally promising in tie state, but we have to find and 
select appropriate cultivars to grow in that area. 

Dr. Aureo Elias, in 194 1,coiducted at experiment using bone meal 
at different levels (250, 500. and 700 kg per hectare). The culhivar 
'Trintecinco' was used and the experiment had four replicates. 

The f'ollowing results were obtained (kg wheal/ha): 

1941 

Control 250 kg 500 kg 750 kg 

Mean 1580 kg 1995 2570 2450 
S.E. ±10% ±5% ±7% ±7% 

'Trinsltion lby ia andtEltoni Siios, Dept. of* Paint lrceetdcing, Ciirnell Univ., I'hlaic, NY 
1485:3. Manuscripl pri-ovidecd Ihrough coulrtesy of A. R. dahSilva, (:cnro de Pt'squisi Ag
ropccu ih dos erridis. (aixi Posil 70-,2(, (i1iD70.6i0, lrazil. 
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In 1942, Dr. Osmar Salin repeated this exj)eriment with sonie 
modifications, using five replicates instead of four, and obtained the 
following results in kg/ha: 

1942 

Control 250 kg 500 kg 750 kg 

Mean 1400 kg 1950 2230 2320 

S.E. =6% ±5% ±2% ±2% 

Again the formidable yield increases due to the use of bone meal 
should be noticed. These results are the more striking, as it can be 
seen by the production of' the control treatment, that the experiment 
was conducted in a soil on which production can be considered good. 

PRODUCTION 

In 1943 Dr. Osmar Salin repeated this experiment with still other 
modifications. He used only one dosage of' houe meal (300 kg), two 
wheat cultivars ('Trintecinco' and 'Frontana'), and calcium, alter
nately, on the plots. 

Tile flollowing results were obtained: 

300 kg 300 kg 
Control Control bone meal bone meal
with Ca without Ca per ha per ha 

with Ca without Ca 

Trintecinco 632 kg 472 kg 921 kg 846 kg 
Frontana 1061 833 1477 1373 

In this experiment another factor is important-the calcium. The bone 
meal worked in tile same way that it had worked in the experiment two 
years before. It can be seen that the bone meal, even in low dosage, can 
produce an increase of'500 kg per hectare. Also, it can be noticed that the 
addition of' calcium ef'f'ectcd a c(onsiderable increase in production, 
whether or not associated with the addition of' bone meal. 

These results demonstrated tile actual and future importance of' bone 
meal as a fertilizer. In this connection the slaughter of' a million cows 
annually in this -ate can produce 70 million kilograms of bone meal, 
every year. 

Therefore when a systematized agriculture is needed, the Rio Grande 
can be considered (or almost considered) independent in reference to 

phosphorus. It is known that, iii general, all permanent agricultural 
systems are mainly constituted by Ca, P,and organic matter. 
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Our results, after three years, are preliminary studies which can con
tribute to future permanent agricultural programs that must be initiated 
with calcium and phosphorus. 

But, how can we explain that bone meal can produce striking resuhs to 
the wheat crop in this region? 

Studying the soil pH of the region Julio de Castilhos, I noticed that it 
was highly acid. This was confirmed by the edaphologic studies carried on 
by the Secretary of Agriculture in this area. 

In a study of"crestamento," the total acidity of the plot sample and soil 
of'that region was determined by the Hopkins method, and we found that 
20,000 kg of Ca(OH)2 would be necessary to treat a hectare of that soil to 
15 cm depth. The use of that large quantity of calcium would not be 
economical. Fortunately the calcium is active in this soil even in small 
amounts, as can be seen by the results of the third year, when only 2,000 
kg/ha were used, pr only one-tenth of' the need quantity. 

How does it work, what influence does it have on the pH and on plants?
 
The pH influences the plant in two ways:
 
Direct influence - establishing the environment for tlie roots' de

velopment. With a low pH, the roots of' cereals are short and ceformed, 
especially the roots of' Ihe wheat plant. The plants seem loose in the soil 
and are easily pulled out. 

Indirect influence-The indirect effect of the pH is niore inmportant in 
crop development, because it determines the soil solution available to the 
plant. When the pH is acid this solution is extremely toxic to the plants. 

With high acidity the solution is pool- in salts of calcium and phos
phorus. Even if' the plants f'ructify they cannot produce with all their 
potential. Also, in the acid solution there is an abundance of' salts of* 
aluninun, manganese, etc., which are extremely toxic to the plants, 
especially cereals. It can be added that the salts of, almtinum act 
on the phosphorus which becomes insoluble or unavailable for plant 
absorption. 

Mirasol, Magestat et al., quoted by Emerson, presented a table of' the 
solubility of' the aluninum for different pH-. This table is here partially 
presented: 

Aluminum indifferent soil pH 

pH ppm 

3.95 
3.96 
4.02 
4.51 
5.40 
7.00 
7.55 
8.35 

400 
200 
130 

6.5 
0.8 
0.4 
2.0 
8.4 

403
 





The diverse wheat cultivars have different resistance reactions to thesoil pH. The way to differentiate this resistance is to observe the presence
of the "crestamento," a phenomenon which I have been studying forseveral years. It is a disease which appears during the first stage of thewheat development. The "crestamento" is observed on bright, dry, hotdays, when can be seen side by side, cultivars with normal vegetativedevelopment and cultivars with "crestamento," almost dead and some
what loose in the soil. 

The difference of the resistance of the wheat cultivars to the pH is verystriking. Between the insensitive and sensitive cultivars there is a big
gradation of resistance. 

To facilitate the observations and notations a scale with four grades was
devised: 0 = insensitive; X, XX, XXX = more and more sensitivity to the"crestamento." One cultivar with XXX had almost no production at all. 

We observed that the sensitivity to the "crestamento" is a dominant
character, with complex segregation, as has been demonstrated by the
four cross generations that we have in the region ofJulio de Castilhos. 

I am sure that the cultivars sensitive to the "crestamento" should not bedistributed and grown in that region, due to possible failure, especially inless favorable years. The wheat cultivars carry genetic qualities that canmake them exclusively regional, or of wide adaptation. The classic exam
pies are the wheat cultivars 'Marquis' and 'Florence' that were grown on 
almost all continents. 

In Rio Grande do Sul, we have the cultivar Trintecinco which wasselected in a region of acid soil and cultivated in different regions of this 
state and also in Parani. Dr. Gustavo Fischer, from Uruguay, has followed
the behavior of this cultivar in five experiment stations and noticed that inall stations it was the most productive cultivar; and in two of those stations 
it was the only one to produce any yield. 

I received, a few days ago, from my colleague Dr. hwar Beckman of theBage Experiment Station, some data in relation to several wheat cultivars, 
among them 'Litoral Precoz' and 'Litoral I.' These wheat cultivars are among the best in that station producing more than 2,000 kg/ha. 

In the region ofJulio de Castilhos, due to their sensitivity to the acidpH, their production in these four years is little more than zero. These
wheat cultivars lack the qualities that could give them wide adaptation.

For Rio Grande do Sul, resistance to acid soils common in our state is 
among other essential characters which a cultivar must have to be brought
tinder cultivation in different regions. This is one of the most important
points in our breeding work. For this reason we have formulated theinitial hypotheses about the universality of the wheat cultivars. 
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SOME GENERALIZATIONS 

The bone mcal and calcium correct and form the soil environment to 

increase the production of the wheat cultivars. 
For the regions with acid soils, the selection must be specialized. 
The soil pH is variable according to the seasons of the year. 
There is a great chance for error when selections are made in favorable 

years. 
The wheat cuhivars resistant to acid pH have a large cultivation area 

and a wide adaptation. 
There is a gradation of' resistance to the "crestatnento" in the acid soils, 

for the wheat cultivars. 
The sensitivity to "crestamento" is a dominant character of complex 

segregation. 
TO CONCLUDE 

Dear colleagues, I have noted the gradation of resistance to the "cres
tamento" in more than a hundred wheat cultivars. 

For your intformation, I show in the table the gradation of' some well
known wheat cultivars, some being cultivated in Rio (;rande do Sul State. 

Sensitivity of some wheat cultivars to acid pH. 

Cultivars 

Trintecinco 
Frontana 1971-37 
H30-18-32 
L41-159 AC 
L41-9 AC 
Frontana 2017-37 
Frontana 1974-37 
357-38 
Centenario 
Centelha 
Sinbar 
Riosulino 
Litoral II 
Sinvalocho 
Rio Negro 
Centeira 
Cincana 
Lageadinho 
Florence 
Litoral I 
Litoral Precoz 
Klein 157 
Floreana 
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"Crestamento" 

0 
0 
0 
0 
a 
X 
X 
X 
X 
X 
X 
XX 
XX 
XX 
XX 
XX 
XX 

XXX 
XXX 
XXX 
XXX 
XXX 
XXX 



There are in these observations an invitation to new studies and new 
experiments. We will continue this year doing more work in this field. 

As the colleagues can observe, due to the importance of bone meal and 
calcium in our actual agriculture and much more in the fitire, I suggest 
that our society initiate a continued campaign with the objective of' 
mobilizing the government to better utilize the bones in the flertilizer 
industry and above all that the state explore its limestone reserves for 
systematized agriculture, offering to grind limestone at low prices. 

If' this practice is thought to be of' great value in countries with a more 
advanced permanent agriculture, I believe that it will be also good and 
valuable fb:" the Rio Grande do Sul. 

Thereby our society will be contributing to the increase and the security 
of* tlie cereal production of' the state, helping the start of' a rational 
agriculture with A-calcium, B- phosphoirus, and C-organic matter 
f'or the improvement of' our soils and of cereal production. 

The breeding work for good soils is thus simplified, but not foi" condi
tions of' little flertility. 
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Technical Communication
 

Cultivation and Breeding of Wheat
 
(Triticum vulgare Vill.)
 

in the South of Brazil'
 

Iwar Beckman 

At present, Brazil has an average annual production of 400 thousand 

tons of wheat. The main production region includes the three meridional 

Rio Grande do Sul, Santa Catarina, and Parana, which contributestates: 
about 99% of the total wheat production of the country. In the central 

states, mainly Silo Paulo and Ninas (;erais, the governments are trying 

methods to intensify the wheat cultivation. However, in the author's 

are suall (tile to the long droughtsopinion, the possibilities of success 
which occur during the winter season, exactly during the principal phase 

plant (Table .). Therefore theof the vegetative growth of the wheat 

future development of' wheat cultivation in Brazil will certainly be in the 

three above-mentioned southern states. The conditions for wheat cultiva

tion in this region are very fivorable, which can be proved by the rapid 

increase in production f'roni 100 thousand to 500 thousand tons per year, 

in the last ten years. To this progress a series of new wheatregistered 
to Sul, has contributed efficiently.cultivars created in the Rio Grande 

The breeding work with wheat was initiated in the Rio Grande clo Sitt, 

in 1919, when the first Experiment Station was established, inl the Alf'redo 

Chaves count.' (nowadays Veran6polis). The first director of' this Experi

an extensive selection work with thenent Station, Carlos Gayer, started 

nmost commotn wheat cultivars of that time. When the author in 1925 was 

as the director of' the referred Experiment Station, he found aassigned 
great number of lines "alfredochavenses" (lines selected in Alfredo 

Chaves), which seemed to have a great value for breeding work. Besides 

the large cultivar collections inthese lines, the author found among 
wheat cultivar naned TolyssLi,' which had a specialexperimentation, a 

interest to him. This cultivar had been found in 1914 in a wheat field in 

Rio Grande do Sul by an engineer from Parani, Jorge Polyssti, who took 

'Suminary of the communication presented at the IX International Genetics Meeting, in 

Bellagio, Italy in August 1953. Translation by Ednia and Elton Santos, Dept. of Plant 

Breeding, Cornell Utuiv., Ithaca, NY 11853.-Matiscript provided through courtesy of A. R. 

da Silva, Centro de Pesquisa AgropeciAria dos Cerrados, Caixa Postal 70-0023, Planaltina 

DF 70,600, Brazil.2"a)II>c I mnissinlg floll tileInllticScrip as received. 
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it to his state where still nowadays it is being cultivated under different 

names such as Polyssti, 'Marumbi,' or P. G. 1.' Among 100 cultivars, 

mostly poorly developed, that were grown in the Alf'edo Chaves Experi

ment Farm in 1925, this wheat cultivar distinguished itself extraordinarily 

for its great development and excellent appear;-nce, causing on us such an 
we crossed it with several alimpression that in the same year 

fredochavenses lines, selected by Gayer. 
From these crosses resulted the first Brazilian cultivars of wheat such 

as 'Fronteira,' 'Surpresa,' 'Minuano,' *Jesuita,' 'Guarani,' 'Nalivar,' etc., 

which later were utilized in genetic works, by the author and by his 

colleagues Paiva and Pacheco, who in the Experiment Stations of Julio 

de Castilhos and Veran6polis developed outstanding breeding works 

with wheat. 
The fundamental influence that the first crosses with tile cultivar 

Polyssti were to bring later on tile development of the Brazilian wheat 

cultivation, has been documented by the fact that the most important 

wheat cultivars grown in Brazil at the present came directly or indirectly 

fromi these crosses (Fig. I). POLYSSOX ALFD CAVS 

FRONTEIRAXMENTANA 'SURPREGA:XCENTENAPIO X SL242-30 X TRINTECINCOZUA-RNIX TRINTECINCO MINUANO 
0930) (1931(90 (1940) (90 

2FRONTANA RIONEGRO1068-36XZC 

WOW' TRINANI -COL ~IAS ARRA 

As the first positive results front crosses involving the cultivar Polyssti. 

the cuhivars Fronteira and Surpresa were released in 1934. The cultivar 
Fronteira, soon revealed to be the most imlportant, supplanted in several 

ways the majority of the wheat cultivars grown at that time in Brazil, being 

for this reason largely accepted and distributed in tile southern states. 
Among its good qualities we can mention its high-yielding ability, high 

yellow rust resistance (resistance to Puccinia gluimarum) and excellent 
bread qualities, which determined its rapid spread and its utilization for 
breeding work by plant breeders from diverse countries. 

In 1930, we crossed Fronteira with tile well-known Italian cultivar 
'Mentana,' and in 1932 we crossed the cultivar Surpresa with the Uru
guayan cultivar 'Centenario.' From these crosses were selected the 
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cultivars 'Frontana' and 'Rio Negro' which were distributed ill1942, 
giving a new impulse to the wheat cultivation in Brazil. The cultivar 
Frontana, which is an early cultivar with'a remarkable capacity of adapta
tion to different environments, was soon occupying a dominant position 
not only in Brazil but also in Uruguay. In both countries this culuivar is 
presently contributing more than half of the total wheat production. 

In 1938 we made a cross between a sister line of Rio Negro (1068-30) 
with a line (number 2787 c) which we received from the well-known 
Experiment Station "La Estanzuela" in Uruguay. From this cross camie the 
new wheat cultivar 'Bage' which for two years has been successfully 
distributed in the extreme south of Brazil and in Uruguay. 

The five mentioned cultivars, Fronteira, Surpresa, Frontana, Rio 
Negro, and Bage, were all created in the Experiment Station of Fronteira, 
in Bage, located in the extreme south of Brazil, near the frontier with 
Uruguay. From these cultivars, Frontana and Bage are still being 
distributed. 

Besides these cultivars the Experiment Station of Colonias, in Ver
an6polis, released recently three wheat cultivars of great importance, 
respectively named 'Colonias,' 'Trintani,' and 'Patriarca,' which are also 
descents from the important cultivar Polyssti. 

The cultivars Frontana, Rio Negro, Bage, Colonias, Trintani, and Pat
riarca have been this year (1953) recommended to be distributed in the 
south of Brazil by the Technical Wheat Commission that meets every year
in Rio cle Janeiro, and can he considered the highest wheat authority in 
Brazil. 

In the breeding work, from which these cultivars originated, it was 
always sought to obtain an improvement of the most important economic 
qualities such as yield ability, disease resistance, lodging resistance, shed
ding resistance, earliness, bread quality, hectoliter weight, etc. The prog
ress made was very significant and the cultivars recommended exceeded 
the old ones in all the characters mentioned above. 

Of more interest than this routine work which is similar in all experi
ment stations throughout the world, are undoubtedly the specific en
vironmental problems of Brazil, such as breeding of cultivars with better 
adaptation to late planting, and cultivars resistant to "crestamento." For 
this reason we are going to limit ourselves to the consideration of these 
subjects. 

BREEDING CULTIVARS BETTER ADAPTED
 
TO LATE PLANTING
 

When the cultivats Fronteira and Surpresa were released twenty years 
ago, June was considered the normal wheat planting time in Rio Grande 
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do Sul. Ini later plantings the yields were considerably reduced. However, 
in the region of Bage, June is generally rainy with an average precipita

tion of 142 mm distributed in a nine-day period. Besides there is in Bage a 
excespredominance of clay soils which are difficult to be worked when 

sively humid. This happens frequently in the month of June when the 

rains are frequent and evaporation is minimal, and eight to ten days can 

elapse after a regular rain without any field work being conducted. The 

favorable days for planting are thus very few in this month, and in some 

years an entire month can elapse without the farmer being able to plant 

any wheat, as it happened for instance last year (1952). The farmer is 

forced to postpone the planting to a better time, which occurs almost 

every year in I .,ly and August. 
The Experiment Station of Fronteira, installed in 1929, dedicated for 

this reason the first years of its activity to a detailed study of the behavior 

of different wheat cultivars to late planting. It was established that the 

known wheat cultivar Mentana from Italy and also at that time the new 

selected cultivar Centenario from Uruguay, revealed a slight superiority 

over the other cultivars when planted in July and August. This was the 

main reason why we crossed these cultivars with the cultivars Fronteira 

and Surpresa, resulting in the new and important cultivars Frontana and 

due to 	their significant superiority over the otherRio Negro, which 

cultivars, soon were spread over large areas of' Brazil and also of Uruguay.
 

Their superiority over the: cultivar Fronteira principally in later planting
 

can be seen in Table 2.
 

Table 2. 	Average yield (kg/ha) obtained indifferent planting times inthe Experiment Station 
of Fronteira, in the years 1939 to 1942. 

August SeptemberCultivars June July 

538 285Fronteira 799 768 
Rio Negro 1187 1193 884 530 
Frontana 968 1013 813 519 

The great superiority of the new cultivars can be observed. They still 

yielded 	more in August than the cultivar Fronteira planted in its regular 

planting time (June). It is convenient to explain that the July planting in 

these years was always done in the first days of the nonth, thus the small 

yield decline observed for the cultivar Fronteira in the month of July. 

The response of the two wheat cultivars to different planting times can 

be seen in the graph, Fig. 2, which is based on investigations carried on 

during 	eight consecutive years. It can be seen in the graphic that the 

cultivar Rio Negro surpasses the cultivar Frontana in plantings done in 

May andJune, but after that in later plantings the cultivar Frontana reacts 

better. Frontana was the first cultivar to firmly show better production 

results from July plantings. 
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PLANTING TIME 

A still more significant progress was observed in tie last years with the 
release of three new cultivars Colonias, Trintani, and Bage, which in July 
and August outyielded all the old cultivars including even Frontana. The 
exceptional yielding ability of these iheats in late planting can he ob
served in the data shown in Tables 3 and 4. 

Table 3. Average yields (kg/ha) obtained in two planting dates in Bage, So Borja and 

D.Pedrito, in the years 1949 to 1951. 

Cultivars 	 June July 

Frontana 834 957 
Colonlas 1512 1002 
Trintani 1284 1006 
Sage 	 1125 1200
 

Table 4. Yields (kg/ha) observed in the Experiment Station of Fronteira, for three planting 

dates in the year of 1952. 

Cultivars 	 July 5 August 8 August 19 

Frontana 1160 1172 775 
Colonias 1200 1162 884 
Trintani 1180 1390 940 
Bage 1282 1632 1333 
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These tables clearly demonstrate the great progress achieved in the 
Experiment Stations of Rio Grande do Sul in breeding cultivars better 
adapted to later planting dates. The farmers in Rio Grande do Sul can 
now continue, with confidence, their planting duringJuly and still in the 
beginning of August, without any fear of heavy yield losses which a few 
years ago were almost unavoidable in later planting. Above all, the wheat 
cuhivar Bage represents an ideal solution to the region where this cultivar 
is adapted surpassing even Frontana by 500 kg per hectare, in planting 
during August. (See somewhere in this paper the limitation of the area 
grown with the culhivar Bage.) 

THE PROBLEM OF "CRESTAMENTO" 

When the author of this article, in 1925, initiated his works in tile 
Experiment Station of Alfredo Chaves (Veran6polis), his attention was 
directed, especially, to the great differences observed in the development 
of different cultivars in his field. It was already mentioned that the 
majority of tile cultivars were poorly developed and many of them died 
before reaching maturitv. Other cultivars, mainly tile cultivar Polyssti, 
developed normally, having a very satisfactory production. Between the 
two extremes every intermediate degree can be found. Paiva, who has 
st udied this problen for many years and called it "crestiamento," believes 
that tile pool- and weak development ill the majority of the cultivars is 
caused by excessive soil acidity. 

Aratijo, who has deeply investigated this problem, has the following 
opinion: 

"The wheat "crestamento," according to investigations that we 
have been conducting, is causedI by the presence of exchange
able trivalent aluminum and iron that can be found in the soil, 
being part of the total adsorptive capacity of soil and that 
constitute the so-called prejudicial acidity. 

The toxicity of these elements can be found mentioned in 
tile world literature and was verified for soils from Passo 
Fundo (trap resulting from basaltic deposition in the south of 
Brazil). The presence of exchangeable aluminum and iron 
above 4 meq caused the "crestamento." 

The correction of the soil wit h limestone, in t lie presence of 
organic matter, solves ti e problem, but it can be noticed that in 
these cases, the necessity of lime is very high-in Passo Fundo 
20 tons per hectare." 

Although maybe it is very early to consider this opinion as a definitive 
solution to the problem, there is no doubt that there has been some 
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progress in the clarification of' tile problem. Thus it can already be 
affirmed that tile "crestaniento" is not of parasitic nature as was formerly 
supposed (nematodes) but it has a close relationship with lthe soil's own 
oluality and Ilie variation in the culh ivar's behavior depend(s onI he degree 
of its inherited resistance. Also it has been observed that the phenomenon 
is not particular to Veran6polis (All'redo Chaves), but it can be found in 
the big agricultural areas of the country. For example, in Rio Grande do 
Sul, the zone of "crestamento" is constituted by the nothern regions and 
also partially by the central regions of the state, exactly tle piincipal zones 
of'production. In the southern and western parts of' the stle, as well as in 
(he production regions of' Argentina and Urtiguay, the "crestimento" 
phellonlenlol is not present. 

The wheat cuivar Polssti, as has been said bet're, is extriaordinarilv 
resistant to the "ci'estamento" and this is the reason wlv tile breeding 
workers in Rio Grande do Sul, fIr three decades have ,oitintled to use 
materials erived from the initial c'osses made with this cultiva' ini 1925. 
Thus the release of' several new resistant cultivars which thrive well in 
ext ve areas of the comttry iws tot sun'pising. As the onl exception 
there is the cultivar Bage, which is very susceptible and for this reason has 
to be limited to the soutiher aiid eastern areas of Rio (;rlnde (1o Sul, 
where there is no "crestanicnto." In these regions, as well as ii Uruguav, 
the cultiva'r Bage appears Ai the "leader" aniuig tOe best anid most pro
ductive wheat cultih'rs, behig th erewe .oicoght lile farmers.1' 

The Etxl erinmeiit Station of' Fronteira considers it very iipoi'tanit hlat 
its ftlture cultivars be resistant to tile "crest anento." But, as this pr'olleni 
cainot be studied in its fields an additional .x per mental field was instal
led in Encruzilhada do Sul, in tie 'pial f "zoneW wherette lcrestaneuo," 
y'early all the cultivars and lines obtained in Bage a e cuhitated wil Iile 
objective of' ivestigating their resistanCe. 

In Crosses inade aniong resistait and .susceptible cullitnats, resistance 
appears to he donlinl Hlitownre'. this q neslI(in still autlnot he considered 
clefinitively solved, because in Fi generations we have always found a 
great number of doubltfuliplalts. In F&generalions friin several crosses 
atumong resistant and susceptible cultivai's we have found, in 812 plants 
examined, Ilie f'ollowing proportions: -162 resistant, 159 stusceptible, and 
191 doubtful. 

LITERATURE CITED 

. ARAUJOJ. E.G. 1951. Conpeientary conuniiications with respect to tlie 
problemn off"ciestafilenio" in wheat. (In Poritguese.) Archivo Filotctiico (de 
Uruguai t(3):37-383. 

415 





Participants at Workshop on Plant Adaptation
 

to Mineral Stress in Problem Soils
 

Nov. 22-23, 1976
 

Dr. C. S. Andrew, CSIRO, Division of Tropical Crops and Pastures, 'h 
Cunningham Laboratory, Mill Road, St. Lucia 4067, Brisbane 
Australia 

Dr. S.Baenziger, Field Crops Laboratory, Beltsville Agricultural Research 
Center, Beltsville, MD 20705 

Dr. D. Baker, Agronomy Department, Pennsylvania State University, 
University Park, PA 16802 

Dr. 0. L. Bennett, USDA, ARS, Agronomy Department, West Virginia 
University, Morgantown, WV 26506 

Dr.J. C. Brown, Plant Stress Laboratory, Room 21 i, Bld . 001. Beltsville 
Agricultural Research Center, Beltsville, MI) 2070-Z 

Dr. I. W. Buddenhagen, International Institute of Tropical Agriculture, 
Oyo Road, P M.B. 5320, lbadan. Nigeria 

Dr. L. G. Campbell, Agronomy )epartment, Ohio Agric. Res. l)ev. 
Center, Wooster, OH 44691 

Di; R. L. Chaney, Biological Waste Management Laboratory, Beltsville 
Agricultural Research Center, Beltsville, MD 20705 

Di. M. N. Christiansen, Plant Stress Laboratory, Room 206, Bldg. 001,
 
Beltsville Agricultural Research Center, Beltsville. Nil) 20705
 

Dr. R. B. Clark, USDA, ARS, Kiesselbach Crops Laboratory, University of
 
Nebraska, Lincoln, NB 68583 

Di. J. B. Collins, Department of Agriculture, lrairie View A & NI Univer
sity, Prairie View, TX 77445 

Dr. J. K. Coulter, Room E 1039, 1818 H St. NW, International Bank for 
Reconstruction & Development, Washington, D.C. 20433 

Dr. A. R. da Silva, Centro de Pesquisa Agropeciniria dos Cerrados, Caixa 
Postal 70-0023, Planaltina DF 70,600, Brazil 

Dr. T. E. Devine, Cell Culture and Nitrogen Fixation Laboratory,
 
Beltsville Agricultural Research Center, Beltsville, NIl) 20705
 

Dr. M. Drosdoff, Agronomy Department, Cornell University, Ithaca, NY
 
14853 

Dr. R. Dudal, Acting Director, Land and Water Development Division, 
FAO, Via delle Terme di Caracalla 00153, Rome, Italy 

D J.. H. Elgin, Jr., Field Crops Laboratory, Plant Genetics & Germplasm 
Institute, Beltsville Agricultural Research Center, Beltsville, MD 
20705 

417 



Dr. E. Epstein, Department of Land, Air, and Water Resources, Soils and 
Plant Nutrition Section, University of California, Davis, CA 95616 

Mr. I. Fawole, c/o Dr. W. H. Gabelman, Department of Horticulture, 
University of' Wisconsin, Madison, WI 53706 

Mrs. S. A. Ferrari, c/o Dr. Madison Wright, Department of' Agronomy, 
Cornell University, Ithaca, NY 14853 

Dr. K. W. Flach, Soil Survey Investigation Div., USDA, Soil Conservation 
Service, 5207 South Agriculture Bldg., Washington, D.C. 20250 

Mr. A. Fleming, Plant Stress Laboratory, Room 11, Bldg. 001, Beltsville 
Agricultural Research Center, Beltsville, MD 20705 

Dr. C. D. Foy, Plant Stress Laboratory, Roon- 18, Bldg. 001, Beltsville 
Agricultural Research Center, Beltsville, MD 20705 

Dr. R. L. Fox, Department of Agronomy and Soil Science, University of 
Hawaii, 3190 Maile Way, Honolulu, H 196822 

Dir. W. H. Gabelman, Department of Horticulture, University of Wiscon
sin, Madison, WI 53706 

Dr. G. C. Gerloff', Botany Department, University of Wisconsin, Madison, 
\VI 53706 

Dr. T. S. Gill, U.S. Agency for International Development, Technical 
Assistance Bureau, TAB/AGR, Washington, D.C. 20523 

Dr.C. 0. Grogan, Department of Plant Breeding & Biometry, Cornell 
University, Ithaca, NY 14853 

Dr. A. A. Hanson, Director, Beltsville Area ARS, Administration Bldg.,
 
Beltsville Agricultural Research Center, Behsville, MD 20705
 

Dr. E. E. Hartwig, Delta Branch Experiment Station, Stoneville, MS
 
38776 

Dr.R. Howell, Plant Stress Laboratory, Room 16, Bldg. 001, Beltsville 
Agricultural Research Center, Beltsville, MD 20705 

Dr. M. 0. Humphreys,Department of Botany, University of' Liverpool, 
PO.Box 147, Liverpool L69, 3BX England 

Di. C. E Konzak, Agronomy and Soils Department, Washington State 
University, Pullman, WA 99164 

D'. H. N. Lafever, Agronomy Department, Ohio Agric. Res. Dev. Center, 
Wooster, OH 44691 

Dr.T.W. Lambert, Department of Agronomy and Plant Genetics, Univer
sit)' of Minnesota, St. Paul, M N 55101 

Di; C. E Lewis, National Program Staff, Genetics & Breeding, ARS, 
USDA, Beltsville, MD 20705 

Dr.J. E Loneragan, School of' Environmental and Life Sciences, Murdoch 
University, Murdoch, Western Australia 6153 

Mr. A. Makmur, c/o Dr.W. H. Gabelinan, Department of' Horticulture, 
University of' Wisconsin, Madison, Wl 53706 

418
 



Dr. H. E Massey, Department of Agronomy, University of' Kentucky, 
Lexington, KY 40506 

Dr. R.J. McCracken, Associate Administrator, ARS, Room 302, Adminis
tration Bldg., Washington, D.C. 20250 

Mr. M. McMahon, CIMMYT, International Maize & Wheat Im)rovement 
Center, Londres 40 Apartado Postal6-64 I, Mexico 6, DF Mexico 

Dr. D. P. Moore, Soils Science Department, Oregon State University, 
Corvallis, Oregon 97331 

Dr; J. Mortvedt, Soils and Fertilizer Research Branch, Tennessee Valley 
Authority, Muscle Shoals, AL 35660 

Dr. L. M. Mugwira, Department of Natural Resources, Alabama A&M 
University, Normal, AL 35762 

Dr. R. D. Munson, Midwest Director, Potash Institute, 2147 Doswell 
Avenue, St. Paul, MN 55108 

Dr.J. Murray, Field Crops Laboratory, Plant Genetics & Gerniplasin Inst., 
Beltsville Agricuhural Research Center, Beltsville, MD 20705 

Dr. M. W. Nabors, Department of Botany and Plant Physiology, Colorado 
State University, Fort Collins, CO 80521 

Dr. R. Nieman, U.S. Salinity Laboratory, P0. Box 672, Riverside, CA 
92502 

Mr. A. Pinto, North Carolina State University, Agronomy Department, 
Room 112, Patterson Hall, Raleigh, NC 27607 

Dr. D. L. Plucknett, Department of Agronomy and Soil Science, Univer
sit) of Hawaii, 3190 Maile Way, Honolulu, H 196822 

Dr. E N. Ponnamperuma, International Rice Research Institute, Los 
Bafios, Laguna, Philippines 

Dr. J. B. Powell, Field Crops Laboratory, Plant Genetics & Germplasn 
Inst., Beltsville Agricultural Research Center, Beltsville, MD 20705 

Dr. N. S. Randhawa, Special Director of Research, Punjab Agriculural 
University, Ludhiana, Punjab, India 

Mrs. N. Ratanadilok, c/o Dr. D. A. Reid, USDA, ARS, Western Region, 
2000 East Allen Rd., Tucson, AZ 85719 

Dr. D. A. Reid, USDA, ARS, Western Region, 2000 East Allen Rd., 
Tucson, AZ 85719 

Dr. D. Rhue, Agronomy Department, Cornell University, Ithaca, NY 
14853 

Mr. J. G. Salinas, Department of Soil Science, North Carolina State Uni
versity, Raleigh, NC 27607 

Dr P A. Sanchez, Department of Soil Science, North Carolina State 
University, Raleigh, NC 27607 

Dr. V. T Sapra, Department of Natural Resources and Environmental 
Studies, Alabama A&M University, Normal, AL 35762 

419 



Dr. M. Shannon, U.S. Salinity Laboratory, PO. Box 672, Riverside, CA 

92502 
Dr. L. A..]. Slootmaker, CEBECO-HANDELSRAAD, Veredelingsbedrijf, 

Plantage Willem III Elst (U), Wageningen, Netherlands 

Dr..). M. Spain, Interim .eader, Beef' Production Program, Apartado 

Aereo 67-13, CIAT, Cali, Colombia 
Mr. C. Spehar, c/o Dr. W. 1-. (;abell;ll, Department of Horticulture, 

University of Wisconsin, Madison, WI 53706 

Dr. P. J. Stangel, International Fertilizer Development Center, 402 First 

Federal Bilg., Florence, AL 35630 

Dr. R. Staples, Boyce Thompson Institute, 1086 North Broadway, Yon

kers, NY 10701 . 
Dr. A. Van Wambeke, Protessor of' World Soils, Department of*Agrono

my, Cornell University, Ithaca, NY 14853 

1)r. P W. Voigt, USDA, ARS, Southern Region, Blackland Conservation 

Research Center, P.O. Box 748, Temple, TX 76501 

Dr. NI. ,. Wright, Department of' Agronomy, Cornell University, Ithaca, 

NY 14853 

420
 




