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Preface

The dynamic and expanding knowledge of environmental stresses and their effects on plants and
crops has resulted in the compilation of a large volume of information since the first edition of the
Handbook of Plant and Crop Stress was presented to scientists and professionals in the field of
agriculture. This fact necessitated that this unique comprehensive source of information be revised
and all the new findings in this field be included in the new expanded edition. Like the first edition,
the new expanded edition is also a unique, comprehensive, and complete collection of the issues
on stress imposed on plants/crops.

More than two-thirds of the material in this edition is new, and it has been included in this
volume in 37 new chapters. The other one-third of the material (19 chapters) has been updated.
Therefore, overall, about 80% of the book is new, and it seems that a totally new volume has
emerged. This new edition contains 11 parts, four more than in the first edition.

Since the early 1900s, soil/plant scientists have observed that plant growth and crop yields
decrease under salinity, drought, and/or other environmental stress conditions. Reduction in plant
growth was reported as a result of modification in the physiological process and environmental
conditions that control growth. Stresses imposed on plants by pollution or application of agrichemi-
cals have recently attracted the attention of scientists, investigators, and environmentalists in the
field of agriculture and related areas. The mechanisms by which salinity, drought, high/low tempera-
tures or heat, high/low pH, high/low light, nutrient deficiency, pollution, agrichemicals, climatic
changes, or any other stresses affect plant metabolism, thereby reducing growth and development,
are still not completely understood. Among the plant physiological processes, the change in nutrient
uptake and metabolism induced by salt, drought, and/or other stress factors is commonly accepted
among scientists as one of the most important factors in abnormal plant metabolism, reduced growth,
and decreased crop yield. The need for minimizing these stress effects as well as other environmental
stresses on plant growth and crop yield is vital. Thus, a greater awareness of these stress factors
and their related problems is essential to scientists, growers, and all others involved in the field of
agriculture.

This handbook is a comprehensive, up-to-date reference book effectively addressing issues
and concerns related to plant and crop stress. Although many reference books about soil salinity,
sodicity, specific plant/crop salt and water stress, pollution, and other environmental stresses have
been published, they all exist in relative isolation from one another, covering only one specific topic.

Efficiency and effectiveness in solving plant and crop stress problems are dependent on the
accountability and coordination of all the factors and the interrelationships involved with plant/crop
stress. Although previous authors have indeed competently covered the many areas separately, the
areas are, nonetheless, interrelated and should be covered comprehensively in a single text. Thus,
the purpose of this book is to fill this niche.

The updated and expanded edition of the Handbook of Plant and Crop Stress has been pre-
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vi Preface

pared by over 100 contributors, who are among the most competent and knowledgeable scientists,
specialists, and researchers in agriculture from 25 countries. It is intended to serve as a resource
for both lecture and independent purposes. Scientists, agriculture researchers, agriculture prac-
titioners, and students will benefit from this unique comprehensive guide, which covers plant stress
problems from the soil to the atmosphere.

As with other fields, accessibility of knowledge is among the most critical factors involved
with crop stress problems. Without due consideration of all the elements contributing to a specific
crop stress problem, it is unlikely that a permanent solution will be achieved. For this reason, as
many of the factors as possible are included in this handbook. To further facilitate the accessibility
of the desired information in the areas of stress covered in this collection, the volume has been
divided into 11 parts: Soil Salinity, Sodicity, Low/High pH, and Soil Nutrient Deficiency Problems;
Plants, Crops, and Stressful Conditions; Plant and Crop Responses Under Salt, Drought, Heat, Tem-
perature, Light, and Other Stressful Conditions; Plant and Crop Responses Under Pollution Stress;
Plant and Crop Responses Under Agrichemical Stress Conditions; Molecular Biology and Microbio-
logical Aspects of Plant Responses Under Salt, Drought, and Other Environmental Stress Conditions;
Genetic Factors and Plant/Crop Stress; Examples of Empirical Investigations of Specific Plants and
Crops Grown Under Salt, Drought, and Other Environmental Stress Conditions; Future Promises:
Plant and Crop Adaptation and Cultivation Under Stressful Conditions; Climatic Changes, Elevated
Carbon Dioxide, and Plant/Crop Responses; and Beneficial Aspects of Stress. Each of these parts
comprises one or more chapters that, independently, discuss as many aspects of stress as possible.

Numerous figures and tables appear in this technical guide to facilitate comprehension of the
presented materials. The volume also includes a comprehensive index to increase further the reader’s
accessibility to the desired information.

I would like to express my appreciation for the secretarial assistance that I received from
Elenor R. Loya, College of Agriculture, University of Arizona, for the completion of this work.

In addition, my sincere gratitude is extended to Russell Dekker (Chief Publishing Officer,
Marcel Dekker, Inc.), who supported this project from its initiation to its completion. Certainly, this
job would not have been completed as smoothly and rapidly without his most valuable support and
sincere efforts. Also, the patience shown by the Production Editor, Rod Learmonth, and his careful
and professional handling of the material in this volume is greatly appreciated. The remarkable work
of the copyeditor, Kitty McCullough, during the course of completion of this book is sincerely
acknowledged.

The invaluable efforts of each and every one of the contributors who responded to my request
for contributions to this volume are deeply appreciated. Their proficiency and knowledge in their
area of expertise made this significant task possible.

Also, I thank my wife, Vinca, for her support in the completion of this work. Last, but not
least, I would like to thank my son, Mahdi, who had great patience and understanding and let me
take the time to complete this project that otherwise would have been spent with him.

Mohammad Pessarakli
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Soil Salinity and Sodicity
as Particular Plant/Crop
Stress Factors

MoHAMMAD PESSARAKLI
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Tucson, Arizona

l. SzaBoLcs

Research Institute for Soil Science and Agricultural Chemistry
of the Hungarian Academy of Science
Budapest, Hungary

INTRODUCTION

Salinity and sodicity problems are common in arid and semiarid regions, where rainfall is insufficient
to leach salts and excess sodium ions out of the rhizosphere. In addition, these areas often have
high evaporation rates, which can encourage an increase in salt concentration at the soil surface.

The presence of a cliche horizon and/or a cemented hardpan layer at varying depths plus
insufficient precipitation for leaching often adds to the salt accumulation in these soils. Newly estab-
lished irrigation projects, with improper planning and management practices, may also add salts to
soils [1].

Soil salinity and sodicity problems are present in nearly every irrigated area of the world
and also occur on nonirrigated croplands and rangelands. Thus, virtually no land is immune from
salinization. Therefore, for sustaining life on earth, control of these problems and finding new ways
to utilize these extensive saline and sodic soils and water resources, at least for agricultural purposes,
are vital and urgent. Reclamation, or at least minimizing the effect of salinity and/or sodicity, is
important and necessary. In this respect, proper utilization of water for both plant growth and soil
salinity and sodicity control is probably of the greatest importance.

The main focus of this introductory chapter is to summarize general information on salt-
affected (saline and sodic) soils and factors influencing their formation and reclamation.
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2 Pessarakli and Szabolcs

SIGNIFICANCE OF SOILS IN RESPECT OF CROP STRESS

As far as all the crops are grown on soils, soil properties have substantial influence on the life
conditions of plants and crops. In nature, usually particular plant species grow on specific soils.
Thus, specific relationships exist between a particular soil and the vegetation cover of that specific
soil. For example, Kreeb et al. [2] investigated soil and vegetation relationships associated with
alkaline-saline soil surfaces.

Plant development and successful crop production require proper soil conditions, including
adequate water and nutrient supply. Unfavorable soil conditions (environmental stress [3—5], salinity
and/or sodicity [6,7], inadequate nutrient supply [8,9]) have an adverse effect on the life of the
plants, sometimes seriously hindering their effective production.

Based on the above facts, we can speak of stress factors originating in the soil; that is, such
unfavorable soil conditions which cause, or contribute to, the stress factors that plants and crops
are exposed to.

It is impossible to list all or most of such factors in a short introductory chapter. Therefore,
we limit the range of this chapter to a general description of soil behavior and its function in nature
and production as well as to an outline of one of the most serious factors originating in salt-affected
soils. For more in-depth information regarding salt-affected soils, the readers are referred to the
more comprehensive available sources [10-31].

PLACE AND ROLE OF THE SOIL IN NATURE

It is generally accepted that the soil is a substantial part of the environment, comprising different
substances and forming a special kind of ecosystem inside the given ecosystem, with various proper-
ties and attributes. It is also accepted that the soil of the continents is of high diversity, which is
dealt with by several branches of soil science; for example, taxonomy, classification, survey, and
mapping.

The soil, or the pedosphere, which is an environmental synonym of the soils of a given terri-
tory, has a specific place in nature. It is a natural body, similar to rocks, waters, or biota in the
sense that they too have their own materials, mass and energy fluxes, development, and regularities.
This fact should be mentioned because, not only in newspapers but also in technical literature, soils
are frequently treated either as living substances or as nonbiological substances. Neither of these
approaches is correct, because one of the characteristics of the soil is its complexity, the fact that
it contains both living and nonliving substances, forming as a result of both biotic and abiotic pro-
cesses.

The soil as a natural body is inseparable from the rocks and the crust of weathering on the
surface of the continents from which it has developed, on the one hand, and from the biological
processes on the other hand. The main characteristics that distinguishes the soil from the rocks is
the result of biological processes: the production of organic matters by the activities of microorgan-
isms, plants, invertebrates and other animals, and finally human beings which transforms the rocks
into soils capable of supplying plants and crops with nutrients and water.

The processes of soil formation started concurrently with the appearance of life on the conti-
nents and continued during the billions of years of interactions between living substances and rocks
under the influence of climatic conditions, with particular regard to the action of water, geomorpho-
logical patterns, and the time factor. As a result of their interactions, specific mass and energy fluxes
formed the different soil types in various environmental conditions.

With the appearance of the human race on the face of the earth, even changes in the environ-
ment became different. Owing to human activities, the natural processes affected by biotic and
abiotic factors accelerated and several others which were unknown or minimal before developed.

The role of soils in nature is complex and many sided, including biospheric, hydrospheric,
and lithospheric functions. Their interaction is illustrated in Figure 1 [11], which clearly shows that
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Ficure 1 Schematic diagram of the interaction of lithosphere, atmosphere, biosphere, hy-
drosphere, ecosystems, and soils. (From Ref. 11.)

the soil is a specific body related to the ecosystem. Even the word soil is very often used as a
synonym of ecosystem when characterizing the given ecological conditions in a certain place. If
we want to be precise, we must agree that the ecosystem includes the pedon, in other words, the
soils. However, the soil includes different phases (solid, liquid, gaseous), living and nonliving sub-
stances, plants, animals, and microbes and has its own energy and material fluxes. Therefore, it can
be considered an ecosystem in itself. In this respect, when speaking of soils versus their plant cover,
we can consider the soils of a given location as the basis, ladder, and foothold, for instance, in
savannas, or in the tropical belt, a well-defined plant cover develops and very often the soil properties
promote or limit the living conditions of certain plant species or associations.

Based on the above considerations, it can be accepted that certain soil types, when discussed
as the habitat for certain plant associations, are often named as the ecosystem of the plant association
concerned, as the pedon includes, apart from the plants, most of the components of the ecosystem.

Evidently the soil, as a specific natural entity, is far from being identical with the vegetation
and, in spite of their close correlation, direct conversion between soil types and vegetation is hardly
possible. Still there are soil types which, more or less, determine the ecological function for certain
types of vegetation either by providing beneficial conditions for its development or by limiting the
ecological conditions for other types of vegetation.

This is perhaps best demonstrated in the case of salt-affected soils where high electrolyte
contents of extreme pH conditions limit the development of the majority of plants and serve as a
habitat only for such species which can survive or tolerate the unfavorable conditions caused by
the salinity and alkalinity of the soil. For example, the grass Leptochloa fusca that grows vigorously
on the salt-affected soils can tolerate extremely saline and sodic (alkaline) conditions [25]. This
species is also well adapted to the waterlogging encountered on saline and sodic (alkaline) soils.
Other investigators [2,7,32,33] have also reported on the soil and vegetation relationships that spe-
cific plant types are adapted and growing on specific habitats. In such respects, salt-affected soils
can be considered as habitat or ecosystems for halophytes and, if we agree on this, correlations can
be found between the different types of salt-affected soils and their flora and fauna as components
of the ecosystem.
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4 Pessarakli and Szabolcs

In order to cast light on both the theoretical and practical aspects of such considerations, it
is necessary to describe briefly the properties and grouping of salt-affected soils with regard to the
possibilities of the occurrence and distribution of halophytes and xerophytes developing on them.

EXTENSION AND GLOBAL DISTRIBUTION
OF SALT-AFFECTED SOILS

Nearly 10% of the total land surface is covered with different types of salt-affected soils. Table 1
demonstrates the distribution of salt-affected soils in the world [34], and it shows that no continent
on our planet is free from salt-affected soils. They are distributed not only in deserts and semidesert
regions, but also frequently occur in fertile alluvial plains, river valleys, and coastal areas close to
densely populated areas and irrigation systems [11-14,16,17,26].

Figure 2 shows the distribution of salt-affected soils throughout the world [12,17].

TaBLE 1 Salt-Affected Soils on the Continents
and Subcontinents

Continent Area (millions ha)
North America 15.7
Mexico and Central America 2.0
South America 129.2
Africa 80.5
South Asia 87.6
North and Central Asia 211.7
South-East Asia 20.0
Australasia 357.3
Europe 50.8
Total 954.8

Ficure 2 Global distribution of the salt-affected soils.
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DEVELOPMENT AND GROUPING
OF SALT-AFFECTED SOILS

In spite of the fact that the properties and attributes of salt-affected soils have been well known for
a long time, it is appropriate to give a brief definition of this group of soils right at the start, because
the salinity and sodicity (alkalinity) as well as the acidity of soils are substantial stress factors
seriously affecting the productivity of the land [3-9,12,17,29,35-38].

Salt-affected (i.e., saline, saline-sodic, and sodic) soils usually have low biological activity
both because of osmotic and ionic effects of salts and due to limitation of carbonaceous substrates.
Rao and Pathak [39] reported that microbial growth was depressed in sodic (alkali) soils due to, at
least in part, limitation in carbon substrate (carbon stress) and in saline soils due to salt stress.

For detailed information on the formation of salt-affected soils, the readers are referred to
Szabolcs [11,12] and Pessarakli [17].

Salt-affected soils can be characterized as soils formed under the dominant influence of differ-
ent salts in their solid or liquid phases, which will then have a decisive influence on the development,
characteristics, physical, chemical, and biological properties, and eventually the fertility of the soil.
Whenever and wherever this phenomenon occurs, it produces specific formations of soils where the
high electrolyte concentration and its consequences overshadow the former soil-forming processes or
former soil properties and environmental conditions, often radically changing them.

High electrolyte concentration is the only common feature of all salt-affected soils. Their
chemistry, morphology, pH, and many other properties may be different depending on the character
of salinization and/or alkalization.

Salt-affected soils, in the broader sense, can be divided into the following groups:

1. Saline soils that develop under the influence of electrolytes of sodium salts with nearly
neutral reaction (dominantly Na,SO,, NaCl, seldom NaNOs;). These soils occur mainly
in arid and semiarid regions and form a major part of all the salt-affected soils of the
world. High contents of soluble salts accumulated in these soils can significantly decrease
their value and productivity.

2. Sodic (alkali) soils that develop under the influence of electrolytes capable of alkaline
hydrolysis (mainly Na,CO; and NaHCO; and seldom Na,SiO; and NaHSiO;). This group
is well extended in practically all the climatic regions from the humid tropics to beyond
the polar circles and their total salt content is usually lower than that of saline soils,
sometimes even strongly sodic (alkaline). Virgin sodic (alkali) soils have a high pH and
high exchangeable Na and are often barren. Sodic soils exhibit poor physical conditions
that adversely influence water and air movement in the soils. Sodicity causes soil erodibil-
ity and impairs plant growth [27].

3. Salt-affected soils that mostly develop owing to the presence of CaSO, (gypsiferous soils)
or, rarely, in the presence of CaCl,. Gypsiferous soils can mainly be found in the arid
and semiarid regions of North America, North Africa, the Near, Middle, and Far East,
and also in Australia.

4. Salt-affected soils which develop under the influence of magnesium salts. This group
occurs in arid, semiarid, and even semihumid regions and has a particular significance,
especially those soils which have a heavy texture.

5. Acid-sulfate soils whose salt content is composed mainly of Al,(SO,); and Fe,(SO,);.
This type of salt-affected soils is broadly extended in the tidal marsh areas along the
seashores of all the continents. These soils are particularly common in, for example, North
Europe, the western and eastern coastlines of Africa, and along the coastline of Southeast
India, and develop on sulfurous marine sediments.

Inland acid-sulfate soils can also be found in different areas of the world, such as the western
territories of the United States, Asia Minor, and China. Such soils developed as a result of fluvial
glacial processes and have had no connection with seashores in recent geological times.
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6 Pessarakli and Szabolcs

Evidently the different groups of salt-affected soils have diverse physicochemical and biologi-
cal properties besides the one they have in common; that is, a comparatively high electrolyte content.

The grouping of the salt-affected soils and their properties causing plant and crop stress are
presented in Table 2. The five groups in Table 2 represent the formations of different salt-affected
soils described above, indicating their chemical types, the environmental conditions where they
dominate or occur, the pattern of their main adverse effect on production, and the basic methods
of their reclamation. For detailed information on formation and reclamation of salt-affected soils
see Szabolcs [11,12] and Pessarakli [17].

In Table 2, the adverse properties of different salt-affected soils causing crop stress are also
included. From these, it is clear that, in various groups, different properties are responsible for
hindering the development of plants and crops by causing stress.

In saline soils, it is the high salt concentration in the solid and liquid phases which results
in high osmotic pressure, hindering the normal development of plants. the stress factor is the salinity
with all its disadvantageous consequences of plant life. Apart from this, some compounds of the
salt content of these soils, for example, chlorides as toxic elements, also act as one of the stress
factors.

In sodic (alkali) soils, as a rule, not the high salt concentration but the sodic (alkaline) pH
value is the stress factor, particularly in cases where there is a high concentration of sodium carbonate
in the solid and liquid phases of the soil. The high pH hinders the life function of crops and limits
their development.

In another group of sodic (alkali) soils, which sometimes does not have very alkaline pH
value (solonetz type), the comparatively low concentration of sodium salts capable of sodic (alkaline)
hydrolysis constitutes a stress factor through its action, resulting in poor water physical properties
in the soil. As a consequence of this phenomenon, the wilting point in the soil increases and the
plants suffer from water deficiency, even in wet soils, owing to the swelling of clay saturated with
sodium ions.

In magnesium soils, which have not been adequately studied, the combination of toxic effect,
calcium deficiency, and poor soil physical properties are the stress factors.

In gypsiferous soils, the acidic pH, and sometimes the toxic effect of the high gypsum content,
contribute to the appearance of stress factors for plant and crop life in areas with large extensions
of intensively gypsiferous soils.

In acid-sulfate soils, the very high acidity, with a pH sometimes below 2, poses stress with
all the adverse effects of extreme acidity. Furthermore, the high aluminum content of the soil solution
has an intensive toxic effect. Apart from this, the temporary or permanent waterlogging in such
soils acts as a stress factor hindering the normal air and nutrient regimen necessary for plant life
in these soils.

Besides the salt-affected soils developing as a result of natural soil-forming processes, the
so-called secondary salt-affected soils have an increasing importance that is both scientific and
practical. Secondary salt-affected soils are those which have been salinized owing to manmade
factors, mainly as a consequence of improper methods of irrigation. The extension of secondary
salt-affected soils is rather sizeable, and this adverse process is as old as irrigated agriculture itself.
Ancient civilizations in Mesopotamia, China, and Pre-Columbian America fell as a consequence
of the salinization of irrigated land. The process is also advancing vigorously at present, and more
than half of all the irrigated lands in the world are under the influence of secondary salinization
and/or alkalization.

When speaking of the manmade factors of salinization, we also have to mention potential
salt-affected soils which are not salt-affected at present, but in case of the extension of irrigation,
deforestation, overgrazing, and other manmade measures, can and will be salinized unless the neces-
sary preventive procedures are undertaken in due time. No global records are available of the size
of potential salt-affected soils; however, the area that they cover is larger than that of existing salt-
affected soils.

Secondary salt-affected soils can be divided into the following two categories: secondary
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8 Pessarakli and Szabolcs

formation of salt-affected soils caused by irrigation and secondary formation of salt-affected soils
caused by human activities other than irrigation.

Secondary Formation of Salt-Affected Soils Caused
by Irrigation

In spite of the negative experiences, the salinization of irrigated and surrounding areas has not
diminished. On the contrary, it is still on the increase.

According to the estimates of the Food and Agriculture Organization (FAO) and the United
Nations Educational, Scientific, and Cultural Organization (UNESCO), as much as half of all the
existing irrigation systems of the world are, more or less, under the influence of secondary saliniza-
tion, alkalization, and waterlogging. This phenomenon is very common not only in old irrigation
systems but also in areas where irrigation has only recently begun.

According to the estimates of the above-mentioned agencies, 10 million hectares of irrigated
lands are abandoned yearly because of the adverse effects of salinity due to irrigation, mainly second-
ary salinization and alkalinization.

The mentioned losses and damages are not evenly distributed among the irrigating countries.
In some of them, the damage may be relatively small, whereas in others, it actually constitutes the
major problem in agriculture or even in the national economy of the country in question. In this
respect, unfortunately, there are countless sad examples. In Pakistan, Ahmad [40] carried out statisti-
cal analyses in respect of secondary salinized land. According to his data, out of 35 million acres
(approximately 16 million ha) of total irrigated territory, salinized areas account for 5.3 million
acres (approximately 2.4 million ha) after a few years of irrigation. He indicated among the causes
of secondary salinization in Pakistan the joint effect of irrigation and ground water. According to
Zavaleta [10], practically all irrigated alluvial soils in Peru show the features of salinity and sodicity
(alkalinity). It is known from FAO reports and the papers of Kovda [41] that more than 40% of
irrigated soils in Iraq and Iran is affected by secondary salinization. In a country report on salinity
in Syria, the FAO [42] estimated the adverse effects of salinity as follows:

1. In more than 20,000 ha, salinity developed to a level where these soils had to be taken
out of cultivation, and the loss is estimated at a total of 30,000 tons of cotton per year.

2. In about 30,000 ha, the yield decreased by 50%, and the total loss is estimated at 20,000
tons of cotton per year.

3. In about 60,000 ha, the yield decreased by 20%, and the total loss is estimated at about
18,000 tons of cotton per year.

At present, no continent is free from the occurrence of this very serious phenomenon. In
Argentina, 50% of the 40,000 ha of land irrigated in the 19th century are now salinized. In Australia,
secondary salinization and alkalization take place in the valley of the River Murray, and in Northern
Victoria, 80,000 ha have been affected. The same phenomena can be observed in Alberta, Canada,
and similar processes have been recorded in the northern states of the United States, where irrigation
was introduced much later than in the dry western states. It is noteworthy that these last examples,
and many other irrigated regions, are far from being arid areas, and the majority of salt accumulating
is associated with the sodium salts capable of sodic (alkaline) hydrolysis and not with the neutral
sodium salts that we are familiar with in desert and semidesert areas.

Secondary Formation of Salt-Affected Soils Caused
by Human Activities Other Than Irrigation

When speaking of secondary salinization, most people have irrigation and drainage in mind. How-
ever, there are also other anthropogenic factors causing these adverse phenomenon. It is true that
the majority of secondary salt-affected soils develop as a result of improper methods of irrigation,
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Soil Salinity and Sodicity as Stress Factors 9

but there are other human effects which more and more often trigger this process in many places
both in arid and humid areas.
Some of these anthropogenic processes include, but are not limited to, the following:

Overgrazing

This process occurs mainly in arid and semiarid regions, where the natural soil cover is poor and
scarcely satisfies the fodder requirement of rather extensive animal husbandry. If the natural vegeta-
tion is sparse or annihilated on account of overgrazing, progressive salinization develops and, step
by step, the scarcity of the plant cover becomes increasingly pronounced. Sometimes the process
ends in desertification, because even the poor pasture diminishes and no other fodder resources are
available. According to Theunissen [43], the gradual decline in the ecological condition of natural
pastures as a result of overgrazing and the application of insufficient management decisions, coupled
with the detrimental effects of long-term drought, has left extensive areas of high-potential grazing
land in southern Africa in urgent need of restoration. However, owing to the limited number of
grasses currently available for rehabilitating and restoring the vast number of different habitats en-
countered, selecting indigenous grasses suitable for restoration of denuded areas in the arid and
semiarid grasslands of southern Africa was initiated.

Deforestation in Semihumid and Semiarid Areas

Particularly in the past few decades, it has become evident in many tropical and subtropical countries
that deforestation results in the salinization and alkalization of soils due to the effects of soil migra-
tion both in the upper and lower layers. In South East India, for example, vast territories of former
forest land became intensely saline and sodic (alkaline) in a few years after the annihilation of the
woods. Similar phenomena occurred in, for example, the forest steppe areas in Russia, Iran, East-
Central Europe, and Latin America.

Salinization Caused by Contamination with Chemicals

In spite of the fact that the amount of chemicals applied in agriculture is practically negligible in
comparison with the salt content of several soils, we have considered the fact that this kind of
salinization more and more often occurs in modern intensive agricultural production, particularly
in greenhouses and intensive farming systems. When production takes place in semiclosed systems
(e.g., greenhouses), where the chemicals applied will not be removed regularly, the accumulation
of salts or their components becomes possible in the upper layer of the soil, resulting in salinity
and sodicity (alkalinity). In Japan, the Netherlands, and other countries with intensive agriculture,
and particularly horticulture, such types of salinization more and more frequently appear, causing
serious losses of crop yields.

Accumulation of Airborne or Waterborne Salts

Owing to the concentration of industrial plants, the emission of chemical compounds may accumu-
late in the soil and, if their concentration is high enough, they result in salt accumulation in the
upper layer of the soil.

A similar phenomenon appears when, owing to water system regulations, sludge water dis-
posal, and other hydrotechnical measures, water with considerable salt concentration contaminates
the upper soil layer, causing salinization and/or alkalization.

RECLAMATION OF SALT-AFFECTED SOILS

Population growth and increasing demand for food and agricultural products necessitate using the
salt-affected soils and marginal lands for food production. These soils are needed for the agricultural
extension, and hence reclamation is required.
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Reclamation is needed on the millions of hectares of slowly permeable salt-affected (i.e.,
saline-sodic and sodic) soils throughout the world [44].

Different techniques have been used for reclamation of salt-affected soils. Saline soils are
usually reclaimed by leaching the salts out of the soil through irrigation and drainage systems.
Whereas, reclamation of sodic (alkaline) soils requires application of chemical amendments followed
by the leaching process.

Present recommendations for reclamation of the salt-affected soils are usually based only on
relatively simple and often empirical relations. Various amendments and management strategies
have been used for reclamation of the salt-affected soils. To evaluate particular reclamation strate-
gies, some specific considerations should be noted as follows:

Quantity of water needed

Quality of water needed

Quantity of amendments to be used

Type(s) of amendment(s) to be used

Time required for reclamation to be completed

Al

Chemical reactions such as cation exchange, precipitation, and dissolution of solid phases
(reclamation amendments) and the soil hydraulic properties and corresponding changes in the water
flow and solute transport rates must be considered [31].

Among the various reclamation practices, a combination of added gypsum amendment and
crop rotation usually has been proven to be the best.

Since reclamation of salt-affected (saline-sodic and sodic) soils by chemical amendments has
become cost effective and requires high capital investment, cultivation of salinity and sodicity-
tolerant plants ‘‘saline agriculture’” may be another alternative.

Cultivation of different salinity and sodicity-tolerant plant types and species has been used
by several investigators (i.e., grasses [7,25,43], agronomic crops [45], forest species [38,46—48])
for reclamation purposes. These plants can mobilize the native lime (calcium carbonate, CaCO;) in
these soils through root action, a substitute for the chemical approach. Qadir et al. [7], studying the
combination of chemical amendments and biological (using plants) reclamation technique, reported
that the soil treated with gypsum at a high rate (100% GR) removed the greatest amount of Na*
from the soil columns and resulted in a marked decrease in soil salinity (EC, electrical conductivity)
and sodicity, sodium absorption ratio (SAR). The performance of grass treatment in enhancing the
leaching of Na* was between the gypsum treatments.

According to Kumar [25], the grass Leptochloa fusca is very useful and effective in the recla-
mation of salt-affected soils. This plant can tolerate extremely saline and sodic (alkaline) conditions.
Since its growth is not affected by gypsum application, planting with Lepfochloa is an alternative
biological rather than a chemical method for the reclamation of sodic (alkaline) soils. This plant is
also well adapted to the waterlogging encountered on saline and sodic (alkaline) soils. The plant
improves the soil physical, chemical, and biological properties so that within 2 or 3 years many
commercial and forage crops can be grown on the soil [25]. Leptochloa excretes salts through spe-
cialized glands and is, therefore, reasonably palatable to farm animals. It must be noted that because
of its vigorous growth on sodic (alkaline) soils, Leptochloa does not allow satisfactory growth of
companion plant species, especially in the initial years of soil reclamation.

Subramaniam and Babu [48] also used a forest shrub species for reclamation of sodic soils.
According to these investigators [48], Sophora mollis, which grows as a shrub to a medium-sized tree
and is used for both fodder and firewood, can be used in the reclamation of sodic (alkaline) soils.

Although slow but definite improvement is achieved in the physicochemical properties of the
salt-affected soils by encouraging the vegetation growth on such lands. The tree species in general
are effective in improving the soil properties as reflected by the changes in physicochemical charac-
teristics of the soil such as bulk density (BD), water-holding capacity (WHC), hydraulic conductivity
(HC), and pH, EC, OC (organic carbon), N (nitrogen), and exchangeable cations (Na* and Ca’")
[46].
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Owing to the low biological activity and depressed microbial growth of salt-affected (i.e.,
saline, saline-sodic, and sodic) soils, there is a need for applying organic amendments (i.e., plant
residue or manure) during sodic (alkali) soil reclamation. In reclamation of saline soils, organic
amendments must be applied following the leaching process.

Kumar et al. [35] conducted a combination of biological and chemical reclamation studies
on a highly sodic (alkaline) soil. These investigators [35] found that rice produced satisfactory yields
in the first year of gypsum application, but sorghum and Sesbania yields were very poor. The yield
of Leptochloa was not affected by gypsum application. In their crop rotation practice, Kumar et al.
[35] reported that the green forage yield of sorghum was greatest when sorghum followed Leptochloa
grown for 2 years and the harvested grass was left to be decomposed on the site.

In a biological reclamation study of saline soils, Helalia et al. [49] reported that amshot grass
significantly reduced the soil salinity compared with either ponding or gypsum application, and this
grass produced a higher fresh yield than clover cultivated in such soils.

The above findings indicate that biological reclamation with the salinity- or sodicity-tolerant
plants (i.e., Leptochloa, grasses, shrubs, or trees) is a proper substitute for chemical reclamation
with gypsum, and the former has an economic advantage over the latter.

Compost or any other organic materials is recommended to be used during the reclamation
process of the salt-affected soils. The results of a field experiment conducted by Avnimelech et al.
[24] verified that compost application improved both physical and chemical conditions of saline
and sodic (alkaline) soils. Compost application to such soils is expected to release acids which
would ultimately lead to the replacement of exchangeable sodium by calcium. In addition, compost
application would stabilize soil structure and enhance plant growth. These investigators [24] found
that the municipal solid-waste compost application was equivalent or even superior to the addition
of gypsum, the most common amendment used to reclaim sodic (alkaline) soils. This was evident
from the substantial increase in crop yields. The combined application of compost and gypsum
raised yields to the levels equal to that of the commercial fields.

In a field experiment, Batra et al. [30] compared the microbiological and chemical ameliora-
tion of a highly deteriorated sodic (alkaline) soil using two reclamation technologies:

1. Growing Karnal grass (Leptochloa fusca) as a first crop with no chemical amendment
(biological reclamation)
2. Gypsum application as a chemical amendment for different crop rotations

These investigators [30] reported that the microbiological properties changed more than the
chemical properties of sodic (alkali) soil as the time period advanced.

In a biological reclamation study carried out on saline soils, Apte and Thomas [50] found
that a brackish water, nitrogen-fixing cyanobacterium, Anabaena torulosa, could successfully grow
and fix nitrogen on moderately saline soils (EC of 5.0-8.50 dS m™'). These investigators [50] re-
ported that cyanobacterium exhibited high rates of nitrogen fixation and substantially enriched the
nitrogen status of saline soils. However, permanent removal of Na* from saline soils using cyanobac-
teria or any other microorganisms may not be possible, since Na* is released back into the soil
subsequent to the death and decay of cyanobacteria or other microorganisms. Amelioration of soil
salinity by simultaneous application of Anabaena torulosa during crop growth seems to be an attrac-
tive possibility for reclamation, especially since it can also supplement the nitrogen requirement of
the crops growing on these soils.

Blue-green algae that tolerate excess Na and grow extensively on the soil surface in wet
seasons was found to be effective in sodic soils reclamation [51]. However, a permanent reclamation
of such soils by using only blue-green algae as a biological amendment to achieve sodic (alkali)
soil reclamation is neither possible nor comparable with an effective chemical amendment such as
gypsum.

In the reclamation process of the saline soils, De Villiers et al. [33] compared different annual
and perennial species. Of the six species tested, the perennials seemed to be more effective and
better suited for rehabilitation purposes under saline soil conditions.
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The type of chemical compound being used also influences the reclamation process of salt-
affected soils. Sharma and Upadhyay [52] reported that, among the up-to-date known chemical
compounds, cyclohexathiazenium chloride (S-6N-4)-2+Cl-2 is the best and the most suitable chemi-
cal to reclaim the sodic (alkaline) soil at any pH of the soil.

When good-quality water is not available for leaching the salts out of the soil, low-quality
water can be used for the initial stages of reclamation. In this regard, Singh and Bajwa [53] studied
the effects of gypsum and sodic irrigation on the precipitations of Ca** and removal of Na* from
a sodic soil reclaimed with different levels of gypsum and growth of rice in a greenhouse experiment.
Dubey and Mondal [22] also used low-quality saline water in conjunction with organic and inorganic
amendments for the initial stages of reclamation of sodic soils. Using low-quality water, Joshi and
Dhir [54] evaluated the rehabilitation of degraded sodic soils using residual sodium carbonate water
(low-quality water) combined with gypsum treatment and found that the combination treatment was
effective in lowering the soil SAR and improved the water infiltration rate. In the first year of
gypsum treatment, it was possible to establish the crop. In the second year, a moderate production
of wheat (2610 kg ha™') and raga (Brassica sp) (2000 kg ha™") was obtained [54].

Using the most common technique, irrigation water and drainage system, for reclamation of
the salt-affected soils, the results of an investigation carried out by Millette et al. [23] demonstrated
the ability of fall irrigation to leach salts from the surface soil during a period of low consumptive
use, which could lead to reclamation. Long-term monitoring would be required to determine whether
a further and permanent decline in salinity could be achieved.

Concerning other reclamation materials and techniques, results of Jones et al. [55] indicate
that acid whey is effective in reclaiming sodic soil by lowering ESP (exchangeable sodium percent-
age), SAR, and pH and by improving the infiltration rate. Rao and Leeds Harrison [56] used simula-
tion models for desalinization of a drained two-layered saline soil using surface irrigation for differ-
ent water management practices to increase leaching efficiency. Based on image elements and their
correlation with the ground features, Rao et al. [57] suggested categorizing sodic soils in moderately
and strongly sodic groups. The delineation thus made would help the execution of a reclamation
program for sodic soils at the study sites. Abdel-Hamid et al. [58] monitored soil salinity in the
northern Nile delta of Egypt by using data collected via landsat and the geographical information
system (GIS). The collected data were used in making recommendations for reclamation of the
saline soils of the Nile delta area.

The vast areas of salt-affected soils still remain a burden for the affected societies, particularly
the developing countries, where the adequate resources needed to reclaim them with the available
technology involve initial heavy investments. The process of degradation, which has been due to
reckless destruction of vegetation, can be reversed by reestablishment of vegetative cover which
results in slow but definite improvement in such soils. This phenomenon has been very much demon-
strated by various parameters influencing the soil welfare in several investigations which show a
positive sign of improvement both in terms of physical and chemical properties of the salt-affected
soils. Such soils should, therefore, be brought under any type of vegetation (i.e., sod, shrub, tree)
cover, if not found to be economical for regular farming and growing agronomic crops [46].

Even by the execution of the reclamation processes, nutrient status and their behavior in
salt-affected soils (i.e., saline-sodic and sodic) during reclamation by crop rotation and chemical
amendments requires a comprehensive assessment. This is usually because some soil nutrients are
also lost and leached out of the soil during the leaching process of the soluble salts and the exchange-
able sodium. In this regard, several investigators [8,9,36—38] have studied nutrient status and behav-
ior during the reclamation processes. Swarup et al. [36] reported the effect of gypsum on the behavior
of soil phosphorus during the reclamation of a sodic soil. According to Bhojvaid et al. [38], soil
nutrient status under the tree plantation was higher than that of the nonsodic farm soil. This finding
confirms that successful tree plantation may restore the productivity and fertility of highly degraded
sodic soils.

Regardless of the techniques used in reclamation of salt-affected soils, postreclamation man-
agement practices, that is, proper choice of crops, crop rotation, method of irrigation, quality and
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quantity of water used for irrigation and reclamation, fertilization, and the economics of reclamation,
must be taken into consideration and followed to achieve successful results.

CONCLUSIONS

In this chapter, information has been given on the important functions of the soil in relation to soil-
originated stress factors for plant and crop development as well as a little more detailed information
of particular problems related to salt-affected soils and their formation and reclamation.

The properties of the stress factors for plant and crop growth originating in soil are diverse
and many sided. We know comparatively little about the status of salt-affected soils and, particularly,
for finding methods to improve the situation of reclaiming these soils (salt-affected soils) and ensure
better plant and crop development. Therefore, target-oriented studies of the different kinds of soil-
originated stress factors for plant and crop growth are necessary so that the complex correlations
and the actions in the soil-plant-water system can be understood for the purpose of a better character-
ization of stress factors on the one hand and improving the environmental and production conditions
on the other hand.
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INTRODUCTION

A salt-affected soil is defined as one that has been adversely affected to the extent that it is no
longer suitable for the growth of most crops by the presence or action of soluble salts. This group
of soils includes both saline and sodic soils. James et al. [1] defined a saline soil as one that contains
a quantity of soluble salts sufficient to interfere with the growth of most crops. On the other hand,
a sodic soil possesses enough exchangeable sodium (ExNa) also to have an adverse effect on the
growth of most plants. A saline-sodic soil contains both soluble and exchangeable Na at levels that
impose stress on plant growth.

Salt-affected soils are a common feature of arid and semiarid landscapes. In humid regions,
soils may become salt affected when they are irrigated with brackish water or treated sewage effluent,
intruded by sea water, or contaminated with oil well brines. Some differences exist between salt-
affected soils found in arid and semiarid regions and those found in humid and tropical regions.
Sodic soils found in arid and semiarid regions are usually associated with high pH and dominated
by the 2: 1-type clay minerals. Salt-affected soils in humid or tropical regions generally have low
pH, and they are often, but not always, dominated by 1:1-type clay minerals.

The loss of plant productivity from the excess of salinity is a worldwide problem. Where
salinity is a problem, an effective use of soil and water resources dictate the production of agricultural
crops. Numerous laboratory and field experiments have been conducted in order to determine the
plant growth and yield response to various levels of soil salinity. For example, Shalhevet et al. [2]
found that the yield of peanuts grown in artificially salinized plots was reduced to 50% at EC, (EC,
= specific electrical conductance of saturated extract) of 4.7 dS m™! and by 20% at EC, of 3.8 dS
m~'. Additionally, these investigators reported that salt tolerance was much higher during germina-
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Ficure 1 Relationship between electrical conductivity (EC) of soil solution and salt content.
The numbers in the plot represent grams water needed to saturate 100 g soil. (It takes 12.5
g water to saturate 100 g sand, 100 g water to saturate 100 g clay, and about 50 g water
to saturate 100 g of most Kentucky soils.) (From Ref. 6.)

tion than during subsequent growth. A 50% reduction in germination occurred at EC, = 13 dS m™".

Shalhevet and Yaron [3] reported a 10% yield reduction in tomatoes for every 1.5 dS™! increase in
EC, above 2 dS m™'. The adverse effects of soil salinity on plant growth and productivity vary with
the type of plant being grown. A summary of the general response of plants to salinity is presented
in Figure 1.

The presence of salinity in the soil solution resulting from either indigenous salt or that through
irrigation can affect plant growth in three ways: (a) It can increase the osmotic potential and hence
decrease water potential, thereby reducing water availability, the osmotic effect. (b) It can increase
the concentration of certain ions that have an inhibitory effect on plant metabolism, a process known
as the specific-ion effect [1]. (c) It can adversely affect soil structure such that water permeability
and soil aeration are diminished [4], the physicochemical effect.

Osmotic Effect

The osmotic effect on plant growth is related to water availability or soil-water potential. Under
normal field conditions, the soil-water potential, U,, is determined by the osmotic potential, U, the
matrix potential, U,,, and the gravitational potential, U,. Mathematically, U, is described by the
equation

U,=U,+ U +U, (1)

At any given matrix potential and a fixed gravitational potential, an increase in salinity is manifested
by a reduction in U, [1]. Bresler et al. [5] pointed out that physicochemically it can be shown that
U, of a solution is directly related to total dissolved solids (TDS). The relationship between U, and
TDS can be expressed by the following equation [6]:

U, (bar) = —5.6 X 10~ X TDS (ppm) )
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Another way to express the above relationship is through the specific conductance of a soil’s solution.
The EC measurement is based on the principle that the amount of electrical current transmitted by
a salt solution will increase as salt concentration in the solution increases. The U.S. Salinity Labora-
tory Staff [6] described the relationship as

U, (bar) = —0.36 X EC (dS m™") 3)

Specific lon Effect

An excess of Na ions in the soil solution can be inhibitory to various plant physiological processes.
Hausenbuiller [7] and Donahue et al. [8] reported that the sensitivity of plants to various Na levels
in the soil solution and/or exchanger phase is highly dependent on plant species as well as the stage
of plant development. Symptoms of Na toxicity can be easily seen when the leaves of sensitive
plants contain approximately 0.25% Na on a dry-weight basis [1,5]. The Na* toxicity is characterized
by leaf tip burn, necrotic spots, and limited leaf expansion, which in turn directly reduces plant
photosynthesis and yield [9,10].

Obvious specific effects of Na* on plant physiological processes are observed when plants
are grown in high-Na environments. High sodium concentrations have been shown to increase K*
leakage and decrease root elongation [11]. Meire and Poljakoff-Mayber [12] reported that, when Na*
is present in high concentration in the solution, transpiration rate of peas was reduced in proportion to
salinity. Porath and Poljakoff-Mayber [13] found that Na* also affected the respiratory pathway of
pea roots. High Na* in soil solution also has an antagonistic effect on Ca?" and Mg** uptake [9].
Geraldson pointed out that salinity caused Ca deficiency symptoms in tomato, pepper, and celery
plants. This is most likely caused by Na* displacing Ca** from membranes of root cells [15].

Physicochemical Effect

An excess of exchangeable Na is harmful to plants principally because it induces undesirable physi-
cal and chemical conditions in soils. The dispersion effect of exchangeable Na on clays is related
to the highly hydrated nature of this ion. Soils disperse only when they are in equilibrium with an
electrolyte solution under the ‘flocculation value.”” The flocculation value depends on solution
composition (sodium adsorption ratio, SAR), solution ionic strength, clay mineralogy [16—18], and
pH [19,20]. For example, flocculation values for Na/Ca—montmorillonite are 3, 4, and 7 mmol, L™!
and 6, 10, and 18 mmol, L-1 for Na/Ca-illite with exchangeable sodium percentage (ESP) values
of 5, 10, and 20, respectively [21].

Clay dispersion causes modification of soil pore distribution, which in turn affects soil hydrau-
lic conductivity. An increase in Na levels in the soil solution or on the exchange phase (ESP) causes
soil-saturated hydraulic conductivity to decrease [22-24].

The magnitude of ESP is related to the relative ratio of Na to Ca in the solution phase, also
known as sodium adsorption ratio. An empirical relationship between ESP and SAR representing
soils of the arid West was developed by the U.S. Salinity Laboratory Staff [6]. This ESP-SAR
relationship is as follows:

_ 100(=0.0126 + 0.014575 SAR)
1 + (—0.0126 + 0.01475 SAR)

ESP

“

where SAR in (mmol L™")"2, When SAR is approximately in the range of 10-15, the ESP is also
in the range of 10—15. In this ESP range, soils of the arid West will undergo dispersion. However,
this relationship does not apply to all soils.

General Information on Saline-Sodic Soils

The removal of sodium from the soil profile of any given salt-affected soil is necessary, because
Na is one of the most pronounced ions that influences plant growth and yield in salt-affected soils
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[25]. Sodium is not only toxic to most plants because of its specific ion effect but it also influences
certain soil properties. The major concern is the eventual deterioration of soil structure, resulting
in decreased water infiltration and gas exchangeability [5].

Management and reclamation of salt-affected soils are necessary to maintain, or increase, their
productivity. At least three processes take place during reclamation of a sodic soil: (a) the Na* on
the exchange complex is replaced by Ca’*; (b) the soil-saturated hydraulic conductivity is improved
following Ca application; and (c) sodium salts are removed from the soil profile through leaching
[1]. Thus, reclamation of salt-affected soils often requires the removal of excess soluble salts as
well as reduction of the soil ESP (see Ref. 26 and references therein). The only proven method to
reduce the soluble salt concentration in the root zone is through leaching. Reduction of the ESP is
more difficult, because sodium ions adsorbed on exchange sites must first be replaced with divalent
cations and then be leached from the root zone. According to Hoffman et al. [25], the amount of
leaching required is dependent on the salt content of irrigation water, salt tolerance of the crops,
climatic conditions, and soil and water management practices.

Imhoff Cone

In reclaiming salt-affected soils, the dispersion and hydraulic conductivity properties should be
considered along with their exchange behavior. In this chapter, clay dispersion is based on the Imhoff
cone technique. This Imhoff cone is commonly used by engineers to determine settleable solids.
Settleable solids are the particles that settle in the bottom of an Imhoff cone during 1 h of settling
[27].

In this chapter, the utility of Imhoff cone test results in predicting relative suppression in soil
hydraulic conductivity is demonstrated. Such predictive potential-based Imhoff cone results (an
engineering standardized test for evaluating settleable solids) will allow us to classify sodic soils
with respect to their potential to undergo dispersion and/or restrict water movement. The results of
this evaluation are presented in the latter portion of this chapter.

General Objectives

The effect of clay dispersion on saturated hydraulic conductivity in a soil is well established. How-
ever, there is a need for information on the influence of saturated hydraulic conductivity by various
combinations of ionic strength, SAR, and pH for soils that have developed under temperate climatic
regimes.

The U.S. Salinity Laboratory Staff [6] reported that an ESP of 15 is considered as the critical
value above which most crop plants will not grow well because of adverse soil physicochemical
effects induced by the presence of sodium salts. However, this threshold ESP value represents soils
of the arid West and may not be universally applied to all soils. There is a great deal of information
on the behavior of sodium chloride in soils and in soil solution suspensions [6,21]. However, most
of this research pertains to soils of the arid West, which are often alkaline and consist mostly of
2:1 clay minerals. In the temperate regions of the United States, soils are often acid, their mineralogy
is highly mixed (1:1 plus 2:1 clay minerals), and the 2: 1 minerals are highly interlayered.

There is a need to understand sodicity and reclaimability of soils with a mixed type of charged
site mineralogy (permanent plus variable charge), because (a) the ESP-SAR relationship has not
been extensively investigated for these soils, which are present in the temperate region of the United
States, and (b) brine discharges from oil wells have become a problem in the temperate regions of
the United States.

Qil production often occurs in geographical locations where oil is not in abundant supply and
environmental safeguards are not in place. Such oil wells, also known as ‘‘stripper wells,”” are
producing a large quantity of brine. This brine is often discharged into agricultural lands and/or
into natural water supplies. In the state of Kentucky, it has been estimated that more than 375,000
L of brine per day is discharged onto land and surface waters. These brines contain approximately
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0.5 mol L™" sodium chloride. Similar brine problems exist in many other southeastern and northeast-
ern states. In the state of Ohio, for example, approximately 16 million L of brine per day is produced
from such wells [28].

Information is needed on temperate region soils regarding their reactions with Na*, the critical
Na* loads under which these soils undergo dispersion, and to predict such critical Na* loads. This
information is needed by farmers to reclaim brine-contaminated farmlands and/or irrigate lands with
brackish water and is also needed by state, federal, and oil company personnel to develop guidelines
for brine discharge management.

THERMODYNAMICS OF SODIUM-CALCIUM EXCHANGE
IN SOILS

Soils are multicomponent systems consisting of solid (inorganic and organic components), liquid
(soil solution), and gaseous phases. These three dynamic phases are to some extent in a constant
state of flux, trying to maintain a state of equilibrium. The change in one phase will influence the
other two phases until a new equilibrium state is approached. Cation exchange is one type of equilib-
rium interaction. This involves interexchange between cations in the solid phase with other cations
in the solution phase.

Cation exchange reactions result primarily from the excess of negative charge of soil colloids.
There are mainly two types of negative charge found in soil systems: permanent negative charge
and variable or pH-dependent negative charge [29,30]. A permanent negative charge is generated
because of isomorphic substitution of elements of smaller positive charge for those of higher positive
charge in the crystal structure of clay minerals. Variable negative charge on mineral surfaces results
from organic matter functional groups, such as carboxyls, and/or surface hydroxyls of inorganic
minerals [31]. The magnitude of the variable negative charge is influenced by pH as well as ionic
strength. An increase in pH and/or ionic strength is followed by an increase in negative charge
[32]. In soil systems of temperate regions, these two types of negative charges are always present,
but in some soils, one type of negative charge is more dominant than the other.

Because soils contain a mixture of various types of clay minerals and because more than two
cations are present in such soil systems (Ca, Mg, K, Na, NH,), a rigorous theoretical description
of ionic distribution is difficult. Several theoretical approaches have been used in deriving binary
exchange equations. Those most often mentioned in the literature are the thermodynamic and the
double-layer approaches. The formal thermodynamic approach, based on the mass action principle,
gives no direct information about the molecular mechanisms and the forces operating in such sys-
tems. On the other hand, the diffuse double-layer approach provides a description of Coulombic
forces operating on ion exchange processes [21].

Bohn et al. [33] summarized the limitations of most cation exchange equations: (a) Binary
cation exchange is frequently considered but rarely the simultaneous presence of additional cations
is acknowledged even for highly acidic systems. (b) The cation exchanger is assumed to possess
constant cation exchange capacity, but often cation exchange capacity varies with the nature of the
exchanging ions, solution concentration, and pH. (c¢) Simple stoichiometric (1:1) ion exchange is
generally assumed, but apparent deviations from 1:1 stoichiometry are usually explained in terms
of simultaneous adsorption of molecules or in terms of the formation of complex ions. (d) Complete
reversibility is usually taken for granted.

A large number of studies involving Na-Ca exchange have been conducted with respect to
influence of ionic strength and solution composition. A few studies, however, have dealt with the
role of pH on Na-Ca exchange reactions. This omission could be due to the fact that most salt-
affected soils in the arid West exhibit pH values in the neutral range. Salt-affected soils in the
temperate regions of the United States are often acid in nature and of mixed type of charge site
mineralogy. That is, they are composed of minerals that contribute significant quantities of variable
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and permanent charge. It is not known how brine affects the Na-Ca exchange reactions in such
soils.

Sodium-Calcium Exchange Theory: Mass Action

A binary exchange reaction at equilibrium involving Na* and Ca’* on a soil system can be written
as

%EXZCa + Na®™ < ExNa + %Ca2+ 5)

where Ex is an exchanger phase taken to have a charge of negative one (—1) and Na* and Ca®*
denote solution species. A criterion of chemical reaction equilibrium is [34]:

2 =0 (6)

where v; is the stoichiometric coefficient in chemical reaction for species i and |, is the chemical
potential for species i.

The chemical potential L; of species i in solution is identical to the partial molar Gibbs energy,
G,, and at constant T

dy; = dG; = RTd In f, (7

relates these quantities to the fugacity, f;, in solution. Integration of Equation (7) from the standard
state of species i to a state of species i in solution gives

W — G¢ =RTIn <}{> 3)

Ji

where GY is the molar Gibbs energy for species i, R is the gas constant, and 7 is the system tempera-
ture. The ratio f/f? is defined as the activity, a,, in solution. For a gas, the standard state, 7, is the
ideal gas state of pure i at a pressure of 1 bar (or 1 atm). Thus for gas phase reactions, a; = fi/f?
= f.. For solids and liquids, the usual standard state is the pure solid or liquid at 1 bar (or 1 atm)
and the system temperature.

From the preceding equations and definitions,

W =G¢+ RTIn g )
and at thermodynamic equilibrium for a chemical reaction,
v, (G¢ + RTIna) =0 10)

from which it follows that

M(a)! = exp<—2;f?) - K., (1

where IT signifies the product over all species i in the chemical reaction and K., is the equilibrium
constant for the reaction. The pure component Gibbs energy, G7, is a property of pure species i in
its standard state and fixed pressure. It depends only on temperature. It follows from Equation (11)
that K., is also only a function of temperature and AG’ is the standard Gibbs energy change of
reaction. Furthermore, activities, a;, are not completely defined without also defining the pure compo-
nent reference states f7 and G7.

The thermodynamic exchange equilibrium constant K., for reaction (5) at room temperature
(22°C) and 1 atm pressure is thus represented by
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172
K = ACa QExNa (12)

“q 1/2
an, a Ex,Ca

where ay, and ac, are the activities of solution phase Na* or Ca?* and ag,y, and ag,c, are the activities
of exchange phases Na* and Ca®". Activity, a;, is defined by the equation

a; = fii 13)

where f; = activity coefficient of species i and ), = concentration of species i. For mixed electrolyte
solutions, the single ion activity concept introduced by Davies [35] is employed to estimate f; [36].

The activity component of the adsorbed or solid phase is defined by employing the mole
fraction concept introduced by Vanselow [37]. According to Vanselow [37], for a heterovalent binary
exchange reaction such as Na*-Ca**, assuming that the system obeys ideal solid-solution theory,
the activity term (agy) is defined by

ExNa

axazxazi
B N ExNa + Ex,Ca

(14)

and

Echa

= (15)
ExNa + Ex,Ca

aEsza =~ XCa

where Xy, and X, are mole fractions of Na* or Ca** and Ex denotes exchange phase with a valence
of —1. For a system where ideal solid-solution behavior is not obeyed,

gy = ki (16)

where f; is the adsorbed ion activity coefficient. Note that in the mole fraction concept, the sum of
exchangeable Na* (ExNa) and exchangeable Ca*" (Ex,Ca) is expressed in moles per kilogram soil.
Because of this, the denominator of Equations (14) and (15) is not a constant even though the sum
of exchangeable Na* and exchangeable Ca’>* when expressed in units of charge equivalents is a
constant. Equivalent fractions E; for Na* and Ca’* are defined by

ExNa
N S T (17)
ExNa + 2Ex,Ca
and
2Ex,C
A2 (18)

~ ExNa + 2Ex,Ca

Equation (17) is used to estimate exchangeable sodium percentage simply by multiplying Ey, by
100. This above binary systems cation exchange capacity (CEC) of the soil is taken to be

CEC = ExNa + 2Ex,Ca (19)
Based on this concept, an equilibrium exchange expression for reaction (5) can be given as

172
K. = XNaaCa (20)

v 1/2
X Ca ONa

where ay,/al? is known as the sodium adsorption ratio and K, is the Vanselow exchange selectivity
coefficient.

Commonly, the magnitude of K, is taken to represent relative affinity of Na* with respect to
Ca’* by the clay surface [38,39]. When K, equals 1 at a given level of exchangeable Na*, the
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exchanger at that level of Na load shows no preference for either Na* or Ca?*. On the other hand,
a K, > 1 at any given level of exchangeable Na™ signifies exchanger preference for Na* and a K,
< 1 at any given level of exchangeable Na* signifies preference for Ca**.

Upon making the proper substitutions and rearranging Equation (20) to the form of a quadratic
equation

(K, SAR CEC)?

(ExNa)? =
(K, SAR) + 4

2n

If one takes the positive root of Equation (21) and redefines the left hand term of this equation as
exchangeable sodium percentage (ESP)
ExNa K, SAR

100 = 100 (22)
CEC [4 + (K, SAR)]"?

ESP =

Taking limits of Equation (22) as SAR approaches zero and SAR approaches infinity,

lim ESP =0 (23)
SAR—0

and
lim ESP = 100 (24)
SAR —

In Equation (22), it is assumed that CEC and K, are constant for the entire N*-Ca’>* exchange
isotherm. The plot of this equation in terms of ESP versus SAR gives a curvilinear function asymp-
totically approaching 100 [40]. Note that the shape of this plot is K, dependent.

A variable K, with respect to the exchangeable Na* load on the soil can be transformed to
the thermodynamic exchange constant K, as follows:

K, = K, Do (25)

4 Ve in
Ca

where fy, and f, are adsorbed ion activity coefficient for Na* and Ca®*. Argersinger et al. [41] noted
that any variation in K, with respect to exchange-phase composition is followed by a variation in
the solid-phase activity coefficients f;. Furthermore, any variation in Ey, must be compensated for
by a variation in Eg,.

Based on this, Argersinger et al. [41] generated two equations that give values for In fy, and
In f¢, at any value of E¢,:

1
Infi,= (1 — Ey) InK, — J In K,dEy, (26)
E.\Ia
and
] ENa
5 Info, = —Ex,In K, + In K, dEx, (27)
0

where Ey, is the equivalent charge fraction of adsorbed Na*. The equation for Ey, is given by
Equation (17). For a detailed discussion of Equations (26) and (27), refer to Evangelou and Phillips
(42) and references therein.

A number of researchers have carried out various studies involving binary heterovalent ex-
change on various clay minerals. For example, Sposito and Mattigod [43] showed that for the ex-
change reactions of Na* with trace metal cations (Cd**, Co**, Cu**, Ni**, and Zn*") on Camp Berteau
montmorillonite, K, was constant and independent of exchanger composition up to an equivalent
fraction of trace metal cations of 0.70. These observations indicate that the cationic mixture on the
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exchanger phase up to an equivalent fraction of trace metal cations of 0.70 behaves as an ideal
mixture. However, Van Bladel et al. [44] studied Na*-Ca** exchange reaction on the same kind of
mineral and found that there is a more pronounced selectivity of clay for Ca** ions at the calcium-
rich end of the isotherm. Levy and Hillel [45] reached the same conclusions studying Na*-Ca’*
exchange on montmorillonitic soils.

Based on these Na*-Ca** exchange studies, the magnitude of K, is variable in nature and
detailed and meticulous experiments are required in order to quantify it. In general, it can be said
that the selectivity coefficient K, of a binary exchange reaction depends primarily on the ionic
strength and on two dimensionless parameters, one a measure of the proportion of cations in the
soil absorbing complex and the other a measure of their proportions in the soil solution phase [39,46].

Sodium-Calcium Exchange Theory: Diffuse Double Layer

The diffuse double layer is the swarm of ions accumulating near a charged surface, balancing the
charge of that surface. The distribution of ions in that swarm is assumed to follow a Boltzmann
distribution (see Ref. 47 and references therein):

n, = ng exp (]f:?@)

ny exp (Z]fr(p)

where n and z are the electrolyte concentration and valence for the cation (c) and anion (a) as a
function of distance from the surface, ng and ng are the cation and anion concentrations in the bulk
solution, e is the electronic charge, ¢ is the electrical potential as a function of distance from the
surface, k is Boltzmann’s constant and T is temperature. At any point in the system, the local net
charge density (p) is given by

(28)

n,

p = [X(zen,)—2(zen,)] (29)

For symmetrical electrolytes of the form NaCl or CaSO,,

— w —Z.eQ - Z,eQ
- C c T - a a T 30
p [z en exp( T ) z,en exp( T )} (30)

where Equation (28) has been substituted into Equation (29). Given that

f
sinh(x) = ¢ (31) g
2 ®
and, recognizing that electroneutrality requires §
=
ng =n7 32) ]
. . a
Equation (30) can be written as g
=
©
_ - zeQ 2
= —2en{ sinh | — 33 :
P ( KT ) ) 3
o
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For mixtures of symmetric electrolytes of the form NaCl and CaSQO,, again recognizing that electro-
neutrality requires

ny, = ng and ng, = ngo, (34)

Equation (30) can be written as

p=—2 [n”{’ sinh (g) + 2n% sinh (zlj;p)} (35)

where subscripts 1 and 2 refer to the univalent and divalent salt respectively and the ion valences
have been included explicitly. Equations (33) and (35) then describe the net charge density, at any
point (x) in the solution, as a function of the electrical potential at that point. When the point X is
taken to be very far from the charged surface (x~), the electrical potential = 0 and hence p = 0.
To describe the variation in electrical potential as a function of distance from the surface, one makes
use of the Poisson equation, which in one dimension reads
2
dx? €

where € is the dielectric constant. Substituting Equation (35) into Equation (36) yields

o o eP
2e [n] sinh ( + 2n3 sinh 2¢0
& kT kT

¢ _
= 37
dx? 3 (37)

It is customary to let

e
_— 38
Y kT G%

so that Equation (37) can be simplified to

2.
dY _ 2% 1 Gnh(y) + 203 sinh(2y)] (39)
dx> kT

Considering the interaction between two flat plates separated by a distance, 2d, Equation (39) can
be integrated once [48], with the appropriate boundary conditions (dy/dx = 0 for x = d when
y = yq) to yield,

S—Z = f% [nT (cosh y — cosh yg) + 2n3 (cosh? y — cosh? yy)]°? (40)
Letting
Equation (40) reads

dy _ —B[n7 (cosh y — cosh y,) + 2n5(cosh® y — cosh? y4)]° (42)

dx

Erickson [48] made an elegant observation in that Equation (42) need not be further integrated
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to determine the fraction of monovalent ion in the diffuse double layer. Electroneutrality requires
that the charge on the particle be balanced by the charge in the diffuse double layer. Therefore, the
particle surface charge density, G,, can be expressed as

d d 5
60=7dex=efd—(p=fsd—(p — &I (dy (43)
0 o dx? dx /), e \dx/

Substituting Equation (42) into Equation (43) yields

oy = <8kT ) [n7 (cosh y — cosh y,) + 2n3 (cosh? y — cosh? y,)] (44)
e

In the same way, the concentration of monovalent ions in the diffuse double layer is given by
d

o, = —2n7e J sinh y dx 45)

0

where Equation (33) was used. By substituting Equation (42) into Equation (45),

_ 2nfe Jy“ sinh y dy
B Jv, [n7 (cosh 'y — cosh ys) + 2n3 (cosh? y — cosh? yy)]*?

integrating Equation (45), the fraction of the surface charge neutralized by the monovalent ions (c,/
Oy) is given as [48,49]

(46)

G

Si_ M gy P VB 47)
O GV VB M g
ny
where
€Pq
uy = cosh —/— 48
d T (48)

and @, = potential in the plane midway between the clay plates. Since

SAR = L1000 (49)
ny
where n7 = Na and n; = Ca, Equation (20) can be written

31.60, VB
oi_ _SAR sinh™! 0P (50)

S  31.60, VB SAR + 126.4u,\Ca

In the above derivation, it was assumed that the surface charge is a constant. Although derived for
symmetrical electrolytes, Equation (47) has been shown to work reasonably well for the Na-Ca-Cl
system [49,39].

From Equations (47) and (50), and recognizing the shape of the function y = sinh™!(x), the
following observations can be made. First, increasing SAR increases 6,/0y, although not linearly.
Second, increasing ionic strength, which is accounted for by the \Ca term, decreases c,/o, [50].
And third, increasing CEC (~ ©,) increases G, but decreases 6,/6, [50]. All of these observations
are consistent with the results of Evangelou and Phillips [40]. Typically, it has been assumed that
the soil particles were sufficiently far apart so that ¢, = 0 and uy = 1 [49,51]. Shainberg et al. [39]
have shown that in systems where tactoids are formed such that ¢, # 0, increasing ionic strength
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increases o, for the internal tactoid surfaces but decrease o, for the external clay surfaces. This
suggests that montmorillonitic soils will behave differently than soils with mixed mineralogy
[39,52].

Note that if an approach similar to Erickson’s [48] were used to calculate ion accumulation
in the diffuse double layer for a homovalent exchange system, Equation (47) would read [51]

S o 1)

O nT + n;

where here the subscripts 1 and 2 refer to two monovalent ions (e.g., I = Na* and 2 = K%).
That is, the unmodified diffuse double layer theory does not predict ion selectivity: the fractional
concentration of ion 1 in the diffuse double layer is equal to the fractional concentration of ion 1
in the bulk solution. Bolt [53] has shown that the effects of dielectric saturation, ion polarization
and ionic interactions are small if 6, < 160 cmol, kg~'. Shainberg and Kemper [54] have shown
that incorporating ion hydration energies into the Stern-modified diffuse double layer theory, the
observed ion affinity sequence K* > Na® > Li* can be rationalized. Because the hydration energies
of ions has implications for ion exchange reactions on soils and ion selectivity at the plasmalemma
level, the results of Shainberg and Kemper [54] are reviewed here.

The Stern modifications to the diffuse double layer theory are (a) ions can get no closer to
a surface than the radius of that ion and (b) some ions may specifically sorb to the surface (i.e.,
without the hydration waters). The diffuse double layer is then separated into two parts, a layer of
specifically sorbed ions (Stern layer) and the ordinary diffuse double layer. The equations for the
diffuse double layer are modified such that ¢ is the potential at the Stern layer instead of at the
particle surface. Following this, Shainberg and Kemper [54] outline the following. The total surface
charge density, oy, is divided into two components, one for the Stern layer (o,) and one for the
diffuse double layer, Gyq,

Or = Os + Ou (52)

The concentration of cations in the diffuse double layer, n{" is given, following Equation (28) as

—zeQ,
e exp( kT(P) oY

where g is the electrical potential at the Stern layer. The concentration of cations in the Stern layer,
ng, is gi
¢, 18 given as

Es — E
n{ = nd exp (Sdedl> (54)

where Ejg is the potential energy of an ion in the Stern layer and Eyy is the potential energy of an
ion in the diffuse double layer. The charge density of cations in the Stern layer is given as

og = zed ng (55)
where 8 is the thickness of the Stern layer, or combining Equations (53), (54), and (55)
w —ZeQ; Es — Ea
Og = zed ng ex ex 56
- s {5 “

An approximate form of the surface charge density in the diffuse double layer [55] is given as

a1 = VekT ng exp(fi‘“) (57)
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Combining Equations (52), (56), and (57) and setting

B = VekTng
Es — E

H = zedng exp| ———9 ) and 58

c p( KT ) (38)
YS _ 7Ze(ps

2kT
yields

H exp(2Ys) + B exp(Ys) — 61 =0 (59)

The positive root of Equation (59) is

—B + VB2 + 4Ho;
exp(Ys) = H (60)

That is, the Stern layer potential (Ys) can be written as a function of the fundamental constants k,
e, Es and Eyy, and the experimental variables €, T, and ng. Shainberg and Kemper [54] provide the
detail for determining Eg-Eyq. Once Y is known, nd' can be determined from Equation (53) and
G5 and Gy from Equations (56) and (52). The results for Li*, Na*, and K" are that 16% of the
Li*, 36% of the Na*, and 49% of the K* is in the Stern layer (Fig. 2A) [54]. That is, when comparing
monovalent ions, the higher the ion hydration enthalpy, the less likely it is that the ion will be
located in the Stern layer.

The above equations have implications for ion uptake by plants as well as ion exchange
reactions on soil surfaces. Because cell membranes are negatively charged, the presence of an aque-
ous solution establishes an electric double layer. In many, but not all, cases ion toxicity effects are
more closely correlated with ion (concentrations) activities at the membrane surface that with bulk
solution ion (concentrations) activities [56]. In these instances, it is possible to rationalize the effects
of ion interactions on ion uptake without invoking the presence of specific ion carriers, multiple
sites, or other metabolic explanations. For example, Maas [57] evaluated the effect of increasing
concentrations of Li, Na, and K on the uptake of Li, Na, K, and Ca into excised maize roots (see
Fig. 2B). The results (see Fig. 2B) are entirely consistent with the preceding equations. In Equation
(47), increasing r (the relative monovalent ion concentration) increases 6,/6, and hence the monova-
lent ion concentration in the double layer. Accepting that for an ion to move into a cell it must first
move to the surface of the cell membrane, increasing the relative monovalent ion concentration in
the solution phase necessarily increases ion uptake. When comparing Li, Na, and K, the extent ion
uptake increases should be proportional to the ability of the ion to move into the Stern layer. That
is, increasing the solution phase Li concentration has a modest effect on Li uptake, whereas increas-
ing the solution K concentration has a large effect on K uptake. The effects of monovalent ion
concentration on Ca uptake can be explained similarly. To suppress Ca uptake, the monovalent ion
has to compete at the Stern layer level. Therefore, from Shainberg and Kemper’s analysis [54], one
would predict that K would be more effective at suppressing Ca uptake than Li (see Fig. 2B).

SALT CONCENTRATION AND pH INFLUENCE
ON SODIUM-CALCIUM EXCHANGE

In order to demonstrate the influence of salt concentration and soil pH on Na*-Ca>" exchange on
soils representative of humid regions, data on two such soils are given here. These two soils are
the Pembroke (fine silty, mixed, mesic, Mollic Paleudalf) from Hardin County, Kentucky and the
Uniontown (fine silty, mixed, mesic, Typic Hapludalf) from Union County, Kentucky [36]. The
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Ficure 2 (A) The effect of increasing K*, Na*, and Li* concentration on the uptake of Ca?",
K*, Na®, and Li" in 24 h. The concentration of Ca?" was 10 mmol.L™" and the pH was 6 (after
Ref. 57). (B) Calculated cation concentrations near a charged surface (after Ref. 54).

Pembroke soil is much higher in clay content than the Uniontown soil. The Pembroke soil is domi-
nated by kaolinite and to a lesser extent by mica, vermiculite, and hydroxy-interlayered vermiculite
and smectite. The Uniontown soil is dominated by vermiculite and to a lesser extent by mica, kaolin-
ite, and hydroxy-interlayered vermiculite and smectite. Another important difference is the much
greater iron content of the Pembroke soil.

The data in Table 1 show the mean value of the summation of exchangeable Na™ and ex-
changeable Ca* as a function of pH and chloride concentration for the Pembroke and the Uniontown
soils, respectively. Each mean value reported is represented by 15 different ExNa or ExCa loads.
The plus or minus value associated with each mean value represents the difference in metal adsorp-
tion when one of the metals (Na* or Ca®") on the exchange phase approaches zero. Thus, for any
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TaBLe 1 Mean-Sum M of Exchangeable Na and Ca of Pembroke and Uniontown Soils
as a Function of pH and Chloride Concentration®

Pembroke (cmol, kg™ Uniontown (cmol, kg™")
Cl (mmol L) pH 4.3 pH 6.1 pH 7.5 pH 4.3 pH 6.3 pH 7.7
5 7.4 £0.2 8.8 + 0.3 9.7 £ 0.4 89 +0.4 95 *+05 105 =*0.6
50 1M2+14 127 +13 183612 11.2+1.4 134 *+16 141 +15
200 277 =33 277 £55 289 *54 208*21 232*28 254=*29

®M + S = effective charge (EC,) of Ca-loaded soil; M — S = effective charge (EC,) of Na-loaded
soil; S = deviation from the average.
Source: From Ref. 36.

mean value plus the deviation from the mean, the sum signifies the effective charge (EC,) of the
soil when the latter is loaded with Ca**, and for any mean value minus the deviation from the mean,
the difference signifies the EC, of the soil when the latter is loaded with Na*. The data in Table
1 clearly demonstrate that the EC, of these two soils is highly ionic strength dependent, specific
ion dependent, and to a lesser degree pH dependent. The variation in effective soil charge as a
function of the type of metal was previously reported by Fletcher et al. [58], Hutcheon [59], and
Faucher and Thomas [60].

The ESP versus sodium adsorption ratio SAR plots of the Pembroke soil are presented in
Figures 3 and 4. These two figures demonstrate that the ESP-SAR relationship of the Pembroke
soil is independent of pH and ionic strength. The data also imply that the K, for this soil should
be independent of pH and ionic strength [40]. This is demonstrated in Figures 5 and 6. These two
figures show that there are at least two classes of exchange sites with respect to Na™-Ca>" exchange
on the Pembroke soil. These data also point out that at low ESP values (ESP <20) the soil exhibits
a high affinity for Na*, perhaps because of steric processes. At ESP >20, however, the magnitude
of K, remains constant, approximately 1, which suggests no ion preference [61]. Furthermore, it
appears that the Pembroke soil behaves as an ideal exchanger between ESP of about 20 and 100.
These observations are consistent with the information presented by van Bladel et al. [44] and Levy
and Hillel [45].

The apparent lack of influence of pH and ionic strength on the K, of such soils could be
related to a number of processes that take place on a clay surface as pH and/or ionic strength
increases. For example, Pratt et al. [62] have demonstrated on a number of soils that as pH decreases
the exchange selectivity coefficient of Na*-Ca’* exchange increases. This increase signifies increase
in affinity of the Na* by the clay surface through decreasing surface charge density. The Pratt
group’s [62] data tend to support this conclusion. Additionally, Shainberg et al. [39] have shown
that for Na*-Ca?* exchange, as ionic strength increases the affinity for the Na* by the illite surface
also increases. The latter observation, however, depends on whether one deals with an external
surface or internal surface. For example, an increase in ionic strength on an external surface (low
electrical potential surface) could increase the affinity for the Ca®*. However, an increase in ionic
strength on an internal surface (high electrical potential surface) could increase the affinity for the
Na*. Considering that mix mineralogy soils are made up of external and internal surfaces, a canceling
effect on the magnitude of K, due to an increase in ionic strength could be obtained.

The ESP versus SAR plots for the Uniontown soil are also shown in Figures 3 and 4. That
pH and ionic strength have a strong influence on K, is strongly supported by these figures. This is
substantiated in Figures 5 and 6. The K, data in Figure 5 show that as pH increases K, also increases;
consequently, Na* is preferred by the solid phase. Furthermore, as ESP increased K, also increased.
Stumm and Bilinski [63] showed that deprotonating clay edge surfaces have greater affinity for a
monovalent cation than a divalent cation, because the former (monovalent cation) requires much
less free energy to desolvate and thus come closer to the adsorbing surface. On the other hand,
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Ficure 3 Relationship between exchangeable sodium percentage (ESP) and sodium ad-
sorption ratio (SAR) at a chloride (Cl) concentration of 5 mmol L' of Pembroke and
Uniontown soils at three pH values. The solid line without data represents most salt-affected
soils in the western United States. (From Refs. 6 and 36.)

according to the data shown in Figure 6, as ionic strength increases, K, decreases. This indicates
that under high ionic strength the soil prefers Ca**. This also implies that under high ionic strength
the divalent cations are most likely to carry out the soil deprotonation process. Finally, the data in
Figures 3 and 4 clearly demonstrate that the two humid region soils exhibit a much higher affinity
for Na™ than the average salt-affected soil in the western United States. Note the difference in the
Na* adsorption isotherms exhibited by the humid region soil and the western U.S. soils. This implies
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Ficure 4 Relationship between exchangeable sodium percentage (ESP) and sodium ad-
sorption ratio (SAR) at three chloride (Cl) concentrations of the Pembroke and Uniontown
soils at pH 4.3. The solid line without data represents most salt-affected soils in the western
United States. (From Refs. 6 and 36.)

that physical behavior and reclamation practices for these two groups of soils are expected to be
different.

Values of fy, and f¢, for the Pembroke and Uniontown soils are plotted as a function of ESP
in Figure 7. These data represent the two soils, at pH 6.1 for the Pembroke soil and 6.3 for the
Uniontown soil, in all three chloride levels. These treatments were chosen because the two soils
show the largest differences in K, as a function of ionic strength as well as when the pH is near
neutral. The data show that for the Pembroke soil Ca" is tightly bound to the charged surface ( fc,
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and at three pH values. (From Ref. 36.)

< 1). This adsorption strength increases as ESP increases. Also at low ESP values, fy, is less than
1, which signifies that the Na ion is specifically interacting with the surface. Furthermore, as ESP
increases, fy, increases and becomes approximately 1. Ionic strength also appears to have influence
on the magnitude of fc,. The data show that f¢, at 200 mmol L™! Cl concentration is larger than f,
at 5 and 50 mmol L' Cl. This could be because the Pembroke soil is dominated by external adsorp-

tion sites [42].

The findings demonstrated in Figure 7 for the Pembroke soil are not in full agreement with

[

- pH14 3

Influence of exchangeable sodium percentage (ESP) on the Vanselow exchange
coefficient of Pembroke and Uniontown soils at a chloride (Cl) concentration of 5 mmol L™’

Evangelou and McDonald
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Ficure 6 Influence of exchangeable sodium percentage (ESP) on the Vanselow exchange
coefficient of the Pembroke and Uniontown soils near pH 6 and at three chloride (Cl) concen-
trations. (From Ref. 36.)

the findings also shown in Figure 7 for the Uniontown soil. This is especially true for fy,. These
differences could be attributed to the mineralogical differences of these two soils. The Pembroke
soil, because of its high kaolinite content, is dominated by external surface area; therefore, it is
expected to exhibit high specificity for Na® [42]. On the other hand, the Uniontown soil, because
of high vermiculite content (large internal surface area), is expected to exhibit low specificity for
the Na*, especially at low ionic strength [42]. It is important to keep in mind that temperate region
soils are of mixed mineralogy and much of the Na*-Ca** exchange behavior is also subject to the
interactions between fixed- and variable-charge components.
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trations. (From Ref. 36.)
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SODIUM INFLUENCE ON SOIL DISPERSION
AND SATURATED HYDRAULIC CONDUCTIVITY

The classic theory of colloidal stability developed by Derjaguin and Landau [64] and Verwey and
Overbeek [65] (DLVO theory) generally accounts for the influences of ion valence and concentration
on suspended colloid interactions. According to the DLVO theory, the long-range repulsive potential
(W) resulting from diffuse double layers (DDLs) of like charged colloids retards the coagulation or
flocculation rate of clay colloids.

Colloidal stability (maximum dispersion) depends on maximum @ (®,,,), which describes
the maximum repulsive energy between two planar colloidal surfaces. Furthermore @, is controlled
by surface electric potential (‘) and ionic strength. The component, ‘¥, is controlled by the pH of
the colloidal suspension, assuming that the colloids involved exhibit pH-dependent charge [66].
Generally, in clay colloids on increasing pH, ¥ becomes more negative and thus @, increases.
Conversely, on decreasing pH, ¥ becomes less negative. When ¥ approaches zero, ®,,,, approaches
zero. This leads to colloid coagulation or flocculation [19,20,67,68]. Increasing I in a colloidal
suspension decreases ®,,,, which enhances colloid flocculation rate [69].

In addition to these components (\P, /) controlling colloidal flocculation or stability [21,69,70],
additional components in the case of clay colloids are also involved. These additional components
include relative proportion of monovalent to divalent cations in the bulk solution [21], type of ca-
tions, shape of particles and initial particle concentration in suspension [71], type of clay minerals
present, and relative proportion of clay minerals [47].

The above observations of the effect of clay mineral type and their relative proportion on
dispersion and flocculation behavior suggest that certain interactions between the various colloids
change their dispersive behavior or colloidal stability. Based on these observations, soils of mixed
mineralogy and with various proportions of different clay minerals are expected to have unique
dispersive properties.

Many processes and/or conditions in the soil environment are highly dependent on colloid
dispersion or flocculation. Such processes and/or conditions include erosion, water suspension of
solids, soil structure, and hydraulic conductivity, among many others. A number of studies involving
sodic soils have been carried out in order to relate soil dispersive properties to saturated hydraulic
conductivity. For example, Suarez et al. [72] was able to link soil dispersion in suspensions measured
spectrophotometrically to saturated hydraulic conductivity. Other researchers measured the percent-
age of clay in suspension during a given settling period and then established relationships between
percentage of clay in suspension (dispersion index) versus saturated hydraulic conductivity. The
purpose in establishing clay dispersion—saturated hydraulic conductivity relationships is to develop
rapid tests for predicting hydraulic conductivity of salt-affected soils and/or to evaluate mechanisms
that are involved in regulating saturated hydraulic conductivity.

The data in Figure 8 show that the potential of the soils to undergo dispersion is related to
ESP. This is true only at low ionic strengths. When ionic strength was adjusted to 200 mmol L7},
there appeared to be no effect of ESP on soil dispersion due to suppression of the double-layer
repulsive forces. These data are consistent with qualitative predictions of clay dispersion equations
[73]. The data in Figure 9 also show that, even at pH 4.3, both soils exhibit dispersion at low ionic
strength. This observation suggests that at pH 4.3 both of these soils will likely exhibit a net negative
charge.

It can be summarized from Figures 8 and 9 that the Uniontown soil was more sensitive to
dispersion under decreasing electrolyte concentration and increasing ESP but less sensitive to pH
changes than the Pembroke soil. The data also demonstrate that for any given electrolyte concentra-
tion, pH and ESP, the dispersion index of the Uniontown soil was always greater than that of the
Pembroke soil. This appeared to be in agreement with the thermodynamic exchange parameter of
these soils. The magnitude of adsorbed ion activity coefficient fy, [36] for the Uniontown soil is
greater than 1. Considering that fy, > 1 could signify that Na® “‘reside’” in the diffuse layer, one
expects the Uniontown soil to be highly dispersive. On the other hand, the magnitude of fy, for the
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Influence of exchangeable sodium percentage (ESP) on the dispersion index (DI)
of the Pembroke (top) and Uniontown (bottom) soils near pH 4 and at three chloride (Cl)
concentrations. (From Ref. 73.)
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Pembroke soil is less than 1. Assuming this signifies that Na* forms outer-sphere complexes with
the clay surfaces, this soil would be expected to be less dispersive than the Uniontown.

The presence of exchangeable Na* significantly decreases soil permeability [74—76]. The
mechanism(s) responsible for decreasing soil permeability in the presence of Na* can be demon-
strated by looking into the components controlling water or soil solution movement potential under
saturating conditions.

Soil-saturated hydraulic conductivity is described by Lagerwerff et al. [77].

kg
n
where k = permeability of the soil
g = gravitational constant
1 = kinematic viscosity or the ratio of solution viscosity to fluid density

For soil systems contaminated with brackish solutions, kinematic viscosity is not significantly
affected [77] and thus the components controlling water flow velocity are the hydraulic gradient
(H) and soil permeability (k). The latter component (k) is influenced by clay dispersion and migration
and clay swelling. These processes may cause considerable alteration to soil matrix characteristics,
such as porosity, pore-size distribution, tortuosity, and void shape [78]. Detailed description of the
physicochemical mechanisms influencing clay dispersion and/or clay swelling are given in Marsi
and Evangelou [73].

The deterioration of soil physical properties influencing k is accelerated directly or indirectly
by the presence of high Na* on the soil’s exchange complex and the electrolyte composition and
concentration of the soil solution [74,79-82]. To improve soil physical properties of Na-affected
soils, Ca®* is usually added to replace Na* on the exchange sites. Calcium reduces clay swelling
and enhances clay flocculation [83].

Additional components influencing the effect of Na* on saturated hydraulic conductivity of
soil include clay mineralogy, clay content, soil bulk density, Fe and Al oxide content, organic matter
content, salt concentration, and Na*/Ca’" ratio [78,84-90]. The hydraulic properties of soils domi-
nated by 1:1-type clay mineralogy (i.e., kaolinite) and Fe or Al oxides are relatively insensitive to
variation in soil solution composition and concentration in contrast to those dominated by 2:1-type
clay minerals (i.e., montmorillonite). McNeal and Coleman [79] stated that each soil has a unique
saturated hydraulic conductivity response threshold because of its unique properties.

Martin et al. [91] studied the importance of pH on saturated hydraulic conductivity (SHC)
and found that the same total quantity of Na* on a soil will reduce SHC more effectively at a lower
pH than at a higher pH. These investigators [91] concluded that the reduction in soil CEC as pH
decreased was responsible for decreasing soil SHC, since the same amount of Na* represents a
greater ESP at a lower soil pH. Suarez et al. [72] reported that for the same ESP or SAR value,
the SHC decreased as pH increased. The pH effect on hydraulic conductivity is pronounced only
when the soil contains a high quantity of variable-charge minerals and organic matter.

In contrast to the studies on the effect of the electrolyte concentration and composition on
saturated hydraulic conductivity, fewer studies have examined the influence of pH, solution composi-
tion and salt concentration on SHC. It seems necessary to understand the influence of pH on soil
hydraulic conductivity, because in humid region soils contaminated with oil well brine are often
associated with low pH, either the pH drifts downward as extensive leaching is taking place or the
pH rises when alkaline brines are discharged onto the soil.

Reductions in the relative saturated hydraulic conductivity (RSHC) as a function of pH and
chloride concentration are summarized in Table 2. These data show ‘‘threshold’” ESP or SAR values
which are defined as 20% relative reduction in RSHC. It is clearly shown that the ESP-SAR critical
threshold is highly dependent on pH and CI concentrations. It varies from an SAR of approximately
0.30 to an SAR of approximately 90. These values strongly indicate that the critical SAR threshold
reported by U.S. Salinity Laboratory Staff [6], in the range of 10—15, applies to the 50 mmol L'
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Ficure 10 Relationship between relative saturated hydraulic conductivity (RSHC) and dis-
persion index (DI) of the Pembroke (solid line) and Uniontown (dashed line) soils at pH 4.3
with three chloride (Cl) concentrations. (From Ref. 92.)

Cl concentration of the Uniontown soil only. The Pembroke soil (Table 2) at the 50 mmol L™' CI
concentration exhibits a much greater critical threshold.

The data presented in Table 2 show that the RSHC of the Uniontown soil is more sensitive
to ionic strength and solution composition than that of the Pembroke soil. These sensitivity differ-
ences are probably a result of the differences in mineralogy between the two soils. The effect of
clay mineralogy on the critical SAR was also reported by McNeal and Coleman [79].

Imhoff Cone-Saturated Hydraulic Conductivity

Values of relative saturated hydraulic conductivity correlated with Imhoff cone results, expressed
as dispersion index (DI) to predict the RSHC for the soils, when salt affected, are shown in Figures
10 through 14.

The data in Figure 10 show that near pH 4, the RSHC-DI relationship was independent of
ClI concentrations, but at pH of approximately 7.5, the soils (Fig. 11) exhibited two unique RSHC-
DI relationships. The first RSHC-DI relationship belongs to the 50 and 200 mmol L™ CI system
and the second belongs to the 5 mmol L™' CI system.

The data in Figure 12a revealed that the Pembroke soil, at 5 mmol L™!' CI solution, showed
two unique RHSC-DI relationships. One occurred at pH 4.3 and the other occurred at pH 6.1 and
7.5. The Uniontown soil (Fig. 12) showed a unique RSHC-DI relationship for each of the pH values
tested. When the Cl concentration was raised to 200 mmol L', the RSHC-DI relationship became
independent of pH for both soils (Fig. 13).

In all of the data displayed in Figures 10 through 13, one piece of specific information stands
out. Generally, the slope of the RSHC-DI relationship was greater for the Pembroke soil than the
Uniontown soil. This is also shown in Figure 14. This suggested that the SHC of Uniontown soil
was less affected by changes in DI than was the Pembroke soil. Moreover, these data also show
that to attain similar relative suppression in SHC, a greater DI was needed for the Uniontown soil
than the Pembroke soil. This is probably due to soil texture. The Pembroke soil contained 59%
clay; the Uniontown contained only 28%. Hamid and Mustafa [81] reported that RSHC-DI relation-
ships are highly affected by soil texture as well as pore size distribution.
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Ficure 11 Relationship between relative saturated hydraulic conductivity (RSHC) and dis-
persion index (DI) of the Pembroke soil at pH 7.5 (a) and Uniontown soil at pH 7.7 (b) with
three chloride (Cl) concentrations. (From Ref. 92.)

Figure 11 shows that for each of the two soils there was a unique RSHC-DI relationship at
the 5 mmol L' chloride concentration. More importantly, at this Cl concentration a lower DI was
needed than with the higher Cl concentrations to suppress to a large degree the SCH. This suggests
that at the lower salt concentration, clay swelling is also implicated in reducing SHC [20,74,
79,80,93].

A swelling effect could therefore be implicated in the results shown in Figure 12. As pH
increases, a small DI imposes a large suppression in the SHC. The increase in pH could be implicated
in increasing swelling potential. This is likely because of the removal of Al-OH polymers from the
interlayer (Fig. 15). The presence of AI-OH polymers at the lower pH values may limit interlayer
swelling [94]. Clays that have the basic 2:1 mineral structure may exhibit limited expansion because
of the presence of hydroxy-Al islands which block their interlayer spaces (see Fig. 3). It is well
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FicUuRe 12 Relationship between relative saturated hydraulic conductivity (RSHC) and dis-
persion index (DIl) of the Pembroke (a) and Uniontown (b) soils equilibrated with solutions

of 5 mmol L' of chloride (Cl) at three pH values (DI = amount of dispersed clay divided
by the amount of clay in 1 g soil). (From Ref. 92.)

known that these Al interlayer components are completely removed at pH values 9.0—10.0 through
dissolution mechanisms [95]. This interlayer removal is expected to increase the dispersion potential
of the mineral by allowing free expansion. Similar phenomena of hydroxy-Al interlayer removal
have been demonstrated to be the cause for failed septic systems [96] under a far less dramatic
chemical regimen than that often encountered in salt brine—contaminated systems. In addition to
increased swelling, dispersion can also be enhanced in such systems as a result of the increased
mineral surface charge following removal of Al-hydroxy from the interlayer. When removed from
interlayer positions, these positively charged hydroxy-Al components would increase the effective
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Ficure 13 Relationship between relative saturated hydraulic conductivity (RSHC) and dis-
persion index (DI) of the Pembroke (solid line) and Uniontown (dashed line) soils equili-
brated with solutions of 200 mmol L' of chloride (Cl) at three pH values (DI = amount of
dispersed clay divided by the amount of clay in 1 g soil). (From Ref. 92.)
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Ficure 15 AI-OH polymer removal from the interlayer space of 2:1 clay minerals.

surface charge available for Na adsorption, thus increasing the probability of soil structural destabili-
zation.

CONCLUSIONS

The dispersion index could predict RSHC. The relationship between RSHC and DI is not universal;
however, it is unique to a particular soil under a given set of leaching conditions. The properties
that appear to influence the RSHC-DI relationship of soils in humid regions are soil mineralogy,
soil texture, soil pH, ionic strength, and solution composition. Information on humid region soils
clearly demonstrates the following points: (a) the RSHC is related to the clay dispersion index,
(b) the relationship between RSHC and DI is dependent upon ionic strength and pH, and (c) soils
exhibit different RSHC-DI relationships. Furthermore, soils of the humid regions appear to behave
differently with respect to Na*-Ca®" exchange and physical stability in relationship to soils of arid
regions.
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INTRODUCTION

Soil pH is one of the most indicative measurements of the chemical properties of a soil, which
exerts far-reaching and potentially favorable or adverse effects on the growth and nutrient uptake
by crop plants.

SOIL pH-INDUCED STRESS

The pH of the growth medium has significant effects on the properties of soils and consequently
on the nutrient uptake by crop plants. Soil pH is one of the most indicative measurements of the
chemical properties of a soil. Whether a soil is acidic, neutral, or basic has much to do with the
solubility of various compounds, the relative bonding of ions to exchange sites, and the activity of
various microorganisms in the soil systems. Thomas [1] noted that three soil pH ranges are particu-
larly informative: a pH less than 4 indicates the presence of free acids generally from oxidation of
sulfides; a pH less than 5.5 suggests the likely occurrence of exchangeable Al; and a pH from 7.8
to 8.2 indicates the presence of calcium carbonate, an important agent of calcareous soil.

Soils with pH values ranging from 4 to 7 [2] are extensively distributed throughout the tropical
and subtropical regions of the world. Soils with pH values less than 4 also exist and are commonly
found as acid sulfate soils and in mine soils. Plant growth in acid soils may be limited by a variety
of factors, including the direct effect of pH (excess H ion concentration) as well as pH-induced
toxicities (e.g., Al, Mn) and/or insufficiencies (e.g., Ca, Mg, P, Mo) [3]. Increase in the hydrogen-
ion concentration of the medium generally causes a decrease in the rate of absorption of cations,
probably as a result of competition between the similarly charged ions for binding and carrier sites.
Similarly, the role of high pH has often been considered to be detrimental in causing deficient
nutrient availability and ionic imbalance.
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Depending on the predominant clay-type soil, pH can indicate the percentage base saturation.
It also can indicate something about the degree of dissociation of H* from cation exchange sites
or the extent of H* formation by hydrolysis of Al. Since the availability of most plant essential
elements depends on soil pH, it is an indication of the relative availability of plant nutrients. Thus,
soil pH is generally an indicator of both the soil condition and of the reactions that occur in the
soil.

Soil pH is an important factor influencing the growth of most crops and pastures and the
distribution of native plant species [4,5]. Often the effects of pH on the growth of plants are complex
and it is difficult to separate direct effects of excess hydrogen (H*) or hydroxyl (OH") ions from
indirect effects associated with numerous chemical changes in the solubility and availability of
various biologically important plant nutrients [6,7].

Among the various plant parts, the roots are directly affected by the pH of the growth medium.
Low pH injury or H* injury is one of the factors responsible for growth retardation in acid soils.
Hydrogen ions (H) increase the solubility of Al, Mn, and Fe in acid soils [8]. The presence of
hydrogen ions in the growth medium generally inhibits root elongation, and this phenomenon is
observed at extremely low pH [9,10]. It has generally been considered that H* injury is negligible
in a medium at a pH above 4. However, even in this case, the contents of mineral nutrients in plants
decrease with the decrease of the pH [11], and, in some cases, mineral ions flow out of the roots
[12]. Excess H* in the growth medium affects plant growth by two processes: (a) Nonspecific
inhibition of root elongation, lateral branching, and water absorption; and (b) specific effects on
root ion fluxes via H* competition with base cations for uptake and H* damage to the ion-selective
carrier in root membranes.

It is generally recognized that poor growth in acid soils is not caused by the Ca deficiency
of the soils but by other factors such as Al or Mn excess, because plant growth does not improve
by the addition of calcium sulfate to the acid soils. In acid soils, it may be difficult to observe the
ameliorating effect of Ca, because Al injury is predominant [13]. In solution culture, however, a
high Ca concentration in the growth medium alleviates Al injury or low-pH injury [10] and prevents
K loss associated with H* injury [12].

Calcium plays an important role in raising the pH of the growth medium. It is required to
sustain cell membrane integrity plus facilitate the active uptake of otherwise competitive cations.
This ““Viets’ effect of Ca can be demonstrated with other polyvalent cations (including Al) [14],
and it has been shown to alleviate the toxic effects of high H* activities. At pH levels of less than
4, H™ may out compete Ca’>*, preventing their absorption, and even displacing Ca present in the
root apoplast. Once Ca absorption is repressed, cell membranes lose integrity and the selective ion
carrier mechanism dysfunctions resulting in reduced base cation absorption and efflux of cations.
Loss of root membrane integrity can also produce the wilting symptoms of low turgor pressure
observed with H toxicity.

The important role of Al in acid soil chemistry has been reviewed, as have Al effects on plant
growth in predominantly horticultural and agronomic species. Three general processes by which Al
affects plant growth in acid soils are: (a) reduced divalent cation (especially, Ca) uptake by plant
roots due to the presence of excess Al in the rhizosphere or in the root apoplast; (b) dysfunction
of cell division in the root meristematic tissue due to penetration of Al into the root protoplasm
and the production of abnormal root morphology; and (c) decreased anion (SO3~, PO;~, CI") adsorp-
tion by roots due to increased positive adsorption sites in the rhizosphere and root apoplast. Alumin-
ium activity is critical in the above processes, because at low activities, a synergistic response with
plant growth can occur. Aluminium is believed to facilitate monovalent cation uptake (especially
K uptake via the Viets effect), and increased P sorption, as hydroxy-Al-P-complexes of low positive
charge density have been proposed [15].

Several studies have shown that solution pH greatly affects the absorption of inorganic nutri-
ents by plants [4,5,16]. Short-term studies have shown that, at low pH, ion transport may be impaired,
especially at low Ca concentrations, and sufficient membrane damage may occur to allow the loss
of previously absorbed solutes. Similarly, long-term studies on several plant species have shown
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that prolonged exposure of roots to low pH leads to suppression of lateral root development and,
in extreme cases, to death of the root tips [17].

The solubility and plant availability of micronutrient cations in soils generally decreases with
increasing pH owing to adsorption-precipitation reactions. The pH of the nutrient solution will affect
the availability of certain elements, particularly the micronutrients, stimulating excessive uptake at
a low pH, and resulting in removal from the nutrient solution by precipitation at high pH. The pH
of the nutrient solution is thought to be best when kept between 6.0 and 6.5, although most nutrient
solutions when constituted will have a pH between 5.0 and 6.0. In their experiments, Islam et al.
[5] have found that tissue concentrations of all essential elements were adequate for healthy plant
growth at pH 5.5.

In a solution culture experiment, the concentrations of N, P, K, Ca, Mg, and Mn gener-
ally increased in rice leaves with increasing pH values [6] and were higher with NO;-N than with
NH,-N, whereas Fe content decreased in rice shoots but increased in roots with high pH. The
result suggests that a pH of 5-6 is reasonably good for normal growth and nutrient uptake by rice
plants with these N sources.

Nitrogen concentration in plant tops decreased with decreasing pH over the range of 5.5—
3.3, and in tomato, the concentrations at pH 3.3-4.0 (1.2 and 1.3%, respectively) were clearly in
the deficient range [S5]. Nitrogen concentrations in cassava (Manihot esculenta Crantz.) tops at pH
3.3 and 4.0 (2.3 and 2.6%, respectively) were also well below the critical N concentration of 5.1%
in the fourth and fifth fully expanded leaves of cv. Llanera [18] and the normal N concentrations
ranging from 4.5 to 6.5% in young fully opened leaves. No satisfactory explanation can be given
for the decline in plant N concentrations at low pH. Bassioni [19] observed that NO™; uptake by
excised barley roots was less at pH 4 than at pH 6. However, this result is somewhat suspicious,
as the test solution apparently did not contain Ca. Rao and Rains [20] reported higher rates of NO;~
absorption in short-term uptake experiments with barley roots at pH 4.0 than at pH 5.7 or 8.5.
Similarly, in flowing solution culture experiment, Forno [21] found that mean rates of N uptake by
cassava (as NO7;) per unit root weight were either higher at pH 4.4 than at pH 6.8 (Cassava cv.
M. Aus. 3) or approximately the same (Cassava cvs. Nina and Ceiba). In the roots of sunflower
(Helianthus annuus L.) and flax, the total N concentrations were strongly reduced at pH 4 [22]. In
soils with pH 7 or below, high concentrations of NH," can be toxic to raddish (Raphanus sativus
L.) [23], and NH," toxicity is particularly deleterious to young seedlings, limiting plant yields.

Ammonium absorption by plants can rapidly depress solution pH to injurious levels in noncal-
careous soils (NH,* and AI*" toxicities), because NH,NO; contributes to soil acidity. Ammonium
toxicity occurs in many plant species, but it is not considered a problem when the plants are grown
in calcareous soils (free CaCQj3). Barker and Mills [24] noted that even when all of the N is ammoni-
cal, near-normal growth can be obtained if the pH of the medium is buffered to near neutrality (e.g.,
calcareous soil). Less N plant tissue was found at pH 5.5 under all redox potential conditions in
the soil, with the highest pH being 7.5 [25].

Nitrification of NH,-N based N fertilizers is known to increase soil acidity. Legumes increase
soil acidity, because they absorb more cations than anions from soil [26]. Nitrogen, in the NO;~
form, seems almost universally to lead to an increase in pH. The observed effect of pH on NO;~
uptake suggests that both H* and OH™ are involved in the absorption process. At low pH values,
H* may cause injury to the root tissue, whereas at higher pH values, competition with OH™ reduces
NO;™ uptake.

Breemen et al. [27] have indicated that nitrification of NH," and accompanying soil acidifica-
tion can occur even at a pH of less than 4. Lowering of pH has been found to be associated with
the uptake of N as NH," [28]. Uptake of NH," by the roots results in a release of H*. The rhizosphere
(or nutrient solution) becomes acidified and root integrity is impaired. This type of NH,* toxicity
can be avoided by pH control of the rooting medium. In their experiment with Kentucky bluegrass
(Poa pratensis L.) and using N sources, Davis and Dernoeden [29] observed that soil pH was affected
by N sources. In the years 1987 and 1988, the NaNOs-treated plots had the highest pH, whereas
SCU- (sulfur-coated urea) and NH,Cl-treated plots had the lowest pH. Acidification was greatest
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(pH 5.3) in NH,Cl-treated turf, whereas pH was highest (pH 6.0) in plots subjected to NaCl. They
further stated that NH,Cl-treated plots generally exhibited severe disease injury. Sodium nitrate-
treated plots which had the highest soil pH were associated with more disease injury when compared
with SCU-treated turf. The data provide no clear evidence for a relationship between disease and
soil reaction as influenced by the N sources.

The concentration of H* in the growth medium has an especially important effect on phosphate
absorption, because over the physiological range of pH values, the predominant ionic form shifts
from univalent (H,PO,") to bivalent (HPO,™), and finally to trivalent (PO,~) as the medium becomes
more alkaline.

Decreases in rate of phosphate absorption with increasing pH are well documented [30]. Arnon
and Johnson [10] considered that P deficiency contributed to the poor growth of their plants at
higher pH values. However, Islam et al. [5] reported that tissue phosphate concentrations were
adequate in their plants at pH 8.5. Khalid et al. [31] reported that the availability rates of P depended
on the differential sorption under the influences of changing pH. The increase in pH of the test
solution from 5.3 to 7.4 may increase P absorption. Arnon et al. [11] found that for tomato, maximum
absorption of P occurred at pH 7 and decreased toward pH 3 and 9. Ponnamperuma [32] reported
that the increase in pH of acid soils due to submergence is beneficial to plants, as it increases the
P availability.

The shifting of pH from acidity to neutrality increases the P mineralization. Several essential
elements become limiting to plant growth at alkaline soil pH. For example, the availability of phos-
phate, Fe, B, Zn, and Mn has been shown to decrease at high pH. Precipitation of phosphate by
Ca and the cations by carbonate, hydroxide, or phosphate is responsible for decreased availability
of these elements. Hagen and Hopkins [30] observed that excised barley roots absorbed both univa-
lent and bivalent phosphate from the growth medium. This may be due to the fact that roots absorbing
more anions than cations excrete OH™ rather than H*, leading to an increase in solution pH [33].

Soil pH can indirectly reflect the P distribution pattern of soils to a certain degree but not
perfectly. The pH of the soil solution determines the form of P absorbed by plants, however, P is
absorbed mainly as the inorganic dihydrogen ion (H,PO,"). It is known that Ca-P is found in large
amounts in alkaline soils, and Al-P and Fe-P are found in acid soils. Therefore, the concentration
of phosphorus in the soil solution depends mainly on soil pH, and a decrease in pH can reduce P
concentration by causing precipitation of Al-phosphate or Fe-phosphate as amorphous polynuclear
complexes with high surface area.

Addition of NH," rather than NO;™ increases P uptake from the neutral soils [28]. Generally,
absorption of the NH," tends to lower the pH in the rhizosphere, and in the soil studies, there was
a corresponding increase in the concentration of phosphate in the solution. At 1 mM NaNO; and
lower pH [4], the ion uptake (N, P, K, and S) and growth of wheat and rice were severely affected
[34]. There was a great decrease in the P concentration with the increase in CaCO;, which was
mostly due to the transformation of available P to di- and tricalcium phosphates and also to apatites
owing to formation of ferric phosphate/hydroxy phosphate.

Decreases in the K content of plants were observed under low pH conditions [12], and the
movement of K in roots was symplastic. It is assumed that in the plants which exhibit a low K
content in a medium with a low pH, the function of the plasma membrane is impeded by H*. One
of the main physiological roles of K is to maintain the osmotic pressure of cells (maintenance of
turgor). As the roots elongate rapidly by the successive production and thickening of new cells,
they must absorb a large amount of K in order to maintain the K concentration of these newly
formed cells at a suitable level [7]. Therefore, it is assumed that H* decreases the function of the
plasma membrane and promotes K loss or the inhibition of K uptake, and consequently brings about
poor root growth.

Potassium loss associated with a low pH can be alleviated by the increase Ca concentration
in the growth medium [12]. In gramineous crops, the index of the K content tended to increase with
the increase of the Ca concentration in the medium. Many experimental results have been published
on the stimulation of K absorption by Ca in plant roots [35].
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Large decreases in the rate of absorption of Ca with decreasing pH have been reported. The
availability of Ca has been limited at low pH; this is because as the amount of H™ increases, the
amount of Ca decreases. A strong antagonism between H* and Ca’* in legume nodulation has been
documented [36], and calcium accumulation in maize has been associated with soil pH. In their
experiments, Inoue et al. [7] observed that under both conditions of low pH and low Ca concentra-
tion, the Ca uptake was strongly inhibited by H*, and consequently the corn shoots suffered Ca
deficiency, leading secondarily to poor root growth of several gramineous crops. This inhibition of
Ca uptake appears to be caused by the antagonism between H* and Ca®* at the position of the
substitution radical of the cell wall and/or of plasma membrane. Both the contents of K and Ca in
barley, wheat, and rye were low in medium with a low pH. It is, thus, considered that since the
functions of the plasma membrane and Ca uptake were inhibited by H™, the root growth was consid-
erably poor. The roots of gramineous crops generally display a low ability to absorb Ca and to
transfer Ca to the top. Calcium plays an important role in the strengthening or maintenance of the
cell wall and plasma membrane. Assuming that H* and Ca*" antagonize each other at the position
of the substitution radical of the cell wall or plasma membrane, the increase of the Ca concentration
in the medium may alleviate the H" injury.

Calcium concentrations in maize at pH 3.3 and 4.0 (0.39 and 0.37%, respectively) were below
the concentration normally considered adequate for healthy growth [5]. However, Loneragan and
Snowball [37] obtained maximum yield of young maize plants in flowing solution culture when the
Ca concentration in the tops was only 0.12%. In the same experiment, tomato and the wheat cultivars
Gabo and Wongoondy achieved maximum yield, with Ca concentrations in the plant tops of 1.29,
0.15, and 0.32%, respectively. These Ca concentrations are well below those obtained in the tops
of tomato and wheat cv. Gatcher in the experiment carried out by Islam et al. [5] at low pH with
different plant species.

Arnon and Johnson [10] attributed much of their growth reduction below pH 5 to inadequate
Ca absorption. In a subsidiary experiment with lettuce (Lactuca sativa L.) and tomato, these investi-
gators showed that raising the initial Ca concentration in the nutrient solution from 2000 to 7000
UM increased yields at both pH 4 and 5, whereas lowering the initial Ca concentration to 500 uM
lowered plant yields. Further evidence of the interation between effects of low pH and Ca concentra-
tion comes from studies in legume nutrition. Lucerne (Medicago sativa L.) plants supplied with
combined N grew equally well at pH 4 and 5, with a Ca concentration of 5000 uM, but that growth
was poorer at pH 4 when lower Ca concentrations were used.

In an unsuitable environment, limitation in Ca supply to the plant roots caused disturbance
in the growth and metabolic processes in plants. Deficiency of Ca reduces the absorption and accu-
mulation of monovalent cations and increases the uptake of divalent cations [38]. Accumulation of
P, K, and Na decreases in all part of Ca-deficient potato plants. This view strengthens the argument
that the absence of Ca in the growth medium will cause a decrease in the uptake of K and Na and
increases in the accumulation of Mg in plants. Calcium deficiency causes accumulation of oxalic
acid in such a quantity as to become injurious to the plants. Calcium helps in the precipitation of
oxalic acid and soluble oxalates in the form of Ca-oxalate and protects plants from being affected
by more H™ concentrations. Large decreases in the rate of Mg absorption by different crop plants
have been reported with decreasing pH [11]. Magnesium concentrations in the tops of plant species
at pH 3.3 and 4.0 (0.03-0.16%) were sufficiently low to be either deficient or marginally limiting
for plant growth [6].

The solubility of Fe salts in soils are reported to be governed by the pH of the system, which
affects the availability of Fe to the plants. The increase in pH of acid soils is due mainly to reduction
of ferric-Fe to ferrous-Fe. The decrease in pH of sodic and calcareous soils and the check on the
pH rise of acid soils are the result of the accumulation of CO,, soil reduction, and organic acid
production. Increased Fe availability on calcareous soils can also be achieved by lowering the pH
of the bulk soil with the application of S and sulfuric acid. In a short-term experiment, increasing
the solution pH from 3.5 to 8.5 decreased the concentration of Fe by the tops of rice plants, whereas
in roots, the Fe content increased [4]. At a high-solution pH, the new leaves become chlorotic. The
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appearance of Fe deficiency in rice plants at high pH may be explained by the low solubility of Fe
in the rooting medium by the fast oxidation of ferrous-Fe and by immobilization in the roots. The
action of rice roots in oxidizing Fe** to Fe’* is believed to be responsible for the oxidation of H,S
by the roots, suggesting that chlorosis at high pH may be related to a more rapid oxidation of ferrous-
Fe to higher forms [9].

When the pH of the growth medium is high, Fe phosphate is precipitated in the stem and
both high phosphate and increased pH are known to enhance Fe chlorosis. High levels of P and Al
in the growth medium often have been found to reduce Fe absorption and utilization, especially under
neutral or alkaline condition [13]. Rice plants given excess P in the growth medium progressively
accumulated Fe [39]. The activity of iron is affected by P in the plant tissue or nutrient media. Poor
Fe nutrition depressed the growth of maize and wheat at pH 7.5 and 8.5 despite the use of Fe
N,N-dihydroxyethylethylene-diamineacetic acid (HEDDA) (Sequestrene 138) as an Fe source. This
compound is reported to be stable over the pH range of 4-9 [40]. Iron concentration in the tops of
maize grown at pH 8.5 (85 pg/g) is in the range that has been considered deficient for this species.
This observation is confirmed by the development of severe symptoms of Fe chlorosis [41].

The high hydroxyl and bicarbonate ion concentrations associated with the alkaline soil solution
in a calcareous soil keep available Fe?* concentrations too low to supply sufficient Fe for normal
plant uptake. Similarly, bicarbonate induced Fe stress for plants grown in nutrient solution and in
alkaline soils. Some studies have indicated a combination of bicarbonate and high P—induced Fe
chlorosis. Iron chlorosis is also enhanced under conditions of increased soil moisture and high Fe
to P ratio.

When large amounts of NO; ™ are taken up, more hydroxyl ions are released by roots resulting
in decreased availability of soil Fe [42]. The availability of Fe, Mn, Zn, and Cu was low in calcareous
soils, and added P antagonized micronutrient deficiencies more under high pH conditions. Therefore,
under conditions where Fe is highly insoluble and immobile, the main mechanism of Fe uptake
may be by direct contact between insoluble Fe compounds and plant roots. Inhibition of lateral root
development would have detrimental effects on the ability of the roots to reduce Fe’*, since the
iron-reducing activity occurs at or near the surface of young lateral roots.

Soil pH is often the determining factor in whether a soil will respond to Mn fertilization.
Liming coastal plain soils from pH 6.0 to 6.5 intensified Mn deficiency symptoms on soybeans
[43,44]. Fitts et al. [45] observed yield responses to Mn only where the soil pH was neutral or
alkaline. These investigators found that liming above pH 6 reduced leaching of Mn and decreased
plant Mn. The decrease in soil pH from 6.8 to 6.0 during the course of a greenhouse experiment
prevented Mn deficiencies from developing in soybeans. Jones and Nelson [46] reported that liming
soils to a pH 5.5 or above reduced extractable soil Mn, decreased foliar Mn concentration, eliminated
toxic effects, and increased soybean yields. Manganese availability is inversely related to soil pH
and its oxidation-reduction potential. Plants take up the divalent form of Mn for their normal growth.
The oxidation of divalent Mn to less soluble forms occur in the pH range of 7-8, primarily as a
result of microbial activity. At soil pH less than 7, Mn was sufficiently available for normal turf
appearance and growth of Bermuda grass (Cynodon dactylon L.), and Mn deficiencies observed
were pH induced rather than attributable to insufficient total Mn in the soil [43]. A soil pH of 5.3
resulted in highest concentration of Mn in the soybean leaf, whereas pH 7.0 showed the lowest Mn
concentration in the leaf [47]. Higher concentration of Mn in the leaf tissue at pH 5.3 was due to
the greater solubility of Mn under the strongly acid solution of the soil and consequently absorption
by the soybean.

With decreasing pH, the concentration of Mn decreased in crop plants. Similarly, decreasing
the solution pH from 7.0 to 5.4 resulted in decreased Mn concentration in the tops of two Medicago
species. Apparently, in the poorly buffered solution, high Ca levels ameliorated the adverse effects
of an acidic pH on Mn uptake. Manganese concentrations in tops of maize (Zea mays L.) plants at
pH 3.3 and 4.0 (12 and 14 pg/g, respectively) decreased [5] and were in the range that is considered
to be inadequate for healthy growth.

Zinc deficiency is prevalent in acid, leached sandy soils having a low Zn content and in neutral
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and alkaline soils having high levels of available P and organic matter. Availability of Zn in soils
may become critical at soil pH values as low as 5.3. Zinc uptake by corn was significantly correlated
with soil pH between 4.3 and 7.5. Lime reduced Zn uptake by red clover (Trifolium pratense L.),
timothy, and bromegrass (Bromus marginatus L.). The N fertilizers affect the availability of Zn,
and these effects were attributed to changes in soil pH, and NaNO, decreased the Zn uptake and
(NH,),SO, increased it [48]. Severe Zn deficiency in subterranean clover with increasing N supply
is due to formation of a Zn-protein complex in the roots. The addition of CaCO; generally decreased
the Zn content of sorghum at soil pH levels between 5.7 and 6.6 [49]. The reduction in Zn uptake
induced by CaCO; was attributed to the increased soil pH and not the Ca added. Similarly, the
addition of lime to sandy Alabama soils to a pH near 6.5 produced Zn deficiency in corn.

Reducing the pH of the test solution from 5.5 to 4.5 decreased Zn absorption rates by factors
of 1000 and 10000 in the rice cultivars IR6 and Basmati-370 [50]. Similarly, reducing the solution
pH from 5 to 3 reduced zinc absorption by a factor of about 100 in wheat seedlings [51]. Zinc
absorption by plants usually decreases as the concentration of H* increases, presumbly because of
the direct effect of H* toxicity and because of an indirect effect of competition between Zn** and
H* ions from uptake sites on the root surface. At low pH in presence of citrate (pH 4.0 and 4.6), when
the toxicity effect of H* ions was greatest, the roots did not respond to an increasing concentration of
Zn [52]. Soil pH, organic matter content, and the presence of other cations affect the availability
of Cu to plants in soils. At a pH value above 4.7, Cu is probably precipitated as Cu(OH), in the
presence of organic matter. Increasing the soil pH decreases the solubility and availability of Cu
to plants [53]. However, the pH at which Cu availability is highest appears to vary with the orgnic
matter content and the presence of other ions.

The chemistry of boron (B) in the soil is still poorly understood. It is probably present in the
soil solution as boric acid, B(OH);. Liming of acid soils to a pH of 7 and above has often resulted
in B deficiencies. The fixation of applied B in soils was much greater at pH 7 and above. The work
of Sims and Bingham [54] indicates that hydroxy Al and Fe materials are responsible for B fixation
when acid soils are limed. Retention of B by hydroxy Al and Fe compounds was pH dependent.
According to Sims and Bingham [55], retention of B was maximum at pH 7 with hydroxy Al
compounds and at pH 8.5 with hydroxy Fe compounds. These investigators postulated that the
retention of B is due to anion exchange reactions in which borate ions replace hydroxyl ions.

Soil pH also had an effect on the availability of water-soluble B. As the pH was increased
from 5.2 or 6.3 to 7.4, the concentration of B in the plant decreased [56]. Boron absorption by
plants decreased much more when both pH and Ca concentrations were increased. The uptake of
B has been shown to decrease as the Ca uptake has increased. Availability and plant uptake of
native or added B was generally lower in calcareous soils than in noncalcareous soils. A high pH
and high Ca concentrations of the nutrient solution decreased B uptake by cotton. Neither high
pH nor high Ca alone had any effect on the absorption rate of B. It was suggested that the presence
of a high concentration of Ca’>* and OH™ affected the B adsorption mechanism. Therefore, pH
appeared to have a physiological effect on B absorption by plants when the supply of Ca was high.

The S requirements of crops are very similar to their P requirements. Sulfur deficiency is
most widely found in leguminous crops. The atmosphere contains S compounds, partly as aerosols
and partly as gaseous SO,. In an experiment, Kamprath et al. [57] observed that there was a marked
decrease in the amount of sulfate adsorbed when the pH of a soil was increased from 5 to 6. The
effects of pH on sulfate adsorption were much more pronounced on soils that contained appreciable
amounts of Al oxides and hydrous Fe. Chang and Thomas [58] have suggested that sulfate adsorption
increases when the pH is lowered, because the replaced hydroxyl ions are more effectively neutral-
ized by H resulting from the hydrolysis of Al replaced by the cations added with the sulfate in
the soil. The adsorption of sulfate was greater from a solution of CaSO, than from K,SO,. However,
the soil pH had a greater effect on sulfate adsorption than did the nature of the cation.

It is well known that acid soils and those rich in Fe stone can strongly fix Mo. In a review
on factors affecting availability of Mo, Davis [59] stated that many investigators have shown that
Mo availability increases as the pH of the acid soil is increased. Stephens and Oertel [60] suggested
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that this might be due to hydroxyl ion replacing adsorbed molybdate ions. The amount of Mo sorbed
by soils and the amount of hydrous oxides increased as the pH was decreased. Molybdate ions
replaced surface hydroxyls of hydrous oxides of Fe and Al in acid soils. Water-soluble Mo increased
sixfold as the pH increased from 4.7 to 7.5. Generally, replacement of tightly adsorbed Mo by OH™
ions is responsible for the increase in the water-soluble Mo as the pH is increased.

CONCLUSIONS

As natural stress, soil pH has far-reaching effects on the growth and nutrient uptake by crop plants.
It is difficult to minimize the abnormal effects of pH exerting on the growth of crop plants. However,
efforts should be made to reduce the ill effects of pH in order to maintain the normal growth of
plants in a growing medium.
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INTRODUCTION

The world population has increased during this century from about 1.5 to over 5.5 billion people.
Every year, approximately 90 million more people are added to the global population, which is
expected to reach 8.5 billion by the year 2025. Since the total area of arable land is stable or declining,
the average area of cropable land per person must decrease as population grows. During the recent
past, the successful implementation of several technologies that form the basis of modern agriculture
has contributed to the production of enough food today, on a global scale, to meet the basic require-
ments of every person in the world. Mechanization of agricultural production, developments in
irrigation systems, cost-effective crop protection chemicals and fertilizers, and genetic enhancement
of crops are the major contributors. Yet one-fifth of the developing world’s population remains
chronically hungry owing to inequalities in availability and distribution. Equitable food distribution
is restricted by lack of purchasing power among poor countries and within countries. The threat of
famine is greatest in rural areas where approximately two-thirds of the population of developing
nations live. Predictions of population growth in developing countries give cause to anticipate further
disparities.
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Despite the advances of modern agriculture, current average yields of our major crops are
only a small fraction of the record yields realized with best management practices (Table 1). The
major causes for the shortfall can be separated and attributed, directly or indirectly, to biotic and
abiotic factors. Biotic factors, including insects, diseases, and weeds, are responsible for losses
representing less than 20% of the record yields of most crop species [1-3]. Abiotic factors, including
edaphic and climatic constraints, account for the major portion of the yield losses. Among the edaphic
factors, low availability of phosphorus (P) is a major constraint to crop production in the tropics.

Crops grow by acquiring resources from their environment: nutrients and water from soil,
oxygen, carbon dioxide, and light from the atmosphere. Agriculture is concerned with making condi-
tions favorable for the acquisition of these resources, so as to produce crops profitably and with
minimal environmental damage. Agriculture is also concerned with improving genetic adaptation
of crops to abiotic and biotic constraints. Increasing demand for food and fiber requires new ap-
proaches to further enhance crop yields and quality. There is also a need to reduce the energy inputs
in modern intensive crop production by improving the acquisition and utilization of native and
applied nutrients in soil.

Soil and agriculture are the foundation for sustaining human societies through production of
food and renewable forms of energy [4—6]. Soils exert production, filtering, and biological functions.
Therefore, soils not only produce food, feed, fiber, and fuel but also play a central role in determining
the quality of our environment. Land productivity is viewed as decreasing when withdrawals of
nutrients exceed their inputs. Maintaining long-term land productivity, therefore, requires that ag-
ricultural system management activities minimize exportation of soil resources and, when necessary,
replenish depleted resources with inputs.

Global soil maps show that poor soils dominate the tropical latitudes, whereas the most fertile
soils are found in certain areas of the Temperate Zone [5]. The inherent infertility of many tropical
soils is a consequence of their formation on geological parent materials that were low in essential
mineral elements coupled with the intense rates of weathering they have experienced under warm
humid tropical conditions. Under these conditions, accelerated chemical and biological processes
and high rainfall have resulted in the loss of most nutrients by leaching and the development of a
highly acidic solum dominated by the endproducts of mineral weathering: kaolinite and the oxides
and hydrous oxides of iron and aluminum [7]. Geological stability and the lack of glaciation have
reduced the input of fresh, mineral-rich substrate for soil formation so that highly fertile soils in
the tropics are generally limited to areas of active volcanism or alluvial sediments from young
mountain ranges [8].

The latitudinal gradient of soil fertility has global economic significance, because most devel-
oping countries are located in the tropical latitudes. One tragic consequence of this is that rural
poverty is likely to be much more severe in tropical than temperate countries. Economies of Third
World countries in the tropics are based disproportionately on agriculture. Owing to their potential

TaBLe 1 Record Yields, Average Yields, and Causes of the Yield Losses of Major Crops

3

£

Mg ha™' (% of record yield) ]

Yield loss due Yield loss due go

Crop Record yield Average yield to biotic factors to abiotic factors 3
Corn 19.3 6.6 (34) 2.2 (11) 10.5 (54) ;f
Wheat 14.5 1.9 (13) 0.7 (5) 11.9 (82) 2
Sorghum 20.1 3.6 (18) 1.0 (5) 16.3 (81) ]
Soybean 7.4 1.6 (22) 1.3 (17) 5.1 (69) g
Cotton 4.0 0.7 (17) 0.9 (22) 2.4 (60) g
Sugarbeet 121.0 42.6 (35) 17.1 (14) 61.3 (51) Z
Source: Adapted from Refs. 1-3. %
o
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to increase yields, the use of nutrient inputs has benefited countless individual farmers as well as
the economies of these countries, contributing to agricultural development in general. However,
weak economies coupled with inherently low soil fertility often are unable to support the investment
needed to improve agricultural productivity.

Phosphorus deficiency is one of the most widespread nutrient constraints to agricultural pro-
ductivity in soils of the tropics [9]. In a sample of 500 soils collected from 42 countries in the
tropics, the World Phosphate Institute classified 65% as acutely deficient in P, whereas only 8%
were classified as not deficient [10]. Amelioration of P deficiency with fertilizers is not a viable
option for many resource-poor farmers. Moreover, as a nonrenewable resource with relatively low
concentrations in the biosphere, the use of fertilizer P inputs in any agricultural system must be
carefully rationalized [11]. Crop and forage genotypes that can acquire and utilize scarce P resources
more efficiently from low-P tropical soils could both improve and stabilize agricultural production.

One advantage of applied P over other nutrients is that once applied it is adsorbed and retained
in the soil-plant system and is not subject to the large losses by leaching that occur with N and K
fertilizers. Genotypes which can better exploit the residues of fertilizer P would substantially im-
prove the returns on strategic P inputs as well as ‘‘capital investments’’ in large basal or corrective
P fertilizer applications. The sustained agricultural productivity of low P tropical soils, therefore,
requires that crops and forages make the most efficient use of available soil P in order to reduce
the demand for P applications.

The genetic potentials of tropical crop and forage cultivars and the environments in which
they are grown influence growth and productivity. Adaptation of crop and forage plants to low
P-supplying soils could be due to plant mechanisms which contribute to a high P uptake ability at
low P concentrations and/or more efficient internal use of P for increased crop/forage yield (Fig.
1). Genetic variability in the ability of plants to absorb, translocate, distribute, accumulate, and use
P is important in adapting plants to low P-supplying tropical soils. However, only recently has this

GENETIC ADAPTATION OF PLANTS TO LOW PHOSPHORUS SUPPLY
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variability been conscientiously considered for the purpose of adapting plants to low-P soil condi-
tions [12]. Although inter- and intraspecies differences in P uptake, accumulation and use are well
known [13,14], the mechanisms responsible for the differential abilities of tropical crop and forage
species to grow at low or high P supply are not completely understood and few have been described
to any extent [12,15]. Understanding these mechanisms is a prerequisite to the identification, selec-
tion, and improvement of adapted germplasm for low-P soils.

PHOSPHORUS AVAILABILITY IN TROPICAL SOILS

Tropical soils have been broadly defined as those soils which have an ‘‘iso-’’ soil temperature
regimen (i.e., mean annual variation of <5°C). Approximately 40% of the earth’s land surface
occurs within the intertropical zone (below 23'/° latitude) and more than one-third of world soils
are classified as tropical soils [16]. Because they have developed under immense environmental and
ecological diversity on both very old and recent land surfaces, soils of the tropics are extremely
diverse and variable. All 11 Orders of the U.S. Soil Taxonomy are represented in the tropics. Some
36% (1.7 billion ha) of tropical soils have low nutrient reserves (defined as containing <10% weath-
erable minerals in the sand + silt fraction), whereas 23% (1.1 billion ha) have a high P fixation
capacity [17]. Phosphorus is probably the major limiting nutrient on the vast majority of these soils
[18], particularly the acid savanna soils in South America which are primarily classified as Oxisols
[19,20].

Phosphorus-limited soils in the tropics generally fall within the soil taxonomy orders of Oxi-
sols and Ultisols (43% of tropical soils), whereas relatively minor but demographically important
areas (in Latin America, cultivated by the poorest sector of the rural population) occur under the
Andisol and Spodosol orders (2% of tropical soils). (Approximately 7 and 6%, respectively, of
temperate region soils also belong to these orders.) Soils belonging to other soil orders, notably
rhodic or oxic subgroups of Alfisols and Inceptisols, also suffer from limited P availability owing
to the mineralogical composition; clayey phases may also be high P-fixers [21]. Other less weathered
soils of the tropics may also have P limitations for crops because of overexploitation during centuries
of cultivation with low inputs.

Characteristics of P-Limited Tropical Soils

Oxisols and Ultisols are characterized by their low content of weatherable minerals and high content
of low-activity clays and oxides of iron (Fe) and aluminum (Al), with these minerals being the
endproducts of chemical weathering in which primary P in the form of calcium phosphate minerals
is hydrolyzed and moves through the soil solution to various adsorbed, precipitated, and organically
immobilized forms [22,23]. Weathering results also in the loss of basic cations, the desilication of
clay minerals and the generation of iron and aluminum hydrous oxides onto which phosphates adsorb
or precipitate. With time the more labile adsorbed phosphate and amorphous precipitates are oc-
cluded with fresh coatings of oxides or become more crystalline, reducing P solubility and the
concentration in soil solution [24,25]. Through geological time, P is also lost from the system and
total P content declines stabilizing typically in the range of 200-400 pg-P g~! soil depending on
soil texture [26]. Organic P (Po) forms between 20 and 80% of the total P content and constitutes
an increasingly important fraction of the total P content of soils as they weather [26—29].

Oxisols and Ultisols also have a moderate to high P-*‘fixation’’ capacity owing to the large
surface area for phosphate adsorption presented by the significant contents of amorphous and micro-
crystalline iron and aluminum oxyhydroxides. An estimated 110-450 mg P/kg soil are required to
obtain 0.1 mg P/L in equilibrium soil solution in these soils [30—32], a level considered adequate
for crop growth.

Andisols, in contrast to Oxisols and Ultisols, are relatively young soils that most usually
developed on volcanic parent materials [23]. Although they often contain high total amounts of P,
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it usually occurs in highly stabilized inorganic and organic forms in highly amorphous associations
with the allophane, imogolite, ferrihydrite, and/or Al-humus complexes which dominate the clay
fraction [33,34], and is virtually unavailable to crops. The allophanic materials also impart to these
soils a P-fixation capacity which requires even greater amounts of applied P than is usually necessary
in Oxisols and Ultisols to attain the required equilibrium solution concentration to support adequate
crop growth [21].

Although young soils often show a relatively uniform distribution of total P in the profile,
pedogenesis brings about a redistribution in which calcium (Ca)—phosphates are gradually depleted,
beginning in the surface horizons, and replaced by organic P [22]. This is the result of biogeochemi-
cal cycling of P by deep rooted plant species and the deposition of this P on the soil surface through
litterfall and decomposition. Hence, the profile gradient in P concentration increases with increasing
age of the soil and is greatest in highly weathered soils. The gradient is also increased by fertilizer
applications to the plow layer [35,36]. Phosphorus deposited at the soil surface moves exceedingly
slowly in inorganic form into the soil profile, especially in medium to heavier textured soils, owing
to the strong adsorption reactions which bind phosphate onto clay colloids [37]. Organic P forms
are similarly bound in the surface horizons of allophanic soils [33]. As a result of this significant
P gradient with soil depth and the fact that P applications remain close to where they are applied
in soil, plant root architecture can markedly affect the accessibility of soil P. Although deeper rooting
plants may exploit a greater volume of the soil profile, it is pertinent to ask whether they might
better invest their photosynthate in developing roots in the more P-enriched soil layers.

Plants take up P as orthophosphate ions (Pi) from soil solution. Soil solution Pi is in dynamic
equilibrium with labile Pi forms adsorbed onto mineral surfaces, and it is replenished as solution
concentration is depleted by plant uptake. As labile Pi itself is depleted, less soluble (primary or
secondary) Pi forms control the Pi concentration in soil solution [38—40]. Soil solution Pi is also
replenished by mineralization of labile organic P forms in processes mediated largely by inter- and
extracellular phosphatase enzymes [41,42]. The role of extracellular enzymes in Po mineralization
led McGill and Cole [43] to hypothesize that the process is driven more by Pi availability than the
need for energy. Thus, microbial activity is controlled both by availability of substrate (e.g., litter
and crop residues) and solution Pi concentration (i.e., demand). The availability and contribution
of labile Po forms to plant P nutrition, therefore, depends on microbial activity.

As soils weather, an increasingly greater proportion of their labile P content is derived from
organic P forms Tiessen et al. [44] showed that, in Mollisols, 86% of the labile P is associated with
inorganic P (Pi) forms, whereas in Ultisols, 80% of the labile P is associated with organic P forms.
Similarly, Sharpley et al. [28] found an increasing proportion of total P as organic P in more highly
weathered soils. This implies that Ultisols and Oxisols rely much more on organic P forms to resup-
ply Pi removed from soil solution by plants. Logically, as shown by Sharpley [45], available P (by
Bray P) is correlated with soil Pi content in fertilized soils but with Po content in depleted unfertilized
soils.

Availability and Fate of P Inputs

There is an extensive literature (reviewed by Sample et al. [24]) on the reactions and fate of P
fertilizers applied to soils. Reaction products differ among soluble and insoluble as well as between
inorganic and organic P sources. The nature of the products also depends on the mineralogy of the
soil with which they react.

Soluble P fertilizers hydrolyze in soil to produce an acidic, supersaturated solution which
diffuses outward from the point of application, dissolving soil mineral constituents as it does so
[24]. For Ca-phosphate fertilizers (‘‘superphosphates’’), an insoluble Ca-P product (dicalcium phos-
phate) is initially precipitated at the dissolution site, whereas other secondary phosphates precipitate
from the diffusing solution. In calcareous soils, these will mainly be Ca-phosphates, whereas in
acidic soils, the main products will be Fe- and Al-phosphates. As the solution radiates outward and
insoluble P compounds precipitate, solution P concentration declines eventually to the point where
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dissolution/precipitation reactions are no longer possible and chemisorption and surface adsorption
reactions dominate. These initial reactions occur within a very short time after P fertilizer application
(approximately 1-3 weeks) and within a very short distance (<25 mm) from the point of P place-
ment. Because of their amorphous nature, these reaction products are highly labile in soil. With
time, however, the amorphous and more soluble products are gradually converted to less soluble
more crystalline compounds which, in acid soils, are predominantly variscite and strengite-like com-
pounds.

The availability of insoluble P fertilizers such as phosphate rocks (PR) depends largely on
the solubility product of the mineral which is controlled by its mineralogical characteristics [46].
Since the products of PR dissolution are Ca and phosphate ions, and since dissolution involves an
acid reaction, Ca and Pi concentration in soil solution and soil pH are important external factors
governing PR availability [47]. Of these three, Ca sink size seems to be the strongest factor driving
dissolution [48,49]. This suggests that a plant with strong Ca acquisition characteristics may encour-
age PR dissolution and efficient use of P from these sources. Because it forms a very dilute equilib-
rium solution, Pi derived from PR dissolution enters primarily into adsorption reactions with soil
mineral constituents. Thereafter it may be expected to undergo slow transformations similar to those
described above which render it less available with time to plants. Since the PR dissolution rate is
slow, it has been argued that release would be more in synchrony with plant demand enabling roots
to capture a greater proportion of the Pi before fixation. To the contrary, however, there is strong
evidence that soluble P sources are less affected by increased fixation capacity than PR sources
[50].

As with soil organic P forms, release of organically bound P from organic inputs (crop resi-
dues, green manures, animal manures) is mediated by soil microbial activity (these sources may
also contain significant amounts of Pi) [51]. Although not fully understood, there is evidence that
the rate of P release from residues is influenced by nitrogen (N) mineralization rates which in turn
are affected by substrate composition (C/N ratio, lignin and polyphenol contents) as well as by the
C/P ratio [52]. Pi immobilization during residue decomposition has been reported under tropical
conditions [53]. On the other hand, the half-lives of P release from residues have generally been
observed in the range of 3—18 weeks [52,54,55]. Pi released from organic sources, as with PR
dissolution, is either adsorbed onto mineral surfaces or enters into the organic P cycle through plant
or microbial absorption. Radioisotopic tracer studies with **P indicate that mineral surfaces compete
very strongly with plants for P released from residues [56].

Forms of P in Low-P Soils and Implications for Improved
Adaptation

Phosphorus-limited tropical soils range from highly weathered soils, containing low total (and hence
low available) P, to young soils derived from or influenced by volcanic ash, containing large but
highly stabilized total P contents. The chemical forms of P in these soils differ widely and organic
P pools constitute a significant, indeed often a substantial, fraction of the total P content. Plant
adaptation to low-P soils may depend on how the plant can influence the availability of P in the
various soil P pools. As will be discussed in more detail below, this can occur in a number of
ways, including rhizosphere influences on Pi sorption, dissolution of precipitated Ca-, Al-, and Fe-
phosphate forms, and mineralization of organic P forms. This influence occurs primarily through
root exudation of protons to maintain internal charge balance or organic acids [57].

Phosphate sorption on Fe and Al oxide surfaces depends on pH, although the literature reports
contradictory effects [58—60]. According to Barrow [60], these can be explained by the confounding
effects of solution electrolyte composition, the variable charge properties of the oxide surfaces, the
form (monobasic or dibasic) of the phosphate ion, and the direction of Pi movement—onto the
surface or from the surface. In the absence of cation interferences, increasing pH reduces Pi adsorp-
tion owing to increased negative charge on the variable charge oxide surfaces [60]. Paradoxically,
and more importantly from the point of view of rhizosphere influence on P availability, decreasing
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pH results in increased desorption of labile Pi. Phosphate sorption may also be reduced by organic
anions such as citrate, malate, oxalate, and phytate which compete for adsorption sites on oxide
surfaces (recently reviewed by Iyamuremye and Dick [61]). The effectiveness of anion competition
depends on the anion, the nature of the mineral surface, and pH. Similarly, organic acids may release
Pi from adsorption sites on Fe and Al hydrous oxide surfaces by ligand exchange reactions [62].

Dissolution-precipitation equilibria of Ca-, Al-, and Fe-phosphate minerals involve H* and
OH"™ ions [63]. As illustrated in phase diagrams [63], the solubility of these minerals (and their
amorphous precursors) depends on pH; Al- and Fe-phosphate solubility increases with increasing
pH, whereas the solubility of Ca-phosphates, including phosphate rocks, decreases [64]. Changes
in pH in the root rhizosphere can therefore influence the dissolution of secondary P forms in soils,
although the rates of dissolution may be too slow to have significant impact on plant growth. On
the other hand, decreasing pH in the root rhizosphere of legumes as a result of an alkaline uptake
pattern has been shown to increase the availability of PR fertilizers [65]. Organic anions may also
enhance dissolution of mineral phosphates by forming complexes with metallic ions such as Al and
Fe [61,66—69]. Complexation lowers the activity of metal ions in solutions shifting the dissolution
equilibrium to the right and bringing more phosphate into solution.

Mineralization of P from organic pools may be stimulated by exudation of organic acids which
become substrates for microbial and enzymatic processes in the rhizosphere [41,70]. A large part
of soil organic P is in the form of phosphate esters. Phosphate is cleaved from these esters by
enzymes such as phosphatase which is produced by roots of higher plants [71]. Helal and Sauerbeck
[41] showed that phosphatase activity was much greater in the rhizosphere of maize roots than in
bulk soil.

IMPORTANCE OF PHOSPHORUS SUPPLY TO PLANT
GROWTH

No soil can sustain high yields if it is deficient in P. As an essential plant nutrient, P is involved
in a wide range of plant processes from permitting cell division to the development of a good root
system to ensuring timely and uniform ripening of the crop. P is needed most by young, fast-growing
tissues, and performs a number of functions related to growth, development, photosynthesis, and
utilization of carbohydrates [72—76]. P is a constituent of adenosine diphosphate (ADP) and adeno-
sine triphosphate (ATP), two of the most important substances in life processes. Because of the
importance of P for plant growth and yield, many compound fertilizers (NPK) used to correct major
deficiencies in soil contain P as a major element [11].

Optimal plant growth requires P in the range of 0.3—-0.5% of dry matter during the vegetative
growth stage. Dry-matter P contents in excess of 1% may be toxic for most crops. However, many
tropical food legumes are more sensitive to excess P, and toxicity may occur at much lower shoot
P contents, for example, 0.3-0.4% in pigeonpea and 0.6—0.7% in black gram [77]. The partial
productive efficiency of P for grain or seed is higher at early growth stages than at later stages,
because P is needed for tillering or branching. If sufficient P is absorbed at early growth stages, it
will be redistributed to other growing organs.

The most striking effects of P deficiency are reduction in leaf expansion and leaf surface area
as well as total number of leaves [78—81]. The reduction in leaf expansion in low-P leaves is strongly
related to the extension of leaf epidermal cells, which may be attributed to their low P content [82].
The reduction in leaf expansion was found to be related to a decrease in root hydraulic conductivity
[83]. Reduced leaf expansion, auxillary bud growth, and, therefore, shoot canopy reduce the plant’s
photosynthetic surface area and carbohydrate utilization [75,76]. Since cell and leaf expansion are
more retarded than chloroplast and chlorophyll formation [84], a low P supply increases the soluble
protein and chlorophyll content per unit leaf area, resulting in small and darker green leaves [79].
Nevertheless, an inadequate supply of Pi limits the rate of photosynthesis owing to both the short-
and long-term effects of Pi on the development of photosynthetic machinery and metabolism [76].
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In the short term, low Pi might restrict photophosphorylation which should lead to increased energi-
zation of the thylakoid membrane, decreased electron flow, and associated inhibition of photosynthe-
sis. In contrast to the short-term effects, inadequate Pi supply over the long term decreases the rate
of photosynthesis by limiting the capacity for regeneration of ribulose 1,5-bisphosphate in
the photosynthetic carbon reduction cycle. However, the long-term effects of Pi deprivation on
photosynthesis are reversible [85].

Often P deficiency is not easily recognized, because plants may not show symptoms or the
symptoms may be confused with those of other nutrients. The effects of P deficiency, for example,
may resemble those of N deficiency. Stunted growth, suppression of tillering (in monocots) or
branching (in dicots), shorter and more erect leaves, and delayed flowering are common effects of
P deficiency in many crops. As indicated above, older leaves may be darker green or, in more
extreme deficiency, may turn purple.

Root growth in P-deficient plants is relatively less inhibited than shoot growth, leading to an
increase in root to shoot dry weight ratio [85—88]. In the forage legume, Stylosanthes hamata, shoot
growth declines rapidly, but roots continue to grow under low P supply, not only because most P
is retained but also because there is additional net translocation of P from the shoot to the root [89].
The maintenance of root growth at the expense of shoot growth is correlated with an increase in
partitioning of carbohydrates toward the roots of P-deficient maize [90] and beans [91], which is
indicated particularly by a steep increase in the sucrose content of the roots. The greater assimilate
importation and sugar accumulation in the roots appears to be an early plant response to P deficiency
[92]. The increase in dry weight and carbohydrate status in P-deficient bean roots was also associated
with an increase in alternative respiration (cyanide-resistant pathway) which can be reversed within
a few hours after P resupply to low-P plants [93]. The absence of chlorosis and maintenance of a
high level of root growth in P-deficient bean plants was attributed to stimulated sucrose transport
to roots due to unimpaired phloem loading [94]. This stimulation is probably related to the repressed
sink activity in shoots; that is, reduced leaf expansion and shoot growth rate [85,95,96]. There is
also evidence for an enhanced elongation rate of individual root cells and roots of low-P plants
[97]. In certain plant species, a low P supply results in the formation of ‘‘proteoid roots’’ which
are clusters of determinate lateral roots [98].

In addition to the aforementioned effects on vegetative growth, a low P supply also limits
the formation of reproductive organs. Premature leaf senescence, delayed flower initiation [99],
decreased number of flowers [100], and restricted seed formation [101] all contribute to yield reduc-
tions under P-limited conditions.

PHOSPHORUS REQUIREMENTS OF TROPICAL CROPS

The P requirements of plants are defined both in terms of their ‘‘internal’’ requirements and their
“‘external”’ requirements for plant growth and yield. Genetic variation in plant adaptation to low-
P soils may be related to external and internal P requirements. The internal requirement is the
minimum uptake by a plant associated with a specific yield, usually near maximum growth [38].
It may also be expressed in terms of concentration; hence the term critical concentration for optimal
crop growth or yield. Plants take up P as phosphate ions from soil solution and, hence, the external
P requirement of plants is the P concentration in soil solution associated with adequate nutrition or
growth [38].

Concentration of P in soil solution is very dilute (in the order of 0.01-0.6ug P mL™") [40,102]
and is rapidly depleted by growing roots in soil. Depletion of Pi in the soil solution at the root
surface results in the establishment of a concentration gradient between the root surface and the
bulk soil solution, a short distance away from the surface. As solution Pi falls below its equilibrium
concentration, it is replenished by labile Pi desorbed from clay mineral surfaces adjacent to the roots
[38]. Pi thus moves from the adsorbed forms on clay surfaces into solution and along a concentration
gradient to the root where the concentration is lowest. The depletion of P observed at the root surface
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TaBLE 2 Internal and External P Requirements of Seven Plant Species for 80% of
Maximum Growth

P content in dry matter Soil solution Fertilizer application
Plant species (g kg™ (uM P) (mg P kg™ soil)
Onion 1.4 6.9 170
French bean 2.0 4.6 90
Winter wheat 2.8 1.2 40
Ryegrass 3.3 1.4 50
Rape 3.9 1.4 50
Tomato 4.5 5.7 110
Spinach 8.3 4.6 90

Source: Adapted from Ref. 107.

shows that plants are able to create almost the maximum possible P concentration gradient between
bulk soil and the root surface [103]. This is important for the movement of P toward the root surface,
because gradient is the driving force of diffusive flux. On the other hand, P depletion may imply
severe restriction of P influx into plants, because P influx depends on the concentration at the root
surface.

Although the external P requirement for a particular plant varies little between soils, the
amount of labile Pi needed to provide a certain Pi concentration in soil solution depends on soil
mineralogy and texture [38,104]. In P-limited tropical soils, the quantity of labile P may be insuffi-
cient to maintain Pi solution concentration against depletion by plant roots. Adsorption isotherms
have been used to establish the relationship between adsorbed (labile) Pi and solution Pi concentra-
tion for a wide variety of soils [38]. Based on these, P fertilizer applications are used to adjust
solution Pi to the desired concentration for adequate crop nutrition. With their capacity to adsorb
large quantities of P from solution, P-limited tropical soils often require much higher applications
than Temperate Zone soils.

The P concentration in soil solution (external P requirement) necessary to achieve maximum
growth differs widely among crops. Using flowing solution cultures, Asher and Longeragan [105]
showed a 25-fold difference in external P requirements among 8 plant species and Asher [106]
reported a 200-fold difference for 18 species ranging from Stylosanthes guianensis to cassava. Exter-
nal P requirements of a range of crops and vegetables estimated in the field on Hawaiian Oxisols
using adsorption isotherms were equally variable [38]. Kamprath and Watson [102] summarized
external P requirements for several temperate and tropical crop species in the range of 0.06—0.68
ug P mL~!. Requirements summarized by Fohse et al [107] also demonstrate wide variation in
external P requirements as well as internal requirements (Table 2). There was no correlation between
internal and external P requirements (e.g., wheat vs onion). These data indicate that the differences
were mainly due to differences in the P-acquisition efficiency of the root systems.

MECHANISMS WHICH IMPROVE PHOSPHORUS
ACQUISITION

Phosphorus acquisition by plants depends on the morphological and physiological characteristics
of the root system, because the relative immobility of P in soil makes P acquisition by the plant
very dependent on soil exploration in time and space [14,103,108,109]. Research in germplasm
development for the past 20 years has resulted in the identification of superior tropical crop and
forage germplasm adapted to low P soils [9,15,110-120]. Crops and forages that are genetically
adapted to low P—supplying tropical soils are often characterized by a low P requirement and/or
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increased efficiency in absorbing P from soils of low P status, and in utilizing P for plant growth.
Identification of plant attributes and mechanisms that contribute to the P efficiency of these crop
and forage genotypes, however, remains a major research challenge. Below we consider both root
morphological and physiological characteristics implicated in improved P acquisition.

Root Morphological Characteristics

The roots of annual crops have a volume that is usually less than 1% of the soil volume they occupy
[103]. Therefore, crop roots contact less than 1% of the total available P in the soil, an amount which
is usually only a small fraction of the crop’s requirement. Several root morphological characteristics
including length, diameter, number, and duration and length of root hairs, as well as mycorrhizal
associations, are very important in determining the efficiency of P acquisition from low-P soils.

Root Growth and Distribution

Efficiency in P acquisition depends markedly on rooting density and root distribution in the soil
profile. Both parameters depend on plant genotype, soil chemical and physical properties, and crop-
ping system (e.g., rotation). The rooting depth of most annual crops increases as the growing season
progresses, although it is rare for it to increase much after anthesis in determinate crops such as
the cereals. Indeterminate legume crops continue to allocate assimilate to the root system during
early pod filling. Consequently, the total size of the root system continues to increase, although
usually at a lower rate than before flowering. Compared with annual crops, perennial forage species,
particularly grasses, develop more vigorous root systems as an adaptive feature to low P availability
in tropical soils [55,121]. Differences in root growth and distribution to a large extent explain the
differences among cultivars in P acquisition [122—124] or the competitive advantages of grasses
over nongrasses at low P supply [121,125].

The importance of root size in P acquisition was convincingly demonstrated using maize
isolines differing in the ‘‘rootless’’ gene [126,127]. A monofactorial inherited mutation caused
a drastic reduction in the growth of crown roots of the ‘‘rootless’” isoline [128]. Under limited
P—supply conditions, total dry matter production of the ‘‘normal’’ line significantly exceeded that
of the “‘rootless’” line and P acquisition was strongly correlated with root dry weight for both
isolines. However, the advantage of the ‘‘normal’’ line vanished with the increase in P supply. Otani
and Ae [129] found the opposite effect in their examination of the relationships between P uptake
and root length, as affected by soil volume and soil P status, in field and pot experiments for several
crops, including buckwheat, castor, peanut, pigeonpea, sorghum, and soybean. P uptake by crops
was strongly correlated with root length in soils where P availability was high, but not in soils with
low P availability or where volume is limited. These results suggest that additional mechanisms
besides root length are involved in P acquisition.

Root Diameter

The fineness of the root system (root diameter) is an important attribute that determines P acquisition
from low-P soils [103,130]. This is because root diameter defines the maximum volume of soil which
can be exploited with a given amount of photosynthate. If a fixed proportion of photoassimilates is
used for root growth, a much greater root length can be achieved by reducing root diameter; that
is, specific root length (Iength of root per unit root weight) increases [131]. Root diameter varies
between species and cultivars and changes as plants age [132,133]. There are large variations be-
tween monocotyledonous and dicotyledonous species [134,135] (Table 3). The greater root diameter
of dicots than monocots could be due to (a) a need for a greater surface for symplastic loading and
(b) a greater need for basic cations. The variation in root diameter among closely related species
was found to be greatest when plant growth is limited by P supply [131]. A comparative study of
two wheat cultivars, a modern (‘‘Cosir’’) and a traditional (‘‘Peragis’’), indicated that the larger
specific root length of the modern cultivar contributed to the greater P-acquisition efficiency [136].
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TaeLe 3 Morphological Characteristics of Roots of Seven Plant Species

. Root-hairs
Root radius
Plant species (mm) Density? Average length® Total length® Surface area®
Onion 0.029 1 0.05 0.3 0.1
French bean 0.145 49 0.20 11.8 0.4
Winter wheat 0.077 46 0.33 20.4 1.3
Ryegrass 0.066 45 0.34 17.1 1.3
Rape 0.073 44 0.31 18.6 0.7
Tomato 0.100 58 0.17 13.7 0.7
Spinach 0.107 71 0.62 41.4 1.9

2 Number per millimeter of root length.

® Millimeter per root-hair.

¢ Millimeter of root-hairs per millimeter of root length.

4 Square millimeter of root-hairs per square millimeter of root axis.
Source: Adapted from Ref. 137.

Root-hair Development

The formation of root-hairs is one of the most efficient ways to increase P acquisition. Jungk and
Claassen [137] found the influx of P per unit root length greatly enhanced by root-hairs. This can
be explained by the enlargement of the root surface area and because root-hairs penetrate the soil
perpendicular to the root axis, giving access to a larger volume of soil per unit root length. Conse-
quently, P-depletion profiles are found to differ in their radial extension depending on root-hair
length [138]. Assuming a frequency of 100 mm™', a radius of 0.005 mm, and a dry matter content
of 5%, Clarkson [139] calculated a threefold increase in surface area could be achieved at an expense
of less than 2% of root dry matter.

There is marked variation among crops in the number and surface area of root-hairs per unit
root cylinder (see Table 3). Differences in P acquisition among several crops may be explained by
differences in root-hair length [140,141]. Root-hair length was 0.28 mm in cotton and 0.77 mm in
rape, so that 1-cm length of cotton root would utilize a volume of 19 mm ?, whereas an equal length
of rape root would utilize 41 mm?® [141]. Thus, for cotton, the soil would be completely explored
by a root length density of 52 cm-cm ™ but rape would require a density of only 24 cm-cm>. The
major benefit of root hairs in P acquisition seems to be that they enable the root system to operate
effectively with low P concentrations in the soil solution. This demonstrates the importance of root
diameter and the peculiar geometrical arrangement of root hairs in soil.

Plant breeding for low-P soils could involve selection for root-hair length. Selection for root-
hair length improved P-acquisition efficiency of white clover [142]. In the case of wheat, the
P-efficient variety had longer root-hairs (1.37 mm) than the less efficient variety (1.19 mm). How-
ever, a major limitation for using root-hair length as a selection criterion could be the high environ-
mental variability of this trait [143,144].

Mycorrhizal Association

Mycorrhizae colonize the root systems of most plants and serve as an extended link between plant
roots and soil [145]. These links are very important in increasing the efficiency with which root
systems can acquire P, since the external hyphal system enables the roots to exploit a larger soil
volume. When root exploration of the soil is restricted by low P supply, up to 80% of the plant P
can be delivered to the host plant by the external arbuscular-mycorrhizal (AM) hyphae which explore
soil to a distance of more than 10 cm from the root surface [146].

Associations of AM fungi are almost universal in the roots of plants in the tropics. Although
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roots of most crops are colonized with AM fungi, the mycorrhizal efficiency of P acquisition proba-
bly varies markedly among crop species. Cassava has a higher AM dependence than Stylosanthes
guianensis, cowpea, beans, Andropogon gayanus, maize, or rice [110]. Because of its thick roots
and poorly branched root system, cassava will not grow without AM infection except in soils with
extremely high available P [147-149]. Many other important tropical crops in addition to cassava
are also highly dependent on mycorrhizal associations for adequate supplies of P when no P fertilizer
is applied [110].

The impact of crop management (e.g., rotations and green manures versus monocultures) on
P acquisition may be an indirect way of affecting mycorrhizal infection potential in the soil and
root colonization with AM. In natural ecosystems, significant associations between roots, mycorrhi-
zal fungi, and decomposing organic materials can be observed [150]. By this means, plants can
achieve very close contact with sites where nutrients are being released by the processes of decompo-
sition. Thus, systems which promote mycorrhizal associations may well be used to influence P
acquisition by components and directly reduce P-fixation processes and increase P cycling.

Soil and crop management practices (crop sequence, tillage, fertilizers, pesticides) can influ-
ence the total quantity of AM development [151]. Thus, changes in cropping systems and fertilizer
applications that affect the soil environment should affect both roots and AM colonization [152].
In continuous monocultures of corn or soybeans, detrimental species in the mycorrhizal fungal com-
munity increase relative to beneficial species [153]. In time, crop vigor declines under monoculture,
because populations of beneficial AM fungal species decrease. Using different plant hosts, different
populations of AM can be built up in the soil around the root system [154].

Mycorrhizal association could reduce the overall retention of carbon in the plant-fungus sym-
biosis by increasing carbon in roots and belowground respiration, and reducing its retention and
release aboveground [155]. A shift in allocation of carbon in mycorrhizal plants to pools that are
rapidly turned over (primarily to fine roots and fungal hyphae) could alter the size of belowground
carbon pools as well as the quality and, therefore, the retention time of carbon belowground. Should
this occur, mycorrhizal associations could significantly increase the rate of cycling of N, P, and S
through organic pools in litter and soil organic matter. There is some evidence that mycorrhizal
fungi, in certain cases, may directly recycle P from litter [156]. In addition, there is evidence that
roots influence decay rates. It is therefore important to define both the magnitude of these effects
and the circumstances under which they operate.

In view of the various possible effects of mycorrhizae on plant growth [145,157], a better
understanding of the host-mycorrhizal interactions is necessary to be able to predict the capacity
of external mycelium to acquire P for the host under various conditions. There is also a need to
characterize the conditions at the hyphae-soil interface which may influence P availability in soil.

Root Physiological Characteristics
Phosphorus-Uptake System

The uptake of Pi across the plasma membrane of a plant cell proceeds via 2H*/H,PO,-cotransport
driven by an electrochemical proton gradient [158]. This proton-cotransport mechanism has been
found in the Pi-uptake system of Lemna gibba [158], corn [159], and Catharanthus roseus [160].
Recent studies on phosphate transporters of different species indicate that the mechanism of P uptake
at the cellular level is remarkably similar among organisms [161-164].

Under conditions of P deficiency, an enhanced P-uptake system may be induced [165]. This
enhanced P-uptake system causes a rapid accumulation of P in leaves once the availability of Pi to
roots is improved [85,166]. Under conditions in which the rate-determining step in P uptake is
located in the root, P uptake will increase if root length per unit plant weight and maximal net influx
per centimeter of root length (I,,,,) increase and the Michaelis-Menten constant (K,,) and minimum
concentration (C,;,) decrease [167].

Large genotypic differences in the efficiency and kinetics of P uptake from soil have been
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reported [168]. However, the assessment of the kinetic parameters (I,,.x, K, and C,;,) characterizing
the uptake system of a genotype is complicated by at least three factors [136]: (a) the plasticity of
the system in response to the P status of the plant [137,169], (b) the differences in P uptake along
roots [170,171], and (3) the dependence of P uptake on plant growth rate [172]. Thus there is general
agreement that the efficiency of the uptake system is of minor importance for P acquisition from
soils, because transport of P to the root surface rather than the uptake is the limiting step [103].
Therefore, it is less likely that selection for an efficient P-uptake system will contribute to more
efficient P acquisition from low-P soils.

Phosphorus Mobilization in the Rhizosphere

In low-P soils, root-induced changes in the rhizosphere may be particularly important in P acquisi-
tion. There is increasing evidence that root release of organic acids (especially malic acid, citric
acid, and perhaps oxalic acid) are key components in this respect. Organic acids differ markedly
in their capacity to complex Fe and Al and thus solubilize the respective P compounds in soil bound
by these ions. An example of this high specificity was seen in pigeonpea which releases a particular
acid (piscidic acid) that complexes Fe but not Ca [111]. Accordingly, pigeonpea is highly P efficient
on Alfisols where P is bound predominantly as Fe-phosphates but not on Vertisols where P occurs
predominantly as Ca-phosphates. The release of organic acids is enhanced under conditions of P
deficiency [173—175]. Aluminum tolerance in certain crop species is associated with the release of
organic acids stimulated by monomeric Al species in soil solution [176]. It is expected that both
mechanisms are important in mobilizing P from sparingly soluble sources in the root rhizosphere
in low P-supplying tropical soils. In addition to these two mechanisms, Ae et al. [177] proposed
that cell walls of plant roots are involved in P-solubilizing activity. Their results indicated that
groundnut root cell walls had a higher P-solubilizing activity than those of soybean or sorghum.
Thus, there is a need to further examine ‘‘direct contact reactions’’ between the root surface and
P minerals.

Organic P forms in infertile tropical soils probably contribute significantly to plant P nutrition,
particularly in natural ecosystems [178]. Root exudation of acid phosphatases (ectoenzymes) is
common in plants and is usually enhanced under P deficiency [179]. The kinetic constants of secreted
acid phosphatase enzymes from roots may be used as an indicator of the P stress tolerance of plants
[180]. Secretory acid phosphatase can liberate bound P from soil [181] and have been shown to
deplete organic P in the rhizosphere of lupin roots within about 2.5 mm of the root surface [182].

A comparative study using 16 plant species indicated a marked variation in the secretion of
phytase from roots of P-deficient plants [183]. Secretion of phytase was highest in Brachiaria decum-
bens CIAT 606, Stylosanthes guianensis CIAT 184, and tomato. It is speculated that the secretory
phytase could provide an efficient mechanism for wide adaptation of the tropical forage grass B.
decumbens CIAT 606 (planted on over 40 million ha) to the low P—supplying tropical soils of Latin
America. Studies of enzyme activity at the soil-root interface [180,184] may help to identify geno-
types which are more efficient in mobilizing organic P sources in soil.

At least some species of AM fungi also show acid phosphatase activity at the external hyphae,
effectively utilizing organic P (Po) (e.g., Na phytate) and supplying it to the host plant [185]. There
is a need to evaluate the capacity of hyphae, roots, and mycorrhizal roots to utilize these various
forms of Po using compartmented pots [185,186].

MECHANISMS WHICH IMPROVE PHOSPHORUS
UTILIZATION

In addition to possible genotypic differences in P acquisition, plant adaptation to P-limited tropical
soils can be partially attributed to inherent genotypic differences in P use efficiency (PUE). From
the agronomic point of view, the amount of total biomass and/or economic yield produced per unit
of acquired P indicates PUE [187—-189]. As defined, such efficiency is controlled directly or indi-
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rectly by plant traits and mechanisms related to basic metabolism [190], by patterns of partitioning
and remobilization of P among different organs and tissues [12], and perhaps mostly by the capacity
of the plant to accumulate dry matter owing to efficient utilization of P in plant metabolic processes.
A comparison of the amount of P taken up by various crops to produce 1 ton of yield is shown in
Table 4 [149,191-193]. Beans and soybeans stand out as the most P-demanding crops.

PUE is sometimes considered to be the inverse of P concentration [194—197]. This definition
may be more useful in describing the current dynamics of P acquisition in relation to P utilization.
PUE can also be defined as a response (measured in dry weight) for a given increase in P content
during a given increment of time [14]. All plants exhibit an increase in PUE under conditions of
P deficiency [86,198—200], because (a) a larger proportion of plant biomass is allocated to tissues
with low P concentration (e.g., roots as contrasted with leaves or reproductive organs); and (b) P
storage in vacuoles declines [201] and structural and nonstructural carbohydrates increase
[76,86,202].

Efficient utilization of P acquired from low-P soils is dependent on a number of plant attributes
[12,15], including (a) high—dry matter yield per unit of P acquired, (b) growth duration and plant
type, (c) partitioning of P between different pools within the plant, (d) translocation and partitioning
of P within the plant, (e) redistribution of previously assimilated P, (f) leaf death rate, and (g)
partitioning of a greater proportion of biomass to harvestable yield. When the P supply limits plant
growth, higher plants undergo changes in a number of shoot and root attributes [86,121,201,203].
Among them are a marked reduction in leaf area production [78,79], an increase in P-uptake capacity
per unit root length [204—208], an increase in root to shoot ratio [79,209,210], changes in the mor-
phology of the root system [107,118,211], and an increase in the proportion of total P partitioned
to roots [209,212,213]. Several studies indicate that P-efficient species have a high ability to re-
translocate P from inactive to active tissues [201,214-216]. Several of these plant attributes may
be significantly affected by association with AM fungi [14,150].

TaBLe 4 Comparison of P Uptake and P Taken Up per Unit of Economic Yield by Various
Crops

Total P uptake Total P uptake
Yield and removal per unit yield
Crop Plant part (kg ha™") (kg P ha™") (kg P t " yield)
Maize Grain 9,416 26 4.67
Total 19,496 44
Rice Grain 5,380 10 2.97
Total 10,990 16
Wheat Grain 2,690 12 5.58
Total 6,050 15 9
Beans Grain 940 3.6 9.68 2
Total 9.1 &
Soybeans Grain 3,000 22 8.33 £
Total 6,700 25 =
Cassava Roots 13,530 13.2 1.75 <
Total 23.7 .l
Sweet potato Tubers 10,520 18 2.85 2
Total 16,660 30 a
Potato Tubers 11,850 34 3.71 &
Total 18,250 44 =
Sugarbeet Tubers 11,180 29 4.11 z
Total 17,040 46 %
o
!

Source: Adapted from Refs. 149 and 191-193.
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When the P supply is limiting in soil, plants have to make most efficient use of the P that
they have acquired. Improvements in P use efficiency can be achieved by at least two major mecha-
nisms: (a) changing the partitioning of P among plant parts and (b) increasing the metabolic effi-
ciency of P at the cellular level. These are discussed in the following sections.

Partitioning of Phosphorus Within the Plant
Remobilization of Phosphorus Within the Plant

The ability of crop plants to remobilize P from vegetative to reproductive organs and forage plants
from senescing to growing points may form an important mechanism that allows plants to improve
the utilization of acquired P [15]. Any factor that affects plant growth (and therefore P demand)
will alter PUE. For example, the degree of P remobilization from leaves increases when there are
P sinks such as reproductive organs present; this results in reduced leaf P concentration (i.e., in-
creased PUE). On average, about 50-75% of the P contents are retranslocated from a leaf before
itis shed [217,218]. Comparison of two white clover cultivars has shown that the more P-responsive
cultivar was better able to remobilize P from senescing tissue to growing points than the less
P-responsive cultivar [219]. Populations of white clover collected from low-P soils had a lower
proportion of dead leaf to total leaf than populations from high-P soils when grown in solution
culture [220]. Several researchers found that species adapted to low-P soils generate a lower propor-
tion of dead leaf to total leaf material when under P stress than species from high-P soils [221-
224].

Based on nutrient harvest indices in soybean, it has been suggested that more seed P than N
is derived from remobilization [225,226]. From these studies, it appeared that P nutrition and the
remobilization of vegetative P to reproductive structures may be closely associated with leaf senes-
cence and productivity. But subsequent studies using soil P treatments showed that P nutrition, in
general, and specifically P remobilization from leaves, does not exert any regulatory control on the
process of leaf senescence [227], and seed development in soybean may occur independently of
net P remobilization [228].

Snapp and Lynch [229] measured P remobilization from roots and leaves and examined the
influence of P nutrition on remobilization patterns and tissue longevity in the common bean cultivar,
“‘Calima.”” Using a split-root system and *P tracer, they demonstrated that low-P roots successfully
competed with reproductive tissues for available P. Retention of P in low-P roots was in contrast
to remobilization of P from leaf and stem to grain in both low-and high-P plants. They suggested
that root P retention may allow roots to sustain nutrient and water uptake late in the ontogeny.

Common bean lines with low P concentration in shoot tissue retained more P in roots and
older leaves under P-deficient conditions than lines with a high P concentration [230]. The greater
remobilization of P in bean lines with a high P concentration could be attributed to greater P require-
ment to maintain normal metabolic activity in growing tissues. But in the case of a forage legume,
white clover, there was no evidence that populations from low-P soils were more effective in remo-
bilizing P from senescing leaves than populations adapted to high-P soils [220]. When both popula-
tions were grown in low-P soils, the P concentration in dead leaves did not differ, indicating that
differences in remobilization of P from leaves prior to senescence or abscission were not a significant
adaptive feature of white clover populations growing on low-P soils [231]. Thus, the contrasting
patterns of P remobilization from older leaves between common bean and white clover may indicate
the importance of maintaining greater P concentration in the grain of crop plants.

Phosphorus Status of the Harvested Organ

The concentration of P in the harvested organ (grain) is important, because (a) it indicates the amount
of P used to produce a kilogram of harvested organ; (b) high-yielding genotypes with low grain P
concentration would remove less P from the soil and therefore reduce the cost to produce each ton
of grain; and (c) reduction of grain P concentration would also lower the concentration of phytic
acid, an antinutritional factor [232,233]. However, high grain P concentration may have some bene-
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fits, including greater seedling vigor and higher grain yield if the seed is used to grow the following
crop [234,235].

Glasshouse and field studies using a genetically diverse range of wheats indicated that the
concentration of P in grain was negatively correlated to the harvest index (grain dry weight/grain
+ straw dry weight) [236,237]. However, the strength of this relationship varied between seasons
and the level of fertilizer P application [237]. Based on these data, it appears that, if adequate
selection pressure is applied, higher or lower grain P concentrations can be achieved. However,
attempts to retain P in vegetative tissues may be counterproductive, because a reduction in the supply
of P to developing grains could result in smaller grain size [238].

Efficient Utilization of Phosphorus at the Cellular Level

A number of tropical crop and forage species can grow normally with low tissue P concentrations
owing to efficient utilization of P among the major biochemical fractions. Several studies have
indicated that the differences in utilization of P fractions (soluble P, Lipid P, and residue P) may
form the basis for the identification of plants tolerant to low-P environments [73,196,210,239].
Comparative studies between lotus and white clover suggested that changes in the pi concentration
in tissues may affect the ability of species to survive under low-P environments [240]. Lotus, which
maintained relatively low tissue Pi concentrations, was found to be more tolerant to low-P conditions
than white clover, which exhibited high-Pi concentrations in the tissues. Leaf Pi concentrations are
also known to regulate plant growth, photosynthesis, and carbon partitioning [76,85]. Leaf Pi values
correlated most closely with relative grain yields (R* = 0.89) of pot-grown barley in mineral soils
[241].

It is possible that species which have a relatively small ‘‘pool size’” of Pi would be able to
maintain high metabolic activities at the low external Pi supply and therefore be adaptable to low-
P soils. On the other hand, Chisholm and Blair [196] concluded in their experiment with white
clover and stylo that differences between species or cultivars in lipid P stability may form the basis
for the selection of plants tolerant to low-P conditions. Adu-Gyamfi et al. [242] compared the degree
of P tolerance in soybean and pigeonpea based on the utilization of P fractions, especially at low-
P conditions. They found that pigeonpea is more tolerant to low-P conditions compared with soy-
bean, because it maintains relatively low tissue concentration of Pi owing to the efficient incorpora-
tion of the external Pi into residue P. The importance of intracellular compartmentation of P and
metabolic utilization of P for plant adaptation is discussed below.

Intracellular Compartmentation of P

The pioneering work of Bieleski and his associates [73], using radioisotopes, showed that the cyto-
plasm and vacuole work as distinct compartments for Pi at the cellular level in plants. Intracellular
Pi compartmentation studies using *'P-NMR (nuclear magnetic resonance) indicate that, under Pi
deficiency, the vacuole acts as a Pi reservoir to maintain a constant cytoplasmic Pi concentration
[76,243,244]. Measurements of in vivo changes in intracellular distribution of Pi in soybean leaves
as affected by P nutrition, using *'P-NMR, indicated that the cytoplasmic P pool, and the leaf carbon
metabolism dependent on it, are buffered by the vacuolar P pool until the late stages of reproductive
growth [245]. Using **P-labeled Pi, and an autoradiographic measuring system highly sensitive to
beta irradiation, Mimura et al. [246] visualized and measured the retranslocation of Pi in the same
plantlet. Under Pi deficiency, the cytoplasmic Pi concentration of the first leaf remained constant
until 16 days after sowing whereas vacuolar Pi was completely exhausted after 8—10 days. The
exhaustion of vacuolar Pi in the first leaf coincided with the appearance of the second leaf. They
suggested that various membrane-transport systems, that is, the plasma membrane and the tonoplast,
play important roles in Pi homeostasis and translocation. Further research is needed to measure the
changes in the Pi-transport activities of these membranes during plant growth with a limited Pi

supply.
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Metabolic Requirements of P

Differences in the utilization of leaf P fractions (soluble P, lipid P, and residue P) may form the
basis for genetic differences in plant adaptation to a low P supply in soil [15]. Species with a low
leaf Pi “‘pool size’” may be able to maintain high metabolic activity at a low external Pi supply
and therefore be adapted to low-P soils. Jeschke et al. [247] compared, for the first time, complete
inventories of uptake, transport, and utilization of C, N, and H,0 between and within organs of
intact castor bean plants deprived of P at a given growth state. Despite much lower intakes under
P deficiency, the general patterns of flows and partitioning of C, N, and H,O, in comparison with
the P-sufficient plants, appear to be well coordinated and well adapted toward allowing the plants
to withstand the disadvantageous P deficient conditions. They suggested that the formation of a
proportionally larger root system in P-starved plants would clearly offer a means of adaptation to
a deficiency of P supply.

GENETIC ADAPTATION TO LOW PHOSPHORUS SUPPLY
IN SOIL

Several physiological attributes of plants can exhibit considerable genotypic variability in their ex-
pression, a high degree of stability in genotype ranking across environments, and in some cases a
high narrow sense heritability so that improvement through recombination and selection may be both
effective and relatively straightforward [248]. Genetic variability for the trait or traits in question and
the ability to manipulate this genetic variability for improvement of desirable traits are two essential
components for enhanced genetic adaptation of crop and forage species and cultivars to a low P
supply in tropical soils. However, plant breeders are aware of the fact that selection for a single
desirable trait can often have deleterious effects such as (a) poor field adaptation as a result of
ignoring the general agronomy of the crop and (b) concomitant changes in other desirable traits
which are of adaptive significance. Genotypic variation in plant traits related to P acquisition and
utilization has been observed in a number of crop and forage species [112,115,123,168,188,233,249—
265] (Table 5). Since a number of shoot and root traits contribute to P acquisition and utilization,
determining the genetic control of these traits becomes a major research objective [13,266].

Shoot Traits

Reciprocal grafting experiments indicate that shoot factors rather than root factors regulate P uptake
per unit root size [267]. This is because removing a part of the shoot, by cutting, reduced P uptake
per unit root weight. But removal of half of the root system from the P supply, either by splitting
root systems or root pruning alone for approximately 3 days, had no effect on P uptake per unit
root weight [268]. It may be that the rate of P absorption is quite strictly regulated by biochemical
factors which vary with the rate at which P is utilized for plant growth [269]. There is evidence
that P uptake is regulated primarily by Pi concentration of the root cell [270] which largely reflects
the P status of the shoot [271]. Increase in the root Pi concentration improved P-acquisition efficiency
of the tropical forage legume Arachis pintoi [265].

Screening of several hundred accessions of wheat for tolerance to a low P supply in soil
showed that lines with a higher harvest index had greater and more consistent grain yields compared
with lines with a low harvest index [272]. High P efficiency in other wheat genotypes was also
associated with high harvest indices [233].

Field and pot studies were conducted to evaluate genetic variation in diverse bean germplasm
for P efficiency on soil types with contrasting P chemistry and to assess possible relationships be-
tween dry matter distribution, P partitioning, and yield [254,255]. They found no evidence for spe-
cific adaptation to low P availability in volcanic or mineral soils. They also showed that vegetative
and reproductive responses to low P availability are not correlated.
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TaBLe 5 Summary of Studies Identifying Genotypic Differences in P Acquisition and
Utilization in a Range of Crop and Forage Species

No. of
Species genotypes Shoot and root traits measured Reference
Crops
wheat 23 Grain yield, P uptake, root dry weight, 188
P harvest index
20 Harvest index, grain P concentration 233
9 P uptake, root length 123
corn 9 inbreds Dry matter yield, P uptake, root to shoot 112
ratio
rice (upland) 20 Dry matter yield, root length, P uptake, 249
P use efficiency
barley 7 Dry matter yield, P uptake, net P influx 168
rate
sorghum 8 parents and Dry matter yield, P uptake 250
16 hybrids
2 Dry matter distribution, P distribution, 251
P uptake
pearl millet 12 Grain yield, dry matter, P uptake, P use 252
efficiency
cassava 4 Root yield, root length density, P uptake, 115
P use efficiency
bean 26 Shoot growth, P distribution 253
16 Shoot growth, root growth, P accumu- 254
lation
12 Grain yield, yield components, P distri- 255
bution
6 Shoot biomass, root biomass, P accumu- 256
lation
cowpea 20 Grain yield, root dry weight, P use effi- 257
ciency
5 Shoot dry matter, P uptake 258
pigeonpea 2 Dry matter yield, root length, root surface 259
area, P translocation, P distribution
soybean 2 Root carbohydrates, P uptake 260
mungbean 3 Shoot dry matter, nodulation, N, fixation 261
Forages .
white clover 98 Shoot dry wt., root dry weight, shoot P, 262 ?
root P %
6 Shoot dry wt., root dry weight, root hairs, 263 £
P uptake ED
lucerne 2 Shoot dry wt., root dry weight, P uptake, 264 §
P use efficiency =
stylosanthes 4 Shoot dry wt., root dry weight, P uptake, 265 ;E’
P use efficiency A
centrosema 4 Shoot dry wt., root dry weight, P uptake, 265 g
P use efficiency =
brachiaria 4 Shoot dry wt., root dry weight, P uptake, 265 ©
P use efficiency ?
g
o
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Root Traits

Evaluation of the root system as a selection criterion can help to increase productivity and yield
stability [273]. A special synthetic variety of lucerne (Medicago sativa) with a large root system
has been developed which is notable for performance, stability, and persistence [274]. A recent
review [266] summarized the extent of genotypic variation in a number of root traits. Traits
that reflect root system size include root weight, root length, root number, and root volume. Traits
that reflect root morphology include root diameter, primary root length, number of adventitious
roots, root branching, root length density, and root-hair length. In addition to these traits, those that
increase the solubility of sparingly soluble soil P such as, root exudates, root exocellular phospha-
tases and phytases, and root-induced pH changes are also important. At low levels of available P,
total root length, root weight, and extensiveness (mass and surface area) of all roots and root-hairs
were found to be important traits in genetic adaptation of tomato [275] and white clover [142] to
a low P supply. However, these traits were not important when plants were grown with adequate
levels of available P or with mycorrhizal association at low P.

Genetic Manipulation of Traits

The existence of, or potential to create adequate genetic variability in important shoot and root traits,
is a prerequisite to favorable genetic manipulation. Classic plant breeding techniques and/or modern
molecular and cellular biological techniques for gene transfer can be employed to improve plant
adaptation to P-limited environments [13,118,119,276,277], as discussed below.

Use of Classic Plant Breeding Techniques

Coltman et al. [275] used yield at a low P supply as a selection criterion to identify strains of tomato
that are adapted to P deficiency. They found that broad-sense heritability for yield at a low P supply
varied from 0.61 to 0.67 depending on generation. In the expression of low-P tolerance, dominance
effects were more important than additive genetic variance. Additive gene effects indicate that a
genetic trait is altered by each additional allele whereas dominant gene effects indicate gene action
deviating from an additive condition, such that the heterozygote is more like one parent than like
another.

A study of P-efficiency traits in wheat indicated that P uptake in shoots per unit root dry
weight, which describes the ability of the plant to obtain P from the soil, is a far more beneficial
measure for use in breeding programs than either grain yield per unit P uptake or grain P content
as a percentage of total P uptake [188]. Selection for shoot P concentration has been successful
with realized heritabilities for increased P concentration of up to 0.36 for alfalfa [278] and narrow-
sense heritabilities of 0.42 for wheat [279]. Three major genes [280], probably located on chromo-
some 9 [281], seem to control P concentration of the ear leaf of maize. In sorghum, dominant effects
were found to be more important [250], whereas in wheat, additive genes were responsible for P
utilization (the inverse of P concentration) differences [279]. In common bean, epistatic effects (i.e.,
gene interactions where one gene interferes with the phenotypic expression of another nonallelic
gene[s]) were important [282]. Genetic component analysis in rice suggested that both additive and
dominance gene effects are involved in the inheritance of P-deficiency tolerance [283].

Selections for extremes of root system size have been successful in alfalfa [284], ryegrass
[285], white clover [286], maize [287], spring wheat [288], peas [289], and rice [290,291]. Heritabil-
ities for root weight have been estimated frequently for a number of crop and forage species by
several researchers [266], with a median narrow-sense heritability of 0.53 (mean 0.52 % 0.05).
Heritabilities increased with depth of rooting for root number and root surface area of creeping
bentgrass [292]. For root to shoot ratio and root growth rate, the median narrow sense heritabilities
were 0.52 and less than 0.4, respectively [292].

There has been some inconsistency among studies in determining the importance of additive
and dominance effects on root system size [266]. Both additive and dominance components of
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genetic variation were important for root number in maize [287], root length and weight in spring
wheat [288], root weight and root volume in peas [289], and root length, root number, root to shoot
ratio, and root volume in rice [290,291]. However, only additive gene effects were important for
root length and diameter in rice [293].

Genotypic variation in responsiveness to P application (i.e., growth rate per unit of P applied)
was observed in rice [249,294,295], maize [294], sorghum [12,250], beans [296], and white clover
[297]. In white clover, superior genotypes were identified that combined both tolerance to low P
(i.e., high yield at low P) and an ability to respond to added P [298]. Genetic studies indicated that
high P response (higher dry weight increase per unit of P applied) was dominant over low P response,
and that narrow-sense heritabilities for P response were moderate (0.33—0.66) [299]. The ratio of
dominant to recessive genes in all white clover parents was approximately 2 for P response. More-
over, it was estimated that at least four individual or groups of genes are involved in the P response
[299].

In a breeding program to improve dry bean performance under P deficiency, Schettini et al.
[300] successfully employed one accession of an exotic snap bean germplasm and demonstrated
that quantitative traits such as P efficiency can be transferred into an agriculturally useful genetic
background using the inbred backcross line method. They found, in general, that the lines which
performed well in nutrient solution culture also performed well in a field test in soil moderately
deficient in P.

Use of Molecular and Cellular Biological Techniques

During the past decade, much progress has been made in the use of molecular and cellular biological
techniques to improve plant adaptation to biotic and abiotic constraints. Many of the agronomically
and economically important crops have been transformed so that genes for pest and disease resis-
tance, improved grain or fruit quality, herbicide resistance and more recently aluminum tolerance
from a variety of sources can be and are being inserted [301,302,303,304]. Molecular markers and
associated technologies can assist in map construction and the analysis of the molecular and genetic
basis of quantitative and qualitative traits [305]. Rapid progress in this field has enabled high-density
genetic maps to be made and the location of the genes regulating the expression of physiologi-
cal and agronomic characteristics that are inherited in a quantitative manner to be determined using
a combination of statistical analysis, multiple regression, and maximum likelihood techniques
[306,307]. By analyzing these quantitative trait loci (QTL) for coincidence among traits, it is now
possible to test whether the characteristics are causally related.

The molecular maps produced by restriction fragment length polymorphisms (RFLP) and
random amplified polymorphic DNA (RAPD) have excellent potential for use as tools for gene
mapping of root and shoot traits associated with plant adaptation to a low P supply in soil. QTL
analysis has been used to identify the number of loci in a maize population segregating for tolerance
to low-P stress, their approximate location, and the magnitude of their effect [308]. Six RFLP marker
loci were found to be significantly associated with performance under low-P stress. One marker
locus accounted for 25% of the total phenotypic variation. Additive gene action was predominant
for all of the QTL identified.

Further progress in the use of molecular and cellular biological techniques is dependent on
finding common ground among molecular/cell biologists, breeders, physiologists, and agronomists
to test genes for low-P adaptation and to identify genes that will be useful for yield improvement
under low P availability in soil.

SUMMARY AND CONCLUSIONS

The supply of P to plant roots depends on soil properties such as P content, chemical form of P
compounds, and the mobility of this P in soil. These parameters constitute the P availability of a
soil. The amount of P that a plant can acquire from this available P depends on its root length and
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on several other morphological and physiological properties of the root, including association with
AM fungi. Furthermore, availability and acquisition of P are markedly affected by root-induced
changes in the rhizosphere such as P mobilization by root exudates. Different crops and forages
differ in their ability to extract P from soil, presumably owing to differences in rooting characteristics
and root-AM symbiosis and to differences in their ability to influence and modify the rhizosphere
soil.

When the P supply limits plant growth, higher plants undergo changes in a number of shoot
and root attributes. Among them are a marked reduction in leaf area production, an increase in P
uptake capacity per unit root length, an increase in root to shoot ratio, changes in the morphology
of the root system, and an increase in the proportion of total P partitioned to roots. Several studies
indicate that P-efficient species have a high ability to retranslocate P from inactive to active tissues.
Several of these plant attributes may be significantly affected by association with AM fungi.

Poor adaptation of plants to a low P supply in soil is mostly the result of the inability of
roots to absorb P from soil solution that is low in P supply and then to function metabolically and
physiologically because of the low available P concentration in the plant. Plant adaptation to low-
P soils can be maximized by manipulating the genetic characteristics related to P acquisition and
utilization, by enhancing the symbiosis with mycorrhizal fungi that may increase the soil volume
from which P can be acquired, and by increasing the P supply of the soil through application of
P-containing fertilizers or adjustment in soil pH.

It must be recognized that strategic P inputs are essential components to increased and sus-
tained agricultural production in any agricultural system and in infertile tropical soils in particular.
Resource-poor farmers in the tropics, however, often cannot afford fertilizer inputs. Their best short-
term option for increased production is therefore to use germplasm adapted to poor soils. This
situation conflicts with the demand for a higher food supply to support increasing populations and
the need to protect the resource base against nutrient mining and further degradation. However,
more efficient genotypes may also extract the greatest benefit from applied P and thereby provide
farmers with a greater incentive to apply P fertilizer. Since P acquisition by even the most efficient
genotypes is unlikely to exceed much more than 20% of the total fertilizer P applied to low-P soils,
small strategic P applications based on soil P availability and reduced crop P requirements will
gradually build up the level of available P in the soil. Consequently, the frequency and amounts of
P applications required to sustain production will decrease with time. The challenge, however, will
be to provide farmers with the incentive to begin the process of strategic P application. This is more
likely to succeed if the fertilizer requirements needed to produce an economic return can be reduced
through the use of more efficient crop and forage germplasm.

FUTURE RESEARCH PRIORITIES

Approaches to improve P nutrition of plants involve either manipulation of the plant to improve its
ability to acquire and utilize P or manipulation of the plant’s environment to improve the physical
and chemical availability of P in soil [309]. The former approach involves both the identification
of plant attributes and traits which confer greater efficiency in P acquisition and the selection of
species and genotypes that have a greater capacity to utilize P for maximizing crop/forage yield
within the plant (that is, greater internal P use efficiency). Greater efficiency in P acquisition may
also be achieved by manipulating the symbiosis between plants and AM fungi in soil to maximize
P uptake. Manipulation of the plant’s environment to enable greater acquisition of P may involve
removal of physical and chemical limitations to root growth or activity (such as improving soil tilth
and penetrability and reducing toxicities such as Al). It may also involve increasing the availability
of soil and applied P by reducing the rate of fixation and increasing P cycling in crop-livestock
production systems [55]. There exists a great potential for genetic manipulation of plant efficiency
in P acquisition and utilization.

In view of the various possible effects of mycorrhizae on plant growth [145,157], a better
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understanding of the host-mycorrhizal interactions is necessary to be able to predict the capacity
of external mycelium to acquire P for the host under various conditions. There is also a need to
characterize the conditions at the hyphae-soil interface which may influence P availability.

It is essential to identify differences in P acquisition among crop and forage components from
different P sources and soil P pools in P-limited tropical soils in order to design crop/pasture produc-
tion systems that optimize the use of strategic P inputs. Introduction of forage/cover legume compo-
nents with crop components could stimulate soil P transformations and P cycling that improve the
profitability of P applications to P-limited tropical soils. Economically viable and ecologically sound
P management in tropical soils can contribute not only to sustained crop/animal production but also
to reduced soil degradation.
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Mechanisms Involved in Salt
Tolerance of Plants

BenyamMIN JACOBY

The Hebrew University of Jerusalem
Rehovot, Israel

INTRODUCTION

A large part (about 70%) of the surface of the earth is covered by oceans that comprise a salt solution
with an osmotic potential of about —2.0 MP, derived primarily from sodium and chloride—about
0.5 and 0.6 M, respectively [1]. It is further estimated that a third of the world’s irrigated land has
been salinized to various degrees. This salinization results from an accumulation of salts dissolved
in the irrigation water. Many wild as well as cultivated plants have thus to deal with saline environ-
ments.

A saline environment imposes two principal kinds of stress on plants: an osmotic stress and
a toxicity stress.

OSMOTIC STRESS

The water potential of plant cells generally equilibrates with that of their environment. The water
relations of plant cells and their environment are given by Equation (1) [2]:

Wy = WL =W Y, M

where ¥, = water potential, ¥, = osmotic (or solute) potential, ¥, = turgor, 0 = outside
and i = inside. The water potential of the saline environment, ‘¥';,, is primarily determined by
its salt concentration (';). Exposure of wall-encased plant cells to the low ¥;, of a saline en-
vironment results in equilibration of ¥,,, by cell-water loss and an accompanying decreases of
Wi and turgor (¥,), according to Equation 1. In wall-less cells, such as those of some micro-
algae, turgor is almost nonexistent and Wi, = Wi. In such cells, the lowering of V9, the con-
sequent water loss, and the decrease of Wi, are accompanied by a decrease of W, and of cell
volume.
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Turgor is a prerequisite for plant cell expansion and growth. A simplified description of the
growth in relation to turgor is given in Equation (2) [3]:

G=m(¥, -y 2

where G = growth rate, m = plasticity of cell walls, and y = threshold turgor for cell enlargement.
In a saline environment, growth should, hence, cease if turgor is not regulated. Salt-resistant plants
are able to regulate their turgor within the range of their salt resistance, or they are able to adjust
cell-wall plasticity and threshold values.

Turgor Regulation

Bisson and Gutknecht [4] described the sequence of events occurring in plant cells on external
salinization and decrease of V¢ (Fig. 1): Water exits from the cell, turgor decreases, and water
potentials equilibrate. The turgor decrease is sensed by a ‘‘turgor sensor,”’ apparently in the plasma
membrane. The sensor emits an ‘‘error signal’’ that is transduced to the activation of some biochemi-
cal processes, such as increased solute accumulation or synthesis. Changes in the physical tension
of the cytoskeleton during water stress might be involved in triggering the responses [5]. Enhanced
accumulation and synthesis results in an increase of the amount of solutes in the cell, a transient
decrease of Wi and W, water influx, and eventually recovery of the original (regular) turgor pressure.
During the recovery phase, Wi, and Wi do not change, but the amount of solutes in the cell and
turgor increase concurrently. In wall-less cells, a similar sequence of events regulates volume instead
of turgor.

Some initial error signals resulting from turgor decrease have been investigated. In the salt-
resistant Characean Lamprothamnium [6], a hypertonic salt shock induced a hyperpolarization of
the plasma membrane potential. Concordantly, in red beet tissue slices and some plant roots, a
nonplasmolysing hypertonic DASW, (dilute artificial sea water —0.5 MPa) shock induced an en-
hancement of plasma membrane (PM) adenosine triphosphatase (ATPase) activity; in response to

Turgor
transducer

Turgor
Control pressure
reactions
Water

5 transport
p=
=4
w1
2
=

[=]

)

Osmatic
Net pressure

solute difference

iransport /
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accurmulation L
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Ficure 1 Basic elements of turgor regulation system based on solute and water transport.
Input of system is random fluctuations in environmental water potential and output is turgor
pressure. (From, Ref. 4.)
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a similar (—0.5 Mpa) mannitol shock, enhanced K* uptake could be measured as well. The DASW
shock also induced an increase of the inositol-1,4,5-trisphosphate (1,4,5-IP;) content in the cells
[7] (Table 1), a decrease in PM phosphatidylinositol-4,5-bisphosphate (PtdInsP,) (Table 1), and
phosphorylation of some PM membrane proteins [7] (Table 1). The effects of a DASW shock on
ATPase activity, 1,4,5-IP; and PtdInsP, were observed 1 min after shock application and before
enhancement of protein phosphorylation was evident [8] (Table 1). This sequence of events implied
that protein phosphorylation was not a prerequisite for DASW-induced enhancement of ATPase
activity. All the cited effects of DASW were inhibited by neomycin, an inhibitor phospholipid inter-
conversion and hydrolysis in animals [9] and plants [10]. These cited DASW effects could be in-
duced by secondary butanol in the absence of a DASW shock (Table 1); the latter compound artifi-
cially activates G-proteins [11]. These results indicated that the initial, turgor loss—induced, error
signal involves G-proteins and the phosphoinositide cascade [12]. Changes in PM phosphoinositide
composition may activate the PM ATPase [9,12,13]. Protein phosphorylation may be involved in
subsequent activation of processes responsible for long-term turgor regulation, such as synthesis of
osmoprotective compounds. For example, osmotic stress increased the phosphorylation of spinach
leaf sucrosephosphate synthase, catylized by a Ca?"-dependent protein kinase [14]. In yeast the
protein phosphatase calcineurin was essential for salt tolerance. The latter data indicated that NaCl
adaptation in yeast depended on signal transduction involving Ca** and protein phosphorylation/
dephosphorylation.

Calcium ions also seem to be involved as a second messenger in transduction of the error
signal in the unicellular, wall-less alga Poterioochromonas. In response to an osmotic shock, this
alga regulates volume first by enhanced K* uptake and later by isofloridozide synthesis. The synthe-
sis depends on Ca’*-mediated activation of the enzyme isofloridozidephosphate synthase [15]. Vol-
ume regulation was not hinged on the presence of external Ca**. The Ca** needed for activation
of isofloridozide synthesis should, hence, have originated from an internal compartment, apparently
the vacuole. Calcium release from the vacuoles of plant cells is induced by elevation of cytosolic
1,4,5 -IP; [16]. Increased cytosolic Ca** concentration seems to induce the release of a membrane-
bound protease in Poterioochromonas cells. The protease, in turn, activates isofloridosidephosphate
synthase [15].

Joset et al. [17] distinguish between immediate responses to salt stress, such as those cited
above and long-term adaptations that are protein synthesis dependent. The latter kind of adaptations
reported for higher plants include synthesis of neutral organic compounds; induction of salt stress—
associated proteins, such as osmotin [18] and gluthatione peroxidase [19]; and upregulation of PM
[20] and tonoplast [21] H*-ATPases. Some of the stress-inducible genes that encode proteins, such
as A'-pyrroline 5-carboxylate synthetase, a key enzyme for proline biosynthesis, were overexpressed
in transgenic plants to produce a salt-tolerant phenotype of the plants [22]; the latter results indicated
that the gene products really function in stress tolerance.

Genes induced during water- and salt-stress conditions are thought to function not only in
protecting cells by the production of important metabolic proteins but also in the regulation of genes
for factors involved in the signal transduction cascades of the stress response [23]. The latter include
such factors as protein kinases and phosphlipase C [5,24].

Solutes Employed for Turgor Regulation in Plants

Various organic solutes, as well as mineral ions, in particular Na*, K*, and Cl~, are accumulated
in plants during turgor or volume regulation. Some halophytes, the native flora of saline environ-
ments [25], adjust their solute content mainly with inorganic ions. Suaeda maritima plants grown
in 370 mM NaCl (—1.76 MPa) maintained the ¥, of their leaves at —2.5 MPa and NaCl accounted
for 93% of the accumulated salt [26]. In other plants, such as the marine alga (Porphyra purpurea L.)
[27], sodium is excluded or excreted, and KCl is the major solute accumulated for turgor regulation.
Potassium chloride also comprises most of the solute accumulated in the extremely halophylic bacte-
ria Halobacterium halobium grown in 3 M NaCl, whereas Na* is excreted and maintained at a low
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internal concentration [28]. In other plants, a larger part of the solutes comprise organic compounds.
Thus, in mature leaves of Thinopyrum bessarabicum, a salt-tolerant perennial grass [29], K* and
Na* salts accounted for only 50-60% of the sap ‘¥, in both control and salt-treated plants. In control
plants, the K*/Na* ratio was 60, and it changed to 1.0 in plants treated with 0.37 mM NaCl in the
medium. A survey of salt marsh plants [30] showed low K*/Na* ratios in dicotyledonous halophytes
and high ratios for monocotyledons. The range of K*/Na* ratios for dicotyledons was 0.06—1.19
with a mean of 0.38 * 0.3, and for monocotyledons, it was 0.27—14.2 with a mean of 2.4 = (.6.

Neutral organic solutes make major contributions to turgor regulation in unicellular, slightly
vacuolated algae [31]. A large part of the biomass of plants would have to be diverted to turgor
regulation if organic solutes were the main compound employed for this in highly vacuolated plant
cells. Greenway [32] calculated that for adaptation to 100 mM external NaCl with hexoses, 20—
30% of the total biomass would be needed. Raven [33] analyzed the cost benefit of turgor regulation
with different solutes. These calculations show that 2—4 mol photons of light energy are needed
for the accumulation of 1 osmol KCI or NaCl, whereas 68—78 mol photons are needed for the
synthesis of 1 osmol sorbitol or mannitol, 70—93 mol photons for 1 osmol proline, and 78—101 mol
photons for 1 osmol glycinebetain. The exact amount of mol photons needed in each case depends
on whether the solutes are accumulated in the roots or shoots, and for proline and glycinebetain,
also on the N source—NH,* or NO;".

Energy inexpensive turgor regulation with mineral ions, seems to be limited by the inhibitory
effects of high salt concentrations on various metabolic processes in the cytoplasm. Hence, adjust-
ment to low ¥, with mineral salts is limited in the cytoplasm and largely confined to the vacuoles.
Slightly vacuolated organisms, such as Chlorella, Ochromonas, and Dunaliella, have to use compat-
ible organic compounds for a large part of the adjustment. The same seems to be true for the cyto-
plasmic compartment of vacuolated cells.

Cytoplasmic Compartmentation of Organic Solutes

Various lines of evidence indicate that, in response to salt stress, organic solute accumulation in
vacuolated plant cells is primarily restricted to the cytoplasmic compartment (cytosol and cyto-
plasmic organells). As the cytoplasm constitutes only 5—10% of the osmotic volume [34] of vacuo-
lated cells [35], relatively small amounts of solute can account for the adjustment therein to high
external salt concentrations.

Cytoplasmic confinement of digeneaside (2-D-glyceric acid o.-D-mannopyranoside) accumu-
lated under saline conditions is indicated for the marine red alga Griffithia monilis L. [36]. Digenea-
side concentration decreased in the cells of this alga with cell size and concomittant vacuolization.
The digeneaside/chlorophyll a ratio of the cells however did not change (Table 2). These relations
indicated that digeneaside accumulation was restricted to the cytoplasm that also contains the chloro-
phyll. Confinement of organic solutes to the cytoplasm was also shown for Mesembryanthemum
crystallinum. Exposure of this plant to 0.4 M NaCl was accompanied by pinitol (1-D-3-O-methyl-

TaBLE 2 Variation of Digeneaside Concentration with Size of Griffithia
monilis Cells?

Digeneaside Chlorophyll a Digeneaside
Cell size (umol g~' FW) (mg g~' FW) (umol g~'/Chlorophylla a)
Large 1.97 0.097 20.3
Small 5.87 0.280 20.9

2 Large cells were those with about 50% >2 mm; small cells were those with few
>2 mm.
Source: From Ref. 36.
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chiro-inositol) accumulation in the leaves to 10-14 mmol (kg frwt)~' [37]. Leaf-cell protoplasts,
chloroplasts, and vacuoles were separated and analyzed. Calculations indicated a pinitol concentra-
tion of 230 mM in the chloroplasts and of 100 mM in the cytosol; none was detected in the vacuoles.

Transmission electron microscopy and x-ray microanalysis were employed by Hall et al. [38]
to localize glycinebetaine in shoot cells of Suaeda maritima. Glycinebetaine was shown to be accu-
mulated under saline conditions and to be restricted to the cytoplasm (Fig. 2).

Adjustment of Cell Wall Characteristics

Equation (2) [G = m (*Y,, — y)] shows that the growth rate (G) of plant cells depends on cell wall
plasticity (m) and on the turgor above a threshold value (y). Hence, in order to maintain growth
under saline conditions, plants may either increase the amounts of solutes in the cells and regulate
turgor or adjust plasticity and/or threshold turgor. Adjustment of threshold turgor can indeed be
considered as regulation of the effective turgor (¥, — y). Plasticity and threshold turgor are both
cell wall characteristics.

Munns et al. [39] found only partial turgor regulation in the unicellular microalga Chlorella
emersonii L. when exposed to low external ¥,,. However, growth decreased much less than turgor
(Table 3). They found a large decrease in the volumetric elastic modulus € of the cells. This modulus
is the relation between turgor change (A¥,) and relative volume change (AV) during variations in
water content of plant cells (€ = AW, X Vi,;u/AV). The decrease of € was not related to a decrease
in wall thickness; the latter, indeed, increased with water stress. The investigators concluded that
the decrease of € indicates a change of cell wall properties that also effects plasticity and threshold
turgor. The latter changes would explain the relatively small effect of turgor decrease on the growth
rate of Chlorella emersoni.

FiGURe 2 Electron micrograph of Suaeda maritima cells freeze-substituted in the presence
of iodoplatimate stain a, b. Grown in the presence of 1 % NaCl showing dense betaine
deposits in the cytoplasm and no staining in the vacuole a, X25,500, b, X38,000. ¢. Grown
in the presence of 3% NaCl showing dense cytoplasmic deposits X30,000. d. Grown on tap
water showing no staining X25,500. (From, Ref. 38.)
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TaBLe 3 Relative Growth Rate (RGR), Turgor, and Volumetric Elastic Modulus (VEM) of
Chlorella emersonii Grown for 6-10 Days at Various NaCl Concentrations

Growth medium

RGR (% of rate Turgor VEM
NaCl (mM) ¥, (MPa) at 0.08 MPa (MPa = SE?) MPa + SE
1 0.08 100 0.54 + 0.18 85 + 1.7
200 1.02 90 0.16 = 0.009 1.4 = 0.7
300 1.64 55-70 0.012 + 0.023 0.9 = 0.6

@ Standard error of the mean.
Source: From Ref. 23.

SALT TOXICITY

Sodium chloride is the most important constituent of saline environments. The accumulation of
NaCl by plant cells for turgor regulation is limited by the toxicity of a high salt concentration. Such
cytoplasmic Na™ toxicity is ubiquitous in all eucaryotes and bacteria. Even the ancient halophilic
Halobacteria [40] accumulate K* and C1~ to concentrations of several mols L', but not Na*. The
accumulated K™ and Cl~ ions are located in the cytoplasm of these bacteria and the enzymes are
adapted to the high KCl concentration. Enzymes extracted from salt-adapted halophytes are NaCl
sensitive. These enzymes are severely inhibited in vitro at salt concentrations similar to those that
are optimal in the medium for growth of these plants [41,42]. The in vitro salt sensitivity of amino
acid incorporation into proteins by microsomes from salt-adapted halophytes (Fig. 3) did indeed
not differ from that of microsomes obtained from glycophytes [43].

The specific harmful effect of NaCl, in addition to its osmotic effect, was elegantly demon-
strated by Cramer et al. [44]. They monitored the growth of maize roots in the presence of mannitol
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Ficure 3 The effect of NaCl on the incorporation of leucine into protein by microsomal
fractions prepared from Suaeda grown in the presence (open circles) and absence (closed
circles) of salt. (From, Ref. 43.)
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Ficure 4 The effects of NaCl (above) and mannitol (below) on root elongation over time.
At the time indicated by the arrow, 75 mM NaCl or 138 mM (isotonic) mannitol were added.
(From, Ref. 44.)

and isotonic NaCl (Fig. 4). In mannitol, an initial decrease of growth rate occurred followed by
gradual recovery. In NaCl, the growth rate declined to 20% of that before salt addition and did not
recover.

Plant Strategies for Sodium Avoidance

Plants have apparently evolved two principal strategies for avoiding high sodium concentrations in
the cytoplasm: compartmentation and exclusion.

Sodium Compartmentation and Compatible Solutes

Many halophytes regulate turgor by NaCl accumulation to a concentration higher than that in the
saline medium. Numerous essential enzymes are severely inhibited in vitro at such Na® concentra-
tions. Flowers et al. [45] compiled a list of enzymes that are 50% inhibited when exposed in vitro
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to the salt concentration found in their source tissue. Wyn Jones et al. [46] suggested compartmenta-
tion of salts in plant cells. Thus, in plants, such as the halophilic grass Distichis spicata L. [47] that
accumulate large amounts of sodium salts in their cells, these salts seem to be occluded in the
vacuole, where they serve for turgor regulation. Organic solutes that are compatible with enzyme
function apparently have a large share in turgor regulation in the cytoplasmic compartment of the
plant cells.

Compatible osmolytes found in higher plants comprise a relatively small number of low mo-
lecular weight organic compounds, mainly proline [47-55], glycinebetaine [29,38,51,55-57], some
sugars [29,58—-60], polyols [37,60], and malate [60]. A larger variety of such compounds is found
in lower plants [31,47]. Compatible solutes are supposed to provide an environment that is compati-
ble with macromolecular structure and function [61]. It was proposed that these solutes are preferen-
tially excluded from the surface of proteins and their immediate hydration sphere. Thus, the addition
of these solutes to a protein suspension creates a thermodynamically unfavorable situation, since
the chemical potentials of both the protein and the additive are increased. This situation stabilizes
the native conformation of the proteins, because denaturation would lead to a greater contact surface
between the protein and the solvent, thus augmenting the unfavorable effect [62]. Steward and Lee
[50] demonstrated the compatibility of proline with glutamate dehydrogenase extracted from the
halophyte Triglochin maritima. The enzyme was not inhibited in vitro by proline up to a concentra-
tion of 0.6 M. Similar results were obtained for barley leaf malate dehydrogenase and barley-embryo
pyruvate kinase [63]. These enzymes were not inhibited in vitro by up to 0.5 M glycinebetaine. In
addition, glycinebetaine, and to a lesser extent dimethylglycine, partially restored malate dehydroge-
nase activity in the presence of NaCl. The enzyme was 70% inhibited in the presence of 0.3 M
NaCl alone. The inhibition decreased linearly with addition of glycinebetaine to 50% at 0.5 M
glycinebetaine (Fig. 5).

18CH— Formulae
+ -
. (CH3}3 M CH2COO
160 giycinebetaine
ks »
=
% 140 .
3 / \ .
3 * p » {CH3)y HN CH,CO0
€ 1eor / " dimethylglycing
8 oo B D\\ +
™ —_
6 \ lIl-\._,______-‘3 CH3H2N CH2COO
=3 \ sarcosine
z % + HyNTCH C00™
<
° gycine
Iy
[-1e of
i L t i ]
O 103 200 30O 400 500

Added solute {mM)

Ficure 5 Comparative effects of successively methylated derivatives of glycine on inhibi-
tion of barley leaf malate dehydrogenase (decarboxylating) by 0.3 M NaCl. Activity was
70% inhibited by 0.3 M NaCl alone. (From, Ref. 63.)
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Mechanisms of Sodium Compartmentation

Various lines of evidence show that Na* is occluded in the cell vacuoles of many plants, particularly
in halophytes, and is excluded from the cytoplasm of all plants. Indirect evidence for such compartmen-
tation comes from measurements of longitudinal profiles of Na* and K* concentrations in roots. In
such experiments with Hordeum distichum grown in the presence of 1 M NaCl [64], Na* concentration
in meristemic, nonvacuolated, cells at the root tip was 10 mM. Sodium concentration increased rapidly
with distance from the root tip and with cell vacuolization to 65 mM at 2 mm from the tip. Potassium
concentration changed in the opposite direction; that is, it decreased with distance from the root tip.
Comparable results were obtained for Atriplex hortensis and Plantago maritima roots [65].

More direct evidence for compartmentation was obtained with electron probe x-ray microanal-
ysis. Harvey et al. [66] examined compartmentation of the major mineral ions in leaf cells of Suaeda
maritima grown in the presence of 350 mM NaCl (Table 4). They found a large accumulation of
Na* and C1~ in the vacuoles and relatively low concentrations in the cytoplasm; the K* concentration
was similar in both compartments. The data for glycinebetaine presented in Table 4 were taken by
the authors from their earlier work, where the concentration [67] and cytoplasmic localization of
this solute [38] were established. Glycinebetaine accounted for more than 75% of the osmolality
of the cytoplasm. Hijibagheri and Flowers [68] found similar Na* compartmentation in the roots
of S. maritima 118 mM in the cytoplasm and 432 mM in the vacuoles.

Mechanisms of Na* Transport

Sodium transport from the environment into the cytoplasm of plant cells is a passive process. It
depends on the electrochemical-potential gradient of Na™ and the presence of Na-permeable channels
in the plasma membrane. In principle, Na* could accumulate in the cytoplasm to a few hundred
times of its concentration in the environment. For steady-state conditions and 30°C, the relation is
E\/60 = log [Na*]°/[Na*]!, where E,, = membrane potential [69]. Thus, at an E,; of —120 mV
(cytoplasm negative), Na* could accumulate in the cytoplasm to 100 times the external concentra-
tion. Such accumulation is prevented in salt-tolerant plants by control of influx (channel gating)
and/or by active export from the cytoplasm to the vacuoles and also back to the environment.

Active sodium transport in plant cells is performed by Na*/H™ antiport [70] that is ordinarily
driven by an ATPase-activity derived protonmotive force [71]. Such antiport has been documented
at plasma membranes and tonoplasts of some plants [72]. In yeast, gene amplification at a locus
encoding a putative Na*/H™ antiporter conferred Na™ tolerance [73].

A survey of 16 crop plants [72], however, showed that the presence of a Na*/H" antiporter
is not ubiquitous in plants. It could not be demonstrated in 10 of the 16 surveyed plants, including
Zea mays, Phaseolus vulgaris, and Gossipium hirsutum. In Chara longifolia, a salt-tolerant charo-
phyte, Na*/H" antiport at the PM was induced by 24 h preculture in artificial sea water [74].

The presence of a Na*/H* antiporter would be expected in the tonoplasts of plant cells that

TaBLe 4 Compartmentation of Na*, K*, Cl-,
and Glycinebetaine in Suaeda maritima Leaf

Cells

Concentration (mM)
Solute cytoplasm vacuole
Na* 109 565
K* 16 24
Cl- 830 388
Glycinebetain 830 —

Source: From Refs. 38,66,67.
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tolerate Na™* by its excretion to and occlusion in the vacuoles. Plants that have not conserved this
antiporter during their phylogenesis should have to regulate cytoplasmic Na* concentration by Na*
exclusion.

lon Channels and Sodium Exclusion

The sodium permeability of biological membranes is 10°-~10° times higher than that of artificial
phospholipid bilayers [75]. This permeability is facilitated by intrinsic proteins that constitute
ion channels in the phospholipid bilayer [76]. Sodium-specific channels have hitherto not been dem-
onstrated in the plasma membranes of plant cells. Sodium apparently moves through a general cation
channel with different permeabilities for the various ions [77]. Calculations for cells of the Characean
alga (Nitella obtusa L.) [78] indicated that the measured permeability and density of such channels
could quantitatively account for Na* influx in salt-stressed cells. Regulation of gating and selectivity
of such channels seem to be responsible for sodium exclusion in many salt tolerant crop plants.
The presence of K* and in particular Ca*" ions has been shown to decrease Na™ influx to plant
cells (Fig. 6) [79-85], and consequently to decrease Na* damage [80] and yield reduction [83,84].

The existence of two kinds of channels that allow Na* permeation has been reported for the
plasma membrane of plant cells. One is an inward rectified channel (closes on membrane depolariza-
tion) with Pg/Py, (K¥/Na™ permeability ratio) of 5-10 [86] and an outward rectified one (opens on
depolarization) with Pg/Py, of 20—60 [74]. The latter channel may serve as a possible route for Na*
entry and K* loss under high salt conditions [87]. Schachtman et al. [77] suggested that depolariza-
tion opens the outward rectified channel allowing Na* influx and K* efflux under saline conditions
and increasing conductivity. Indeed, Katsuhara and Tazawa [82] showed that 0.1 M NaCl depolar-
ized the plasma membrane of N. obtusa, increased its electrical conductivity (EC), increased Na*
content of the cells, and decreased their K™ content.

Regulation of the inward rectified cation chanel seems to be involved in salt adaptation [87].
Adaptation of tobacco cells to 50 or 100 mM NaCl resulted in an about twofold reduction of the
PM outward rectifying cation-channel permeability. Such reduction in the permeability to K* and
Na* of the PM cation channels, caused by adaptation to salt stress, would decrease the entry of
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Ficure 6 Effects of Ca?" (triangles), K* (circles), and K* in the presence of 10 mM CaSO,
(squares) on Na* influx from 10 mM NaCl for 30 min into corn root segments. (Compiled
from Ref. 81.)
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Na* ions into cells and the leakage of K* ions out of cells under high salt conditions. The latter
study revealed no significant difference between NaCl—adapted and NaCl—unadapted cells in the
K*/Na* permeability ratio (Px/Py,). Similar results were reported for the Py/Py, of the outward
rectfying PM channels of root cells from a NaCl-tolerant and a NaCl-sensitve species of wheat [80].
The investigators concluded that salt-induced reduction of conductivity should be ascribed to a
reduction in the frequency of channel opening and/or in the number of channels. A different situation
was reported for yeast (see Ref. 88 and references therein). Yeast cells absorb Na* by the K* uptake
system, and the ratio between K™ and Na™ Ky, values (affinities; low Ky, = high affinity) varies
depending on the growth conditions. When this system was in the low-affinity state, the ratio between
Ky values for Na* and K* was approximately 15; in the high-affinity state, this ratio increased to
300. Under Na* stress, the uptake system converted to the high-affinity system, thus increasing the
discrimination between K* and Na*. TRKI is a gene required for the expression of the high-K-
affinity mode of transport. The salt tolerance of a yeast strain carrying a disruption in 7TRKI was
125 mM NaCl, whereas that of the wild type was 400 mM.

Membrane potential-dependent Na™* influx to corn root was abolished in the presence of K*
[81] and Ca** [82]. These cations thus seem to prevent Na* movement across the inward rectified
channel.

Katsuhara and Tazawa [82] investigated the effect of Ca®* on the salt tolerance of N. obtusa.
They showed that Ca* inhibits the Na*-induced depolarization of the plasma membrane, its increase
in electrical conductivity, the increase of Na* content of the cells, and the decrease of their K*
content. Investigations by Hoffmann et al. [89] with Chara showed that addition of Ca** drastically
decreased Py, and, hence, Na* fluxes at all concentrations.

The sites of Na™ action and its prevention by Ca®" as well as the sequence of these events
are still not clear. Cramer et al. [90] speculated that displacement of Ca*>* by Na™ from the surface
of the plasma membrane may be the primary event, and that this is prevented by increased external
Ca®" concentration. The investigations further suggested that the opening of K* channels and K*
leakage may either be a direct result of Ca®" displacement from membrane surfaces or from mem-
brane depolarization and a rise of intracellular Ca®*. Either way, potassium leakage should probably
be preceded by a change in the direction of the electrochemical K™ gradient. Such a change would
be induced by membrane depolarization, and it should also open the outward rectified K* channel.

Evidence for a possible intracellular action of Ca** is provided by Lynch et al. [91] for maize
root protoplasts showing an increase of cytosolic Ca** concentration in the presence of external
120—150 mM NaCl. The investigations proposed that this Ca>* originated from an internal compart-
ment. However, the possibility that Ca** may have permeated from the outside, where the Ca**
concentration was 0.1 mM, can not be excluded. Membrane depolarization has been shown to in-
crease Ca®>" influx [92], apparently due to Ca®" channel opening [93].

Sodium-induced membrane depolarization may indeed, be activated by Ca** displacement
from membrane surfaces [90,94], or alternatively by Na™ influx and increased cytoplasmic Na™*
concentration. In N. obtusa cells, the protective effect of externally supplied Ca>* depended on the
concurrent intracellular presence of ATP or ADP [95]. The presence of the adenine nucleotides
decreased the opening frequency of a Na*-permeable channel [78]. The data for N. obtusa [95]
further indicate that Ca®* does partially prevent Na*-induced membrane depolarization (Fig. 7). In
the absence of Ca**, externally supplied Na*induced a complete depolarization of the plasma mem-
brane. In the presence of Ca’*, only partial and transient depolarization was induced by Na*; Ey
then recovered and receded to —116 mV instead of —131 mV in the absence of Na*. A transient
depolarization induced by Na* influx could cause Ca>* channel opening and Ca** influx. Elevated
cytosolic Ca** concentration may then regulate Na™ permeability in concert with adenine nucleotides
and prevent further Na*-dependent malfunction of the cells.

Effect of Salinity on Potassium Content

The deleterious effects of salt, reported for N. obtusa, included excess Na* accumulation as well
as K* leakage [82]. Both are prevented by Ca**. Thus, the presence of Ca** seems to increase K*/
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Ficure 7 Changes in membrane potential of tonoplast free Nitellopsis cells perfused with
a medium containing 1 mM ATP. Cells were first incubated in APW (artificial pond water)
and then treated with APW + 0.1 M NaCl (A) or APW + 0.1 M NaCL + 10 mM CaCl, (B) at
the time indicated. (From, Ref. 95.)

Na* selectivity [79] and to be necessary for the maintenance of an appropriate K* concentration
in plant cells. The importance of Ca®* for adequate K* absorption and growth under saline conditions
was demonstrated in Citrus cell cultures grown on a range of NaCl concentrations in the presence
of various CaCl, concentrations [84]. The growth rate of these cell cultures was related to their K*
content. The capability of plants to maintain an adequate K* content under saline conditions is also
enhanced by ample K supply. Thus, salt-adapted Sorghum plants [96] were able to grow on 0.3
M NaCl in the presence of a full-strength Hoagland solution or half-strength Hoagland solution
supplemented with K* to its concentration in full-strength Hoagland solution. The plants did not
grow in 0.3 M NaCl with unsupplemented half-strength Hoagland solution.

The response of K* content in different plants to external Na* increments is not uniform, as
shown in Table 5. Many plants, in particular relatively salt-tolerant glycophytes such as Atylosia
sericea and Glycine max cv. Lee, maintain K* content constant or even increase it in the presence
of salt. More sensitive glycophytes fail to maintain K* content in the presence of a high salt concen-
tration. Such decrease of K" content may indicate damage [97]. This is demonstrated by two Azylosia
species [98] and two G. max cultivars [99] differing in salt tolerance. The tolerant plants, A. sericea
and G. max cv. Lee, are capable of increasing leaf K* content in the presence of salt as well as
excluding Na™ more efficiently than the sensitive ones, A. acutifolia and G. max cv. Jackson (Table
5). On the other hand, halophytes such as Suaeda maritima and Simondsia chinensis, as well as
tolerant glycophytes that accumulate Na™ such as Lycopersicum peruvium, Solanum pennellii [100],
and Sorghum bicolor (Table 5), decrease their K* content with increasing external salt concentration
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without concomitant damage. This decrease seems to be related to the replacement of vacuolar K*
with Na® [101]. The maintenance of adequate K content under saline conditions seems to depend
on selective K* uptake as well as selective K™ and Na* compartmentation in the cells and distribution
in the shoots.

Sodium Distribution in the Plant

Most plants, when grown in the presence of salt, accumulate some Na™ in their roots even when
it is excluded from the shoots. Collander [102] distinguished between Na* accumulator plants and
nonaccumulators. The former plants, transport large amounts of Na* to their shoots, whereas the
latter exclude Na* from their shoots and retain it in their roots. Dicotyledonous halophytes are the
most prominent Na® accumulators, but some salt-resistant glycophytes, such as barley, also belong
to that group. Generally, salt-sensitive plants, such as beans and corn, are the most prominent Na™*
excluders. Table 6 compares Na* distribution in corn and barley.

Sodium retention in the roots of bean (Phaseolus vulgaris L.) plants was shown to result from
metabolic energy—dependent depletion of Na™ in the ascending xylem sap and in roots as well as
stems [103,104]. Derooted bean plants retained Na* at the base of the stem. Absorption from the
xylem was Na* specific as compared with K* and C1~. Sodium depletion of the xylem sap is accom-
plished by stelar cells lining the xylem [105,106]; transfer cells also have been implicated in this
process [107]. Sodium that is removed from the xylem is transferred to the phloem and retransported
to the roots [108,109]. Preferential removal of Na* from the xylem sap and recirculation to the
roots occurs also in petioles [110] and veins of mature leaves [111,112]. In the absence of an inward
directed electrochemical Na* gradient in the roots, Na* leaks to the medium [109,113]; otherwise,
it is recirculated.

Sodium recirculation is a mechanism for Na™ exclusion from the shoots employed by rela-
tively salt-sensitive plants. It breaks down at high salt concentrations [103,104]. Cell membranes
of sodium nonaccumulators, such as beans and apparently many other crop plants, seem not to
comprise a Na™/H" antiporter at the tonoplast [72] and, hence, cannot excrete Na* from the cyto-
plasm to the vacuoles. Sodium influx to the root and xylem is passive uniport via channels and also
possibly by apoplastic bypass flow [114]. The latter flow bypasses the Casparian strips of endodermal
cell walls. It is suggested to occur at sites of secondary root emergence [115,116] or through the
apical region of the roots [117]. Bypass flow seems to increase under conditions of stress damage.
Under saline conditions, bypass flow contributed substantially to the total quantity of Na* reaching
the xylem of rice plants [114].

The mechanism of selective Na™ absorption from the xylem is still being explored. It is inhib-
ited by anoxia and depends on energy metabolism [104,118]. It cannot be envisioned as simple

TasLe 6 Distribution of 22Na in Corn and
Barley Grown for 25 h in 0.2 m MCaSO, and

10 mM 22NaCl

2Na distribution

(% of absorbed)
Plant part corn barley
Roots? 98.1 65
Stem base, 0-30 cm 0.8 10
Stem base, 30-70 cm 0.6 5
Rest of stem and leaves 0.5 20
Total export from roots 1.9 35

aWashed in 10 mM CaSO,.

Copyright © Marcel Dekker, Inc. All rights reserved.

MarcEL DExkER, INc. ﬂ
270 Madison Avenue, New York, New York 10016 o



112 Jacoby

Na*/H" antiport, because stelar cell plasma membrane ATPases secrete protons into the xylem
[119], and the proton gradient is in the wrong direction—as evidenced by the relative acidity of
the xylem sap. Lacan and Duran [120] suggested that the absorption of Na* from the ascending
sap is primarily accomplished by indirect K*-Na* exchange; namely, reverse H*/Na™ antiport
(against the proton gradient) linked to K*/H™ antiport (with the proton gradient) and anion-proton
symport to the symplast of cells bordering the xylem. They hypothesize that the process is primarily
driven by a proton gradient resulting from proton pumping into the xylem by adjacent cells. This
proton gradient is then utilized for K* transport to the xylem by H*/K" antiport and for H*-anion
symport. The latter proton movements decrease the cytosolic pH of stellar cells lining the xylem
and facilitate H*/Na* antiport and Na* depletion of the xylem. The assumption of indirect Na*-
K* exchange was supported by the absence of a fixed stoichiometry between K* and Na™* transport
[121] and by the pH sensitivity of the Na*/K* exchange. Also, increased xylem K* concentration
resulted in decreased K* extrusion but not in decreased Na* uptake. The investigators do not provide
direct evidence for reversed H*/Na* antiport. Indeed, the proposed indirect Na*/K* exchange could
be sustained by K*/H™" antiport, as suggested, and electrophoretic Na* transport via cation channels
(uniport). Such Na* transport would depend on the negative Ey; of the living cells sorrounding the
xylem, and hence on proton pumping as suggested in Lacan and Durand’s [120] model. A previous
proposal for reversed H*/Na* antiport [122], cited by Lacan and Duran [120], concerns cells acidi-
fied by propionic acid.

Sodium recirculation has been found to contribute to salt resistance in many plants such as
reed [123], the relatively salt tolerant soybean variety Lee [124], castor bean [125], trifoliate orange
[126], Trifolium alexandrinum [127], Atylosia albicans, and A. platicarpa [98].

Chloride Toxicity

Chloride is the prevalent anion accompanying Na* and K*, hence its concentration in vacuoles, as
well as cytoplasm, is usually in the same range as the sum of Na® and K*. This concurrence of
Na* and C1~ complicates the evaluation of Cl~-specific toxicity. Only a small number of experiments
have been published that attempt to determine the direct toxicity of Cl~, and their interpretation is
not straightforward. Leopold and Willing [128] exposed soybean cotyledonary leaf slices to different
salts and determined their effect on membrane integrity by measuring the subsequent leakage of
organic solutes into water. They found a 28% increase of leakage when 133 mM Na,SO, was
replaced with near-isotonic (200 mM) NaCl. These results may be explained as a specific Cl1~ toxic-
ity, but C1~ concentration was higher than that of SO3~, and absorption as well as subsequent internal
Cl~ concentration may have been much larger than that of SO3™. In other experiments by Meiri et
al. [129], 96 mM NaCl was less detrimental to the growth of bean plants than 72 mM (isotonic)
Na,SO,.

Greenway and Munns [130] compared Na® and Cl~ contents in the leaves of seven salt-
tolerant and salt-sensitive varieties or subspecies. In four of these plants, tolerance was related to
lower contents of Na™ as well as C1™. In two cases, there was little difference in concentration of
either ion, or there was some increase in the concentration of both ions in the tolerant plants. In
one case (avocado), a large decrease of Na™ concentration was found in the tolerant variety but no
difference in Cl~ concentration. In summary, these data do not indicate, that high C1~ concentration
in the leaves may have been related to sensitivity in any of the cases. A similar conclusion may be
drawn from the comparison of Na* and C1~ contents in salt-tolerant and salt-sensitive corn varieties
[131] and Atylosia species [98]. In both cases, Na* and Cl~ were excluded from the leaves of the
tolerant varieties and species, but exclusion was much more efficient for Na™ than it was for C1™.
Furthermore, in some salt-sensitive species, such as Phaseolus coccineus [107] and P. vulgaris
[104,105], Na* was found to be excluded from the shoots but not Cl™.

The growth rate of castor bean at different salinities [125] was not related to Cl~ content
of the leaves but rather to Na* content. The growth rate was not affected by external NaCl
up to 70 mM and decreased by about 80% at concentrations between 80 and 160 mM. Chloride
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content of the leaves increased linearly with external NaCl concentration, whereas Na* was ex-
cluded from the leaves (up to 70 mM NaCl outside), and its leaf content was correlated with growth
inhibition.

Although the cited experiments indicate that many salt-tolerant species can deal with higher
Cl~ than Na™ contents in the shoots, a greater Na* than Cl~ toxicity in the cytoplasm cannot be
deduced. The apparently greater C1~ than Na™ tolerance may result from different capabilities for
compartmentation of these ions in the vacuoles. All plants seem to be able to accumulate Cl™ in
the vacuoles of their cells, whereas many are deficient in the Na*/H* antiporter needed for Na*
occlusion in the vacuoles [72].

SALT SECRETION

The transpiration stream continuously carries salts to plant shoots. Large amounts of salt should
hence be delivered to the leaves of plants growing in a saline environment if the salts are not excluded
from the shoots. Even in halophytes that accumulate Na® and Cl1~ in their leaf cells, the amount
of salt carried to the shoot is much in excess of that needed for turgor regulation. Secretion by
special salt glands is one important mechanism for the removal of excess mineral ions from the
leaves [132].

Structure of Salt Glands

The structural details of various kinds of plant salt glands (Fig. 8) were recently reviewed [133,134].
Based on their structure, three principal types of salt glands may be distinguished: two-celled glands
of the grasses, multicellular glands of various dicotyledonous plants, and bladder hairs of the Cheno-
podiacea. The glands eliminate salts to the leaf surface, whereas bladder hairs eliminate them to
the central vacuole of the bladder hair.

Some unifying principles in the structure of the different kinds of salt glands may be summa-
rized. They all contain one or more subtending cells that are in apoplastic as well as symplastic
continuum with both the adjacent mesophyll and the distal, secreting gland cells. These subtending
cells are the basal cells in the two-celled glands, the inermost secretory cells in multicellular glands,
and the stalk cells in bladders (see Fig. 8). The exterior walls of secretory cells in all salt glands
are covered by a cuticle. The cuticle extends inward along the lateral walls of the external gland
cells but not into the walls between the secretory and basal cells. In glands that excrete to the leaf
surface, the cuticle is continuous with that of the epidermal cells and partially detached from the
exterior walls of the secretory cells. The space formed between the detached cuticle and the walls
forms a collecting compartment for the excreted solution. Small pores occur in the detached portion
of the cuticle in all glands examined except those of Aegiceras corniculatum [135].

Pathway of Salts

As pointed out, structural investigations reveal the existence of an apoplastic continuum from the
mesophyll to the subtending gland cells in all three types of glands. The availability of this route
to solute transport was shown with the aid of La** [136,137]. This ion is able to move in the apoplast
with the transpiration stream but is unable to penetrate into the symplast. The ion is visible as a
precipitate in the electron microscope [138].

The existence of a symplastic continuum between the mesophyll and the gland cells suggests
that symplastic flow can also occur. Cytochemical studies utilizing silver precipitates of CI~ show
the presence of Cl~ in plasmodesmata connecting the mesophyll and proximal gland cells of Limon-
ium [139] and Tamarix [140]. Campbell and Thomson [140] concluded that salt moves to the salt
glands apoplastically as well as symplastically, but the predominant route was probably the apoplast.

Copyright © Marcel Dekker, Inc. All rights reserved.

MarcEL DExkER, INc. ﬂ
270 Madison Avenue, New York, New York 10016 o



114 Jacoby

Ficure 8 Salt glands (a,b) Atriplex halimus. L. (a) Epidermis and bladder hairs; the lateral
walls of the lowest stalk cell are completely cutinized. (b) Diagram of a bladder hair showing
possible routes of chloride transfer to the bladder cell and its vacuole. Arrows indicate active
transport through membranes. One vesicle is seen fusing with the bladder tonoplast. BC,
bladder cell; ER, endoplasmic reticulum; St, stalk cell; V, vacuole. (c) Spartina townsendii.
H. and J. Groves. (d) Tamarix aphylla. Co, collecting cell; E, epidermal cell; Po, pore in the
cuticle; S, secretory cell. (e) Avicennia marina. (From Ref. 134.)

Function of Salt Glands

The qualitative composition of salts secreted by glands was usually found to be similar to that of
the native environment [141] or the culture solution [142]. However, the proportions and concentra-
tions of the various ions are different. Selectivity, therefore, occurs at some site in the path from
the roots to the glands. Different orders of mineral-ion selectivity have been reported for different
plants [143-145].

Ionic concentration and ¥ of solution secreted by salt glands were found to be higher than
those of the root medium or the challenging solution in experiments with excised leaves or leaf
tissues [146—149]. Similarly, Mozafar and Goodin [150] found higher NaCl concentrations in the
bladder hairs of Atriplex than in the medium. The salt concentration of the secreted solution was
also found to be higher than that in the xylem sap [141,143]. These concentration gradients indicate
the involvement of a metabolic energy—dependent process in secretion. This was explicitly demon-
strated by Arisz et al. [146], who measured the effect of light and inhibitors of energy metabolism on
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salt secretion by Limonium leaf disks. The requirement for a metabolic energy source [147,151,152]
and the involvement of the PM H*-ATPase [153] were confirmed by other investigators.

Thomson et al. [133] proposed two possible mechanisms for secretion by salt glands. One
proposal assumes symplastic transport to the secreting cells and metabolic energy—dependent secre-
tion of the respective ions to the collecting chamber or vacuole in bladder hairs. Water movement
should follow this salt secretion and expand the collecting chamber. This expansion is supposed to
open the cuticular pores and enable outflow of the solution. The second proposal assumes apoplastic
flow of solution to the subtending gland cells and metabolic energy—dependent accumulation of the
respective ions by the latter cells. The ions are then supposed to move down their electrochemical
potential gradient to the secreting cells.

The passive permeation of an accumulated salt solution from secreting cells to the collecting
chamber could be regarded as a special case of turgor downregulation as described for the charophyte
Lamprothamnium [93,154—-156]. In this series of publications, turgor downregulation, in response
to a hypotonic shock, was shown to be accompanied by depolarization and increased EC (electrical
conductivity) of the plasma membrane in the involved cells. The presence of Ca** in the medium
was needed for EC increase but not for depolarization. The proposed sequence of events is water
influx from the hypotonic medium and turgor elevation; membrane depolarization; Ca>" influx,
apparently consequent to opening of Ca®* channels; increased PM conductivity; and ion efflux ac-
companied by water. In the special case of salt glands, the initial water influx and turgor elevation
would be induced by salt accumulation in the subtending gland cells.

SALT ADAPTATION

Suspension cultures and calli of plant cells have been adapted to NaCl by stepwise transfer to
increasing salt concentrations. With this procedure, cell lines evincing enhanced resistance to salt
have been isolated from various plants [45,52,157-163]. Dry weight production of some of the
adapted cell lines, in the presence of salt, was similar to that of the wild lines in the absence of
salt (Fig. 9) [158,161,164,165]. Such adapted cell lines may retain their resistance for many genera-
tions even after growth in the absence of salt [157,161,162,164].
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FiGure 9 Growth curve (dry weight) for various NaCl adapted lines of Nicotiana cells grow-
ing in media to which they were adapted; also for wild-type cells growing in standard me-
dium and in 0.3 M NaCl (closed circles), wild-type cells in standard medium and (open cir-
cles) in 0.3 M NaCl; (closed triangles), cells adapted to 0.3 M NaCl in 0.3 M NaCl; (open
triangles) cells adapted to 0.4 M NaCl in 0.4 M NaCl; (open squares) cells adapted to 0.5 M
NaCl in 0.5 M NaCL. Growth measured as packed cell volume (A); fresh weight (B); and dry
weight (C) (From Ref. 164.)
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Increased salt tolerance of salt-adapted cultured cells has rarely led to increased salt tolerance
in normal regenerated plants [160,165,166]. Selected cultures, however, are systems where nearly
isogenic cells differ, at least in theory, only in the desired tolerance trait [167]. Cell cultures and
stress-adapted cell lines from such cultures provide a convenient tool for elucidating salt-resistance
mechanisms at the cellular level.

Both of the strategies employed by intact salt-resistant plants can be found in salt-adapted
cell lines. Thus, in the presence of salt, tolerant cell lines of Citrus [162] and potato [163] more
efficiently excluded Na™ and prevented the decrease of K* content than unadapted lines. In cultured
Citrus sinensis cell lines, the most pronounced characteristic of adapted cells was indeed their capa-
bility for larger accumulation of K* [168]. A similar trait was reported for NaCl-selected alfalfa
cell lines [160]. On the other hand, in tobacco cell lines, salt tolerance was associated with a decrease
in K* content in concert with increasing salinity [159,169], and an increase of Na* [159,169] as
well as C1™ [169], as principle solutes for turgor regulation. Organic compounds also accumulated
with salinity, in particular, proline [159,169] and sucrose [169]. Sodium and Cl~ were occluded in
the vacuoles of adapted tobacco cells. In cells adapted to 428 mM NaCl, the vacuolar contents of Na*
and Cl~ were 780 and 624 mM, respectively, whereas cytoplasmic concentrations were maintained at
96 mM [170].

Abscisic acid (ABA) accelerated the adaptation of cultured tobacco cells to high salt concen-
trations [171]. Abscisic acid, as well as exposure to salt, enhanced the synthesis of a number of
proteins [172]. The most striking effect of both treatments on previously unadapted cells was induc-
tion of the synthesis of a cross-reactive 26-kDa protein. This protein appeared to be associated with
adaptation. When induced by ABA, it was transient unless the cells were simultaneously exposed
to salt. Salt-induced changes in the amounts of several proteins were also reported for salt adapted
Citrus and tomato cell lines [167].

Salt adaptation was also accomplished with whole plants. Eight-day-old Sorghum seedlings
could be adapted to high salinity by growth in 150 mM NaCl for 20 days [173]. At that time, NaCl
could be increased to 300 mM without an effect on the relative growth rate and dry weight produced.
The adaptative treatment (150 mM NaCl), however, decreased shoot dry weight production by about
70% as compared with unsalinized control plants. The salt adaptation of Sorghum plants was accom-
panied by an increased capability to exclude Na* [173] and an increase in phosphoenolpyruvate
carboxylase activity [174]. Treatments with 40 mM ABA increased the growth of salt-treated Sor-
ghum seedlings and inhibited the growth of the controls. Abscisic acid also accelerated the adaptation
of Sorghum plants [174] similar to its effect on the salt adaptation of cultured tobacco cells [171].
The time needed for adaptation of Sorghum plants in the presence of 150 mM NaCl was decreased
by ABA from 20 to 10 days [174].

CONCLUSIONS

Salt-resistant plants have to maintain growth in the presence of an osmotic stress and, concomitantly,
avoid high salt concentration in their cytoplasm. Growth is primarily maintained by an increase of
the amount of solutes in the cells and by subsequent turgor regulation. This mechanism may be
supplemented by increased cell wall plasticity and decreased threshold turgor. The turgor decrease
is sensed by a ‘‘turgor sensor’’ apparently in the plasma membrane. The sensor emits an ‘‘error
signal’’ that is transduced to the activation of adaptive processes.

Salt toxicity is avoided by employing compatible solutes for osmotic cytoplasm adjustment
and by confining salt, in particular Na*, to the vacuoles. Some plants excrete Na* from the cytoplasm
by active Na*/H™ antiport into the vacuole and also to the apoplast. The leaves of such plants may
also contain salt glands. These glands accumulate excess salts and subsequently excrete it. This
excretion may be explained as a special case of turgor downregulation. Other plants that apparently
lack the Na*/H* antiporter accumulate organic solutes and K* salts; they prevent Na* influx to the
roots and its translocation to the more sensitive shoots. The latter is accomplished by selective Na*™
absorption from the ascending xylem sap and its recirculation to the roots via the phloem.
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Sodium ions permeate into plant cells through outward rectified cation channels that appar-
ently open in response to Na*-induced depolarization. The presence of Ca** and K* enhances Na*
exclusion by controlling channel selectivity. High potassium concentration in the medium also en-
sures its adequate supply to the plant in the presence of excess Na*.

Some plant tissue cultures and intact plants can be adapted to salinity. The same strategies
for maintaining growth employed by salt tolerant plants can be induced in response to adaptation.
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Plants in Saline Environments

ALEXANDRA PoLJakoFF-MAYBER AnD H. R. LERNER

The Hebrew University of Jerusalem
Jerusalem, Israel

INTRODUCTION

Saline habitats are those whose soils contain a high percentage of soluble salts, and one or more
of these salt components is usually present in excess. There are mainly two types of saline habitats,
wet and dry. Wet saline habitats are usually maritime salt marshes. These are areas bordering the
sea and subject to periodic inundations as a result of which the level of salinity fluctuates. Dry
saline habitats are usually located inland and bordering deserts. Other types of saline habitats are
seashore dunes, where salt spray is an important factor, and dry salt lakes. The common denominator
for these types of saline habitats is the salinity of the soil and/or of the water resources, as well as
the type of vegetation. The most abundant kinds of salinity are NaCl and Na,SO,, sometimes to-
gether with Mg?" salts [1]. The vegetation of saline habitats is designated ‘‘halophytic,”” distin-
guished from the vegetation of nonsaline habitats, sometimes referred to as ‘‘glycophytic.”” Pheno-
logically the halophytic plants may be succulent or xeromorphic, with small or grasslike leaves and
often also having salt-secreting glands.

Halophytes in their saline environment are exposed not only to salt stress: the roots may also
be exposed to osmotic water and low oxygen pressure stress. The latter occurs often in saline-
alkaline soils in which aeration is very poor or only periodic during floods at high tide.

Glycophytes, like halophytes, vary in the degree of salt tolerance, so that it is difficult to
draw a dividing line between the two groups [2]. Stocker [3] suggested a division by a critical salt
concentration, stating that ‘‘a halophyte is a plant that, at any stage of its life, will tolerate this
critical salt concentration which will not be tolerated by a ‘normal’ nonhalophyte.”” Stocker [3]
suggested the concentration of 0.5% (=88 mM) NaCl as this critical value. Flowers et al. [4] men-
tioned 300 mM NaCl as the critical value. This definition implies that a halophyte will grow in a
nonsaline medium as well as a glycophyte, but this is not always the case. Some halophytes do not
grow in the absence of NaCl; for example, Salicornia spp. germinate but do not elongate in the
absence of NaCl. However, with seawater irrigation, it has been possible to obtain a reasonable
yield of Salicornia for use as fodder crop.

Individuals of the genus Salicornia show phenotypic variability in response to different exter-
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nal conditions, but practically no genetic variability could be shown (assayed as electrophoretic
mobility of enzymes). Among all plants, collected at different sites and examined, only two types
could be distinguished: one typical of the upper marsh and the other typical of the lower marsh. In
their distribution within an ecological gradient, each of the Salicornia types inhabits its specific
ecological niche where salinity is presumably the dominant factor [5,6]. Usually, the external salt
concentration for maximal relative growth rate is much lower than the maximal salt concentration
endured by the halophytic plant [4,7]. For many halophytes, the optimal NaCl concentration for
growth depends on other external conditions.

The interest in halophytes has two aspects: a purely scientific and theoretical interest, to under-
stand their behavior and their adaptation to this specific, harsh habitat. A more applied interest [4]
concerns the hope of understanding the response and metabolism of halophytes and how they differ
from glycophytes. This will help in the selection or development of crops that are more salt tolerant
than existing crops. These interests may be achieved by conventional methods or more recently by
genetic engineering [8,9]. Although their growth was inhibited by salinity, Galapagos wild tomatoes
(Lycopersicon cheesmani L.) could grow in full-strength seawater, but the cultivated, salt-tolerant
cultivar of L. esculentum could hardly survive in 50% seawater. The two types of tomatoes differed
markedly in nitrogen metabolism [10]. In studies of the differences between halophytes and nonhalo-
phytes in their response to salinity, the following properties have been emphasized:

Ability to accumulate or to exclude ions selectively [11]

Control of ion uptake by the root and control of transport to the shoot and leaf [4]
Selectivity in xylem release [12]

Role of accumulated ions in osmotic adaptation [4,13]

Compartmentation of ions at the cellular and at the whole-plant level [4]
Accumulation of so-called compatible solutes and their role in salt tolerance [14]

SR

Nevertheless, none of these characteristics could be used as markers for breeding salt-tolerant crops.
In fact, none of these factors alone can be a basis even for a definition of a halophyte. It is difficult
to define a halophyte by physiological traits, such as ion accumulation or synthesis and accumulation
of compatible solutes. The difficulty arises from the fact that expression of such traits changes with
the age of the plant, its physiological stage of development, and under changing environmental
conditions. Such traits are multigenic in their origin; they are regulated by many genes located in
a large number of loci and on different groups of chromosomes [5,6,15,16]. In addition to these
genetic difficulties, the data resulting from the preceding research directions are very controversial
and the conclusions drawn are in dispute [17].

Because of the high correlation between salt tolerance and vigor in wheat and barley addition
lines, it has been suggested that breeding for agricultural traits may be more productive than breeding
for physiological traits. However, the vigor genes and the tolerance genes were located on different
groups of chromosomes having potentially opposing effects. These experiments were not successful,
but the investigators believe that the idea can be developed further and that this approach has poten-
tial for success [15].

The large variability in the response of the different halophytes to the type and the level of
salinity brought about attempts to classify them into groups based on either of the following: (a)
their ability to accumulate or exclude Na* and/or K* [18,19] or (b) their ability to synthesize and
accumulate sucrose and polyols as opposed to preferentially synthesizing methylated onium com-
pounds [20]. It was suggested by Gorham et al. [18] that the monocotyledonous halophytes are
mostly those that exclude Na* and accumulate organic solutes. Most of the data presented by Briens
and Larher [20] conform to this concept, but some of the 16 plant species investigated by them did
not conform, suggesting that the response to salinity is more complex. Greenway and Munns [16]
considered high ion uptake the principal adaptation of the halophytes. These investigations
[16] classified the halophytes further according to their ability to grow rapidly or slowly in salinities
of 200—800 mM NaCl. These reporters [16] considered avoidance of high internal salinity as a
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TasLe 1 Distribution (%) of Dry Matter Produced Between Plant Parts of Two Halophytes
at Different Substrate Salinities®

Atriplex triangularis Kosteletzkya virginica
1985 data 1984 data

root stem leaf fruit root stem leaf fruit

Nonsaline substrate (control) 15,7 426 16.2 255 39.0 315 254 4.2
NaCl, 15 g kg ' H,0 (=263 mM) 10.2 426 11.1 36.0 47.1 265 227 3.7
NaCl, 30 g kg~ ' H,0 (=526 mM) 14.3 30.3 149 405 68.9 14.4 16.8 0.0

2 Plants grown in lysimeters.
Source: Compiled from data in Ref. 24.

more typical characteristic of nonhalophytes. One of the ways for avoidance is elimination of
the ions from the xylem sap on the way from root to shoot. It has been suggested that the ions
accumulate in the root or in the basal part of the shoot from where they are returned to the root
system and excreted back into the medium [21]. Otherwise, salt may accumulate in the lower,
older leaves, as in bean plants, leaving the upper younger leaves with low salt content [22]. A similar
ion distribution along the plant shoot was also reported for such halophytes as Kosteletzkya virginica
[23].

Philipp [24], in controlled lysimeter experiments, demonstrated the different life habits of
different halophytes. This reporter [24] compared two halophytes, Atriplex triangularis (an annual)
and Kosteletzkya virginica (a perennial) by percentage dry matter production and allocation to differ-
ent plant parts (Table 1). In parallel, Philipp [24] measured the mineral distribution in the same
plant parts. In both plants, grown in nonsaline substrate, most of the minerals were accumulated in
root tissue. In Atriplex, under saline conditions, the mineral content of the roots markedly decreased
(as a percentage of total) approximately by 50%, but in the leaves, it increased significantly. At a
substrate salinity of 30 g kg™' water (approximately 526 mM), the leaf mineral content increased
by about 300%. In Kosteletzkya plants in nonsaline substrate, minerals also accumulated in the roots,
but under saline conditions, the situation did not change much and most of the minerals remained
in the roots. In general, these two plants show different strategies in response to salinity that are
in accord with their mode of life. In Atriplex, the new dry matter production was allocated to the
fruit; in Kosteletzkya, it was allocated to the root (Table 1), which remained in the soil and sprouted
again during the next season.

The variability in the responses of plants to salinity, as well as their variability in maximal
salinity level a plant can endure, makes it difficult to characterize the specific trait responsible for
salt tolerance.

The most evident effect of salinity is disturbances in growth, and growth is affected by phyto-
hormones. Indeed, evidence shows that many environmental factors (i.e., changes in the concentra-
tion of nutrients), including stresses, affect the level of endogenous plant hormones (Table 2), and
thus the hormonal balance of the plant is disturbed. It therefore seems logical to assume a relationship
between the effect of the stress on hormonal balance and the effect of the disturbed hormonal balance
on the growth and development of the plant. Recently, a considerable amount of evidence has sug-
gested that phytohormones are the signals sent between root and shoot, triggering responses to
external stress [34] (see section on The Root as a Sensing Organ below). The information collected
in our laboratory suggests that the endogenous hormonal balance has an important regulating role
in the response of plants to salinity, and it may be possible to ameliorate the endogenous balance
by application of exogenous hormones. In the following, we discuss plant-environment interactions
with an emphasis on the role of phytohormones.
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TaBLe 2 Effects of Changes in Concentration of the Mineral Nutrients in the Medium on
the Level of Endogenous Phytohormones?

Concentration

Concentration

Mineral change change in Plant

nutrient (mol m~3) phytohormone species Reference

NO;~ | 14-0 GA L, 1AA L Tomato 25

Pl 1-0 CcK{ Tomato 26

NH,* T 0-3 GA T, IAA L Pine 27

NO, T 0-18 cKT Apple 28

NH,* T 0-16 CKT

NO, 4 10-1 CK Sunflower 29

Pl 1-0.1 cK

K+l 6-0.5 CK{

Nl 8-0.8 CK{ Birch, 30

Pl 1-0.1 cKkd Sycamore

K+ T 0-1 GAT Pine 31

Mineral 30-260 ABA T temp Tomato 32
nutrients T CK | perm

Mineral 30-0.6 ckl Plantago 33
nutrients |

GA, gibberlin; IAA, indole acetic acid; CK, cytokinin; ABA, abscisic acid.
2 Decreased or increased concentration indicated by direction of arrow; temp = temporarily,
perm = permanently. Indicated concentration changes are approximate values.

ROOTS IN THE SOIL ENVIRONMENT

A plant is an organism exposed simultaneously to two environments, the soil and the atmosphere.
The aerial part of the plant, the shoot, depends on the root for its supply of water, minerals, nitroge-
nous components, and possibly other substances that are absorbed from the soil or synthesized or
transformed by the root and transported to the shoot. On the other hand the root depends on the
shoot for photosynthates and probably other substances synthesized in the shoot and transported to
the root. Since root-shoot growth, development, and ratio are coordinated, there must be a regulatory
system. About 60 years ago, the existence of rhizocaline and caulocaline was suggested [35]; now
it is well known that plant growth substances play an important role in this system.

The soil is the environment of the root system, and the root is exposed directly to the changing
conditions of the soil. It is through the root that the whole plant is affected by changing soil condi-
tions. The root may be considered the plant’s sensor in the soil. The most drastic and frequent
changes occurring in the soil are in the availability of water (see section on The Root as a Sensing
Organ below).

The Soil as the Root’s Environment

The soil itself is a heterogeneous multiphasic system composed of minerals and organic particles
that differ in chemical nature, size, and arrangement. The mode of packing of these particles deter-
mines the size and properties of the interparticular spaces. These spaces contain water and gases.
Besides the mineral component, the solids of the soil contain colloidal components that imbibe
water and bind ions. The soil water is therefore composed of free water and imbibed water. The
free soil water is actually a solution of ions, gases, and other solutes; the ions are distributed between
the imbibed water and the free water (soil solution).
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The ratio between the volume of the interparticular spaces occupied by air and that occupied
by soil solution varies in different soils and changes with time as a result of irrigation, rains, floods,
and evaporation. In water-logged soils, practically all the interparticular volume is saturated with
liquid solution; the air is driven out and the conditions in the soil become practically anaerobic.
With cessation of flood or irrigation, a considerable part of the water is drained down gravimetrically,
and aeration is reestablished. The soil particles are drawn together, and shrinkage of the soil may
occur. The drainage becomes slower with time until it is so slow that it becomes insignificant (usually
2-3 days after flooding). At this stage, the water is retained in the soil mainly by surface tension
effects.

Root Growth and Salinity

Root growth is a result of two processes, cell division and cell expansion. These two processes are
independent, but sequential, and must be coordinated for growth to occur. Cell division in roots is
localized in the apical meristem of the root tip and, to a certain extent, in the inner mature layers
of the root tissue, the pericycle and the endodermis, for development of laterals. An accepted defini-
tion of growth is an irreversible increase in size through cell extension. Green et al. [36], for Nitella,
and Green and Cummins [37], for coleoptiles, have proposed a mathematical expression describing
rate of growth, also taking into account cell wall properties. The ‘‘driving force’” for cell expansion
is turgor, but for growth to occur, turgor pressure must be higher than a critical value defined as
the yield pressure Y. The cell wall properties were defined as extensibility m, and P is the turgor
pressure. The growth rate r is therefore

r=mP —Y)

Growth modifiers, such as phytohormones, affect growth by changing m values, which eventually
change Y. Salinity can affect P, m, and Y.

Turgor is a function of the water relation of the plant with its environment and is usually
considered a purely osmotic phenomenon. However, by measurements of stress relaxation of turgor
in vivo, it was shown that, at least in growth of young stems, water uptake was a consequence
mainly of wall relaxation and turgor affected growth only slightly [38—40]. While discussing the
relationship between osmotic adjustment and the role of turgor in growth, Munns [41] concluded
that there are probably other factors that control growth. Later in this chapter (see section on The
Shoot in the Aerial Environment—Sink Source, Photosynthesis, and Hormones), we present data
collected from the literature suggesting that these factors could be phytohormones. The phytohormo-
nal balance of the plant probably controls both photosynthesis (source activity) and growth (sink
strength).

Cell division is apparently affected by other factors that regulate entry into mitosis, or cessa-
tion of the cell cycle, when the cell reaches a certain distance from the apex, where onset of cell
differentiation occurs. These processes may be affected by yet another substance that accumulates
in plant tissue in response to stress-the polyamines. Stresses (temperature, osmotic, drought, and
others) stimulate the accumulation of polyamines. Polyamines affect the cell cycle at the transition
from state G, to S [42]. Meristematic cells in the root apex, for example, age with distance from
the tip; with aging, the level of polyamines also decreases and may cause cessation of mitosis by
locking the cells in the G, state. This hypothesis may be supported by the finding of Bagni and
Pistocchi [43], who showed that cell division requires polyamines. If the growing tissue is low in
polyamines (<10uM), exogenous polyamines must be added to sustain cell division.

Extension growth and cell division must be coordinated and regulated. Plant growth regulators
(plant hormones) must therefore play an important role in growth and development of the root and
its response to external stimuli [44,45]. The plant hormone that was studied most extensively for
its effect on root growth is indole acetic acid (IAA). Pilet [46] showed that the growth of maize
roots was regulated by endogenous IAA and abscisic acid (ABA). Both hormones have been shown
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to be present in elongating roots. The highest concentration of IAA was found in the root cap, in
the first 0.5 mm of the root, 357 ug kg~' fresh weight (FW). The highest concentration of ABA
was found in the root apex located immediately above the root cap, 67 ug kg~' FW. The TAA
content in the region of the apex was half that in the cap itself. The ABA was lower both above
and below the apical region. An interesting point is that 107 M ABA stimulated root growth, but
higher concentrations inhibited it. Exogenous ABA induced a reduction in the endogenous IAA. In
roots placed horizontally, the upper side grew more during the first 3h, but the growth of the lower
side was inhibited. However, the distribution of phytohormones in the tissue showed that both TAA
and ABA moved to the lower part of the horizontal root, making interpretation difficult. The JAA
apparently did not originate in the root but moved acropetally (from the shoot) and accumulated in
the root cap. ABA was synthesized, or released, in the cells of the root tips and moved basipetally
(from root tip to shoot). Exposure to salinity has been shown to increase the ABA level and thus
further complicates the interpretation.

The growth of the root system and increase in absorbing area occur to a large extent by
development of laterals. Exogenous IAA inhibits the growth of laterals but not their initiation in
the pericycle [47]. Wightman and Thimann [48] suggested that endogenous IAA stimulates develop-
ment of laterals; endogenous ABA and cytokinins (CK) inhibit it. They are also of the opinion that
TAA moves acropetally, but both ABA and CK are transported basipetally. They consider the gradi-
ents of these hormones, resulting from their movement in opposite directions, as the decisive factor
affecting the development of laterals. However, there is no evidence yet that the plant is capable
of sensing such gradients.

The growth induced by IAA is mainly due to cell extension, including extension of the cell
wall. It has been suggested that cell wall extension is regulated by auxin-induced acidification caused
by proton extrusion (acid growth theory). However, the suggestion of Key [49] that auxin induces
the synthesis of specific mRNAs and their respective proteins seems more likely. Theologis [50],
on the other hand, suggested that both mechanisms may be involved in cell elongation. This reporter
[50] presented evidence showing that proton extrusion is not the initial driving force for growth.
Although it eventually affects cell wall elongation, it is itself a result of a long process initiated by
the induction by IAA of specific mRNAs. Theologis [50] did not mention the involvement of CK,
gibberellins (GA), or ABA in the regulation of growth. The antagonistic effect of these hormones
on growth was mentioned earlier.

Salinity induces growth inhibition, and in many cases the shoot is affected more than the root.
Moreover, in many of the plants studied, glycophytes and halophytes, the effect of salinity on root
growth is a function of salt concentration. Some concentrations can stimulate root growth while
inhibiting shoot growth. This was the case, for example, in pea seedlings (a glycophyte); in Kosteletz-
kya virginica (a halophyte), the situation was more complicated. In pea plants 4-5 days after imbibi-
tion, the daily increment in root length, in the presence of 120 mM NaCl, was higher than in roots
of the control plants (Fig. 1A), but decreased after that period. Higher NaCl concentration was
inhibitory throughout. In shoots, no stimulation of growth by salinity was observed (Fig. 1B). The
ABA content was measured in the cotyledons, as they were the first organs to be exposed to salinity
stress at the beginning of germination. The ABA reached its peak on days 5—6 of germination (Fig.
1C); at that time, the relative growth of the root started to decline [51]. In K. virginica [52], the
mean relative growth rate (R GR) of the root was significantly stimulated by low salinity (85 mM)
during the first 14 days of exposure, but after 30 days, it did not differ significantly from control
values. In high salinities (175 and 255 mM NaCl), stimulation of the growth rate occurred only
during the second week of exposure to salinity (Fig. 2A). During the first week, the plants were
probably recovering from the osmotic shock or undergoing other steps of accommodation to salinity.
The shoot responded to salinity in a similar way but more mildly (Fig. 2B).

Salinity may be considered to cause earlier aging of tissues, as can be seen by earlier differenti-
ation of the xylem (lower down in the root) and more extensive lignification of the xylem elements
[53].

Salinity inhibits growth, and this inhibition is usually measured in the laboratory as inhibition
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Ficure 1 Effect of salinity of substrate on growth rate of pea seedlings. Growth as mm
day ' per plant: (A) roots, (B) shoots. Concentration of NaCl: open circles, 0 mM; closed
triangles, 120 mM; closed circles, 195 mM. (C) Free ABA content of cotyledons of the seeds
(ug kg™ " FW), grown in 192 mM NaCl. (Calculated from data in Ref. 53.)

of elongation, dry matter accumulation, or RGR. However, as shown earlier, not all plant organs
respond to salinity in the same way. Therefore, from an agricultural perspective, the ‘‘damage’’ of
salinity differs in different crop plants depending on the part of the plant—seeds, fruits, roots, or
leaves—being harvested.

Root-Soil Water Relations

The soil-root osmotic gradient is the main force responsible for water absorption by the plant. In
normal soils (nonsaline), the osmotic contribution to water retention is rather small, but in saline
soils, it may be considerably higher, causing reduced water availability for glycophytes. Halophytes
apparently have the ability to maintain the necessary gradient even in saline soils. In agricultural
practice, a soil water potential of —15 bars (—1.5 MPa) was considered the limit for water availabil-
ity to the plants and the permanent wilting coefficient. This value is actually the average of the
range —10——20 bars collected from many experiments of permanent wilting [54]. The water present
in the soil at field capacity is slowly depleted by the plants and by evaporation until the water
potential of the soil reaches approximately —15 bars (—1.5 MPa). Tardieu et al. [55] considered
the soil water between —11.0 and —1.5 MPa as transpirable soil water. This concept of a soil-plant
water relation was later replaced by a new approach that regarded the soil-water-plant-atmosphere
as one continuum.

Wilting occurs from loss of turgor in the leaves and thus depends on the osmotic equilibrium
and a dynamic balance between tissue water potential and soil water potential. However, the roots
of a transpiring plant can extract water from the soil at a lower soil water potential than those of
a nontranspiring plant. Army and Kozlowski [56] showed that a transpiring tomato plant could
absorb water from a sucrose solution with an osmotic potential of —17.8 bars (—1.78 MPa), but
the detopped root system ceased to absorb water from a solution of only —2 bars (—0.2 MPa). The
plant’s water relations do not depend absolutely on the simultaneous activity of the whole root
system, as shown by “‘split-root’” experiments in sour orange seedlings [57]. In these experiments,
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FiGure 2 Relative growth rate of roots (A) and shoots (B) of seedlings of Kostelezkya vir-
ginica exposed to three levels of salinity. Concentration of NaCl: open circles, 0 mM; closed
circles, 85 mM; open triangles, 175 mM; closed triangles, 225 mM. (Drawn from data in
Refs. 23 and 52.)

the root system of a seedling was divided between two containers. One contained saline medium
(—0.1 MPa NaCl) and the other contained normal medium. After 4 months of exposure, growth of
the plants (with roots divided in NaCl and control containers) was only 9% lower than that of control
plants with both halves of the root system in normal medium. If both halves of the root system
were exposed to salinity, growth inhibition was 45%. Kirkham [58] reported a split-root experiment
in which half the roots were in soil and the other half in a nutrient solution containing cadmium.
In this setup, water and cadmium were transported from the liquid medium to the soil. Since cad-
mium was detected in the leaves, it was assumed that cadmium and water were taken up by the
roots from the liquid medium, transported to the shoot, returned to the half-root system in the
soil, and excreted to the soil. These data suggest that under drought conditions, when the soil is re-
latively dry, or in plants growing on saline patches, reasonable amounts of water can be supplied
by only a small part of the root system, which is located in a place where water is available.
Moreover, Caldwell [59] suggested that in arid soils, in deep-rooted plants with access to water,
efflux of water may occur into the dry upper soil layer. This water may be available for the neigh-
boring shallow-rooted vegetation. Such a rare situation is defined by the investigator as ‘‘water
parasitism.”’

As already mentioned in the beginning of this section, in normal soil, salinity is not as high
as to affect the osmotic gradient for water uptake. It is only in saline soils that it can be a problem.
Within a reasonable range of salinity, however, there is an effective osmotic adjustment of the root
and the shoot [13]. Slatyer [54] has shown that during such adjustment, turgor is restored to very
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close to the initial value. It is now accepted that osmotic adjustment occurs at first as a result of
ion absorption. Synthesis of organic solutes is another mechanism of osmotic accommodation.

THE ROOT AS A SENSING ORGAN

It is often observed that response to salinity in the shoot is observed earlier than in the root. This
occurs despite that the root is the organ exposed to the soil salinity. The most sensitive processes
are stomatal conductance and leaf growth. These effects do not show a high correlation with leaf
salt content, but correlation is relatively high with the salinity of the root substrate. Therefore, the
root seems to be a mediator capable of monitoring the changing conditions in the soil and transmit-
ting the information to the shoot. As mentioned before, the existence of such an exchange of informa-
tion between root and shoot must exist, but there was not enough evidence presented to support it.
In this section, evidence from the literature is presented to demonstrate and support such an exchange
of information in reference to various types of stresses exerted on the root with the response being
observed in the shoot.

Water Stress

Davies et al. [34] suggested that the root is capable of monitoring the availability of soil water and
of transferring this information to the shoot as a positive chemical signal. Recently, Gowing et al.
[60] demonstrated this by a split-root experiment. The root of a whole plant was divided in two;
each half was made to grow in a separate pot. The two pots were at first well watered, and after
the roots were well established in their respective pots, irrigation was discontinued in one pot for
25-30 days. In the other pot, irrigation was continued. Measurements of the rate of leaf growth
showed that in plants in which irrigation of one of the root halves was stopped, the growth rate
was lower than in the control plants (both halves watered). This decrease in growth was not accompa-
nied by any change in the leaf water status (water potential, solute potential, and turgor), which
remained identical in the plants that only had half of their roots watered and those that had both
halves watered. The investigators interpreted these results as a demonstration that the signal responsi-
ble for the decrease in growth was not a hydraulic effect. In the group in which half the root system
was not watered for a few weeks, when the plants were watered again, or when this half of the root
system was cut off completely, leaf growth rate increased with time and slowly became comparable
to the growth of the well-watered control plants. This response indicates not only that half a root
system is sufficient to sustain leaf growth [57] but also that the decrease in leaf growth of plants
with half of their roots unwatered resulted from a positive root signal. An example of such a positive
signal is an increase in ABA transported from the root to the shoot via the xylem, as suggested by
several authors (see Ref. 61 and references therein). Negative signals probably also exist; for exam-
ple, a decrease in cytokinins transported from root to shoot via the xylem [62].

These data and hypotheses suggest ways in which the root can function as a sensory organ.
It senses the soil environment by the effect of environmental factors on the level of phytohormones
reaching the xylem and thus affects shoot growth accordingly. Information in the literature shows
that, besides soil water status, the root also senses several other soil parameters.

Salinity and Mineral Stress

The literature indicates that changes in mineral nutrient concentration of the medium result in a
modification of endogenous phytohormone concentration (see Table 2). The data suggest that a
deviation, either an increase or a decrease, from the optimum mineral concentration result in
a decrease in the concentration of cytokinins and gibberellins.

Itai et al. [63] and Vaadia [64] reported that exposure of sunflower plants to NaCl resulted
in a decrease in CK in the xylem exudate. Downton and Loveys [65] showed, in grapevine, a
temporary increase in leaf ABA following salinization.
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Low Oxygen Pressure Stress

Bradford and Yang [66], Jackson and Campbell [67], and Jackson [68] reported that decreased root
aeration in tomato caused by flooding resulted in increased root ACC (1-aminocyclopropane-1-
carboxylic acid) concentration and its increased export from the root to the shoot via the xylem.
The ACC is thought to be converted to ethylene in petiole and leaves.

Exposure of pea root to anaerobiosis caused an increase in leaf ABA concentration, resulting
in stomatal closure in the absence of dehydration of the leaf [68,69].

Temperature Stress

Atkin et al. [70] studied the effect of root temperature between 8 and 33°C on the growth of corn
while shoot temperature was kept constant. Leaf growth increased with increasing root temperature.
After 17 days of treatment, xylem exudate showed a maximum ABA concentration at 18°C and
maximum CK and GA concentrations at a root temperature of 28°C. Sattin et al. [71] measured
the rapid response of leaf growth in bean as a function of change in root temperature using a rotary
variable displacement transducer (RVTD). The decrease in root temperature from 23 to 10°C caused
a fall in leaf growth rate within 20 min to less than 10%. In parallel, leaf ABA concentration in-
creased rapidly [72], but the hydraulic conductivity of water in the root decreased. When root temper-
ature was returned from 10 to 23°C, growth rate increased within a few minutes, showing an over-
shoot of leaf growth for several minutes.

Soil Compactness Stress

With increasing soil compactness, a decrease in shoot and root growth was observed. Growth of
the shoot was inhibited more than that of the root. Furthermore, increasing soil compactness resulted
in increased leaf resistance to gas diffusion and decreased transpiration [73]. The signal from root
to shoot has not been identified.

Table 3 summarizes the data in the literature on changes in phytohormone concentrations
occurring in response to modifications of parameters of the soil environment. The information avail-
able is certainly not complete, but it is clear that there is a correlation between the soil environment,
plant growth, and changes in the concentration of phytohormones. These data are in agreement with
the idea that changes in the phytohormones transported via the xylem from root to shoot may serve
as either positive or negative signals carrying the message of changing soil conditions.

TaBLe 3 Response of Plants to Environmental Parameters in the Soil?

Whole-plant Changes in phytohormone 3

Parameter response concentration %
Water | Growth | ABA T £
Oxygen 1 Growth | ABA T, ethylene (ACC) T E
Mineral nutrients { Growth | CK !, GA L <
Mineral nutrients T Growth 1 CK |, ABA T temp =
Salinity (NaCl) T Growth CK !, ABA T temp 2
Temperature | Growth | CK!,GA!l,ABAT ]
Soil compactness T Growth | No data ;g
ABA, abscisic acid; ACC, 1-aminocyclopropane-1-carbohylic acid; CK, cytokinins; GA, ©
gibberellin. ?
2 Decreased or increased concentration indicated by direction of arrows. g
O
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THE SHOOT IN THE AERIAL ENVIRONMENT

The plant’s shoot in its aerial environment is exposed to the effect of external conditions. These
include light, temperature, relative humidity, pollution, the mechanical effect of wind, and, in spe-
cific habitats, salt spray. The aerial environment is much less stable than the soil environment.
Climatic factors are continuously changing in annual, seasonal, and diurnal cycles, and various
unpredicted climatic changes are liable to occur. In addition, the shoot is affected by ‘‘messages’’
from the root, which fall in two categories: qualitative, such as the supply of water, minerals, and
various substances, originating in the root; and quantitative, the change in the rate of supply of these
substances, or some of them, as a result of changing conditions in the soil. The factors in the aerial
environment are not directly affected by substrate salinity, but soil salinity may affect the signals
sent from the root to the shoot. On the other hand, messages are also being sent from the shoot to
the root; for instance, products of photosynthesis, various nitrogenous substances, plant hormones
(such as TAA), and others.

The water balance of the plant is actually the equilibrium between supply from the soil
through, and by, the root and loss by transpiration from the leaves through the stomata. Stomatal
resistance and the evaporative demand of the atmosphere (which is an interaction between relative
humidity [RH] and temperature) affect the rate of transpiration, which in turn also affects the CO,
supply for photosynthesis. When transpiration exceeds supply, transitional water stress may develop
in the plant even when the soil is wet, and wilting and/or heat shock may occur. Closure of stomata
thus decreases transpiration and enables the plant to balance the water economy and restore turgor.

Shoot Growth in Salinity

Salinity affects the growth of different plants in different ways according to the mode of life of the
plants (see Table 1). Although inhibition of growth by salinity is the most evident effect, it is not
a simple phenomenon that affects all types of plants, or all organs of the plant, in the same way.
As can be seen from Figures 1 and 2, shoot growth may be inhibited by salinity levels that stimulate
root growth. In pea seedlings, inhibition of stem growth is mainly due to shortening the internodes,
not to a decrease in their number. In Kosteletzkya, the relative growth rate of root and shoot are
affected similarly. In rice, Yeo et al. [74] distinguished two stages of leaf growth inhibition by
salinity: Exposure of rice plants to 50 mM NaCl caused immediate cessation of growth, but within
30 min the growth rate recovered. The investigators believed that it was difficult to assume that
anything other than water supply could be perceived, transmitted, and translated in such a short
time. On long exposure, growth was inhibited, longevity of leaves was reduced, and leaf mortality
was high. Although the investigators ascribed these phenomena to excessive ion accumulation, they
did not discard the possibility that hormonal signals from the roots may have been involved.

Now it is generally accepted that, in most plants, stress induces an accumulation of ABA and
ABA plays an important role in the growth and development of the plants and also serves as a
signal conveying information (see section on The Root as a Sensing Organ above).

Recently, Saab et al. [75] studied, in great detail, millimeter by millimeter, the extension
growth of maize mesocotyl and the primary root under conditions of low water potential of the
substrate. Earlier, Saab et al. [76] found that, under low water potential, in contrast to conditions
of high water potential, the endogenous ABA enhanced root growth but inhibited shoot and mesoco-
tyl growth. Treatment of the plant with fluridone actually reversed the effect of the endogenous
ABA. After measuring endogenous ABA, water content, and elongation of millimeter segments,
these investigators [76] concluded that a gradient of responsiveness to ABA developed in the cells
of the elongation zone. The ability of ABA to protect cell expansion of the elongation zone, for
instance in the root at low water potential, decreased with distance from the tip. In the mesocotyl
at low water potential, ABA became more inhibiting to cell expansion with increasing distance from
the meristem [75].

The different growth responses to salinity or stress can in general be interpreted as resulting
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from changes in the allocation of resources (i.e., products of photosynthesis). Plants usually maintain
a characteristic root-shoot ratio. When this ratio is disturbed, either through loss of part of the shoot
by cutting or grazing or similarly by loss of a part of the root, the immediate response is a reduction
in dry matter accumulation in both the root and the shoot. However, eventually the plant compensates
by increased growth of the damaged part until the ratio is restored [77]. Klepper [77] presented
ample evidence showing that removal of a part of the root system was followed by acceleration of
root growth (relative to the shoot). If, on the other hand, the plant was partly defoliated, the remaining
shoot parts showed enhanced photosynthesis and growth. However, this is by no means a universal
behavior. The return to the initial root-shoot ratio is designated ‘‘homeostasis’’ by Klepper [77].
This can perhaps be interpreted as a change induced in the allocation of resources and partitioning
of dry matter.

Carmi and Koller [78] showed that in bean plants detopped above the primary leaves compared
with intact plants, neither the net assimilation rate (NAR) nor the net photosynthesis (NP) of the
primary leaves was affected. The assimilates normally allocated to the top leaves in the intact plant
were distributed in what remained from the top in the detopped plant. If the petioles or the stem
below the primary leaves was girdled or steamed, thus not allowing the photosynthates to flow out
of the leaf, the NAR and NP were still not affected, and the assimilates formed, remained, and
accumulated in the primary leaf as starch grains (see the next section). From the following, it appears
that, in nongirdled detopped plants, the distribution of resources may be directed by phytohormones.
Treatment of the detopped stump with IAA diverted the allocation of dry matter to the root and
increased root growth occurred. Treatment of the stump with GA directed the assimilate flow to
the shoot. Even with this distribution of assimilates from the primary leaves, however, neither the
NP nor the NAR was affected (see the next section). If instead of detopping, or in addition to it,
~80% of the root system was excised, a considerable reduction in the photosynthesis rate of the
primary leaves was observed [79]. This reduction was shown not to be due to inadequate supply
of water or minerals but apparently to an inadequate supply of some essential substances activating
the photosynthetic apparatus. The exogenous addition of benzyladenine could substitute for the
missing part of the root system, indicating that cytokinin-like substances originating in the root
participate in regulation of the rate of photosynthesis in the leaves, in this case, the primary leaves.

This information implies that loss of part of the plant’s canopy, or loss of a part of the root
system, changes the hormonal balance of the plant as a whole. Substrate salinity, as shown, to some
extent mimics this ‘‘mechanical’’ effect, at least in the root system, and induces a change in the
hormonal balance of the plant and a change in the allocation of resources.

Tshaplinsky and Blake [80], in their experiment with young poplar trees, showed a behavior
different from that of the bean plant in the experiments of Carmi and Koller [79]. Decapitation was
followed by reinvigoration of growth in the remaining stump leaf. Diurnal photosynthetic patterns
of the retained stump leaves showed that 15 days after decapitation, the photosynthetic potential
was increased by increasing NP in the early afternoon, thus eliminating the afternoon reduction in
photosynthesis typical of the control leaves. The increase in NP was accompanied by increased
transpiration rate and increased stomatal conductance. Thus, photosynthesis was increased without
requiring activation of, or increase in, the photosynthetic apparatus, but water loss was not controlled.

In the experiments described by Carmi and Koller [79], the primary leaves of the detopped
or partially defoliated plant are the source of the photosynthates. The roots and/or the leaves, and
the shoots above these primary leaves, are the sink for these photosynthates. It was shown that
phytohormones are capable of changing the direction of flow of the assimilates; that is, they may
change ‘‘the strength of the sink.”’

Sink-Source, Photosynthesis, and Hormones

A considerable amount of information in the literature suggests that the accumulation of sucrose
and/or sugar-phosphate intermediates in source leaves affects photosynthetic rates by feedback inhi-
bition. This was proposed by several investigators in the past, for example Herold [81], and was
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reaffirmed lately by Stitt [82]. Some investigators, however, for example Geiger [83], were not able
to demonstrate this relationship in their experiments. Table 4 presents data of plants tested. In most
of them (sunflower, tobacco, Amaranthus, peanut, soybean, cotton, and wheat), a decrease in the
export of photoassimilates from source leaf rapidly resulted in an increase in soluble sugar concentra-
tion, as well as in a decrease in photosynthesis. This correlation can also exist in cucumber, although
it requires 5, 6, or even up to 16 days to be observed (see Table 4). In bean, the phenomenon
could not be demonstrated [83,96], possibly because the experiments were too short—4 and 2 days,
respectively. The earlier study on bean [102] showed that decreased export of photosynthates re-
sulted in a considerable increase in the dry weight of the source leaf, which the investigators sug-
gested might be due to starch accumulation. The data in Table 4 show a negative correlation between
photosynthesis and accumulation of soluble photosynthates in source leaves. Sometimes the two
are tightly coupled and the response is rapid; in other cases, they are more loosely coupled, probably
when relatively larger amounts of starch accumulate in the chloroplast, thereby decreasing sucrose
and sugar-phosphate accumulation in the cytoplasm of source leaves. This phenomenon, although
common, is not always observable, as exemplified by the following: (a) in certain cases, the phenom-
enon is only observed after a very prolonged lag and (b) the data of Carmi and Koller [78] show
that starch accumulates when there is no outlet for the photosynthates from the primary leaves; no
effect was observed on NP or NAR, and the decrease in photosynthesis occurred only when the
supply of CK substance was decreased.

The data from the literature, summarized in Table 5, show that changes in auxin, ABA, GA,
or CK concentration in many cases affect the sink-source relationship. Reports are sometimes contra-
dictory, because phytohormonal effects depend on the developmental stage of the plant being stud-
ied; hormones can have an effect only if the plant tissue can perceive and respond to the stimulus.
In general, the data in Table 5 suggest that auxin enhances export of photoassimilates from source
to sink, apparently by enhancing phloem loading. The effect of ABA is the most unpredictable,
because the sensitivity of the plant depends on its developmental stage. It often enhances phloem
unloading. The GA seems to enhance phloem unloading, possibly by induction of invertase activity.
The CK seems to enhance phloem unloading but through a mechanism other than that of GA.
These generalizations are tentative, since the mechanisms of phytohormone action are not known.
However, they strongly suggest that phytohormones may play a central role in the partitioning of
photoassimilates.

Sucrose is the main product of photosynthesis exported from source leaves to sinks. The data
in the literature indicate that its concentration is affected by salinity. The sucrose concentration in
source leaves either increases or decreases depending on the particular plant being studied (Table
6). The data presented earlier permit the formulation of a working hypothesis that describes the
response of plants to NaCl salinity. Salinization of the root environment causes a change in the
hormonal balance of the plant, such as decreases in CK and GA and a temporary increase in ABA
concentration. This change in the phytohormonal balance in the plant results in a decrease in photo-
synthetic activity as well as in the activity of the sinks. When the decrease in photosynthetic activity
induced by the phytohormonal change is greater than the decrease in the activity of the sinks, the
sucrose concentration in source leaves decreases. However, when the decrease in photosynthetic
activity is relatively small compared with the decrease in sink activities, the sucrose concentration
in source leaves increases. This increase in sucrose together with an accumulation of phosphorylated
photosynthesis intermediates in source leaves eventually results in decreased photosynthesis by a
feedback inhibition mechanism, and the sucrose concentration remains higher than in the absence
of salinity.

To explain the effect of salinity on nonhalophytes, Munns and Termaat [127] suggested that
phytohormones of root origin regulated metabolic processes in the leaf. However, since these investi-
gators [127] were not able to counteract the effects of salinity by exogenous phytohormonal treat-
ment, they did not pursue the idea further. Amzallag et al. [128], however, were able to show such
an effect of phytohormones on salt-affected sorghum plants. Sorghum plants adapted to 150 mM
NaCl salinity [129] did not grow when the salinity was increased to 300 mM NaCl, if the mineral
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nutrient medium was maintained at the concentration of half-strength Hoagland solution. When the
concentration of the nutrient solution was increased to full-strength Hoagland, RGR was restored
to the level of the controls. However, addition of an appropriate concentration of CK (1077 M), GA
(1078 M), or, even better, a mixture of CK plus GA (both at 10~° M) substituted for the increased
mineral concentration, and RGR was restored to that of control plants. These results, as well as
the data in Table 2, show an interrelationship between mineral nutrients and phytohormones in the

regulation of growth.

Modification of the Effect of NaCl on Sink Activity by
Increased Ambient CO, Partial Pressure

Zeroni and Gale [130] reported that rose plants (Rosa hybrida, Sonia, grafted on Rosa indica) showed
a change in sensitivity toward salinity during prolonged exposure to a high CO, concentration.
Exposure to 29 mM NaCl inhibited growth (dry weight) to 74% of control when CO, concentration
in the air was 320 umol mol~'. At a CO, concentration of 600 wmol mol !, exposure to a similar
salinity enhanced growth to 146% of control (plants exposed to 600 pwmol mol~! of CO,, but no
NaCl). If our hypothesis presented in the previous section is correct, these data suggest that at 320
umol mol ! of CO,, addition of NaCl causes a decrease in sink activity; at 600 umol mol ! of CO,,
the salinity causes increased sink activity. At present, not enough data are available to explain this
interesting effect. Similar data on the effect of CO, concentration in response to salinity were ob-
tained by Bowman and Strain [131] in a study on Andropogon glomeratus. Increased CO, concentra-
tion in the air is known to effect numerous phenomena. It has been reported that increased CO,
concentration affects the synthesis of ethylene [132], and at higher concentration, CO, also acts as
a competitive inhibitor of ethylene activity [133]. The effect of increased CO, concentration on the
response of the rose plants to salinity could result from this effect of CO, or perhaps from the effect
of a change in sucrose concentration on genome expression [134].

ADAPTATION TO SALINITY

As outlined at the beginning of this chapter, most plants are capable of tolerating a certain range
of salinity. This range varies in different species, varieties, and ecotypes. In some plants, this range
is rather narrow; in others (i.e., in halophytes), it is wide. A large part of the research on salinity
is carried out with the intention of accommodating crop plants to grow in salinities outside the
natural range of tolerance and nevertheless obtain appropriate agricultural yields. Such expressions
as accommodation, adaptation, and acclimation are used as synonyms in the literature. Since two
types of plant responses to salinity have been distinguished, we prefer to use different terms: preex-
isting resistance mechanisms that enable the plant to cope with salinity within its natural range of
tolerance, and adaptation [129]. Adaptation is achieved during a specific treatment and involves
changes in the plant’s behavior and expression of properties that were not evident before the treat-
ment. A plant is considered ‘‘adapted’’ to salinity when at least one of the following cases occurs
after the treatment that induces adaptation: (a) an increase in the mean relative growth rate of the
salt-treated plant occurs, so that the growth is restored to a value more or less similar to that of the
control plant; or (b) when the plant has acquired the capacity to complete its life cycle in a saline
environment in which the nonadapted plant is not able to do so [129]. In the following, we present
a few examples of adaptation.

Adaptation at the Whole-Plant Level
Phaseolus

The response of Phaseolus vulgaris to salinity was reported by Wignarajah et al. [135-137]. They
exposed the bean plants to 48 mM NaCl 8 days following germination. At first, growth was inhibited
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and leaf Na* and CI~ concentrations increased rapidly. However, 25 days after the beginning of
salinization, RGR was restored to a value similar to that of the control plants. The leaf Na* and
Cl™ concentrations decreased to low and controlled values. The decreased ion concentration results
both from dilution by growth as well as retranslocation from leaf to root followed by excretion to
the medium. Both these properties, normal growth and controlled ion concentrations, suggest that

the plants had adapted to salinity.
Sorghum

A period of 20 days of exposure of §-day-old Sorghum bicolor plants to sublethal NaCl concentra-
tions (above a threshold of about 30 mM) induced the ability to survive the presence of the otherwise
lethal NaCl concentration of 300 mM NaCl [129]. Moreover, the plants grew, flowered, and set
seeds if the Hoagland solution was brought to full-strength concentration, while the control plants
died. Pretreatment of the plants with the low NaCl concentration resulted in adaptation to salinity.
Adapted Sorghum plants exposed to 300 mM NaCl have RGR values similar to those of control
plants. Furthermore, shoot Na* and Cl~ concentrations were stable and controlled. The process of
adaptation to salinity is sensitive to exogenous plant growth regulators. The period required for
adaptation was shortened by ABA treatment, but the process of adaptation was inhibited by exoge-
nous CK and/or GA [128,138]. Adaptation to salinity occurred only if the pretreatment was initiated
not later than 10 days following germination. After this period, adaptation was no longer possible.
The short and defined period of time during which adaptation was possible was considered a ‘devel-
opmental window.”’ The growth of adapted Sorghum plants exposed to 300 mM NaCl showed a very
high degree of variability, indicating that individual plants reached different levels of adaptation.

C; to CAM Shift

In facultative CAM (crassulacean acid metabolism) in plants, water stress or salinity induces a shift
from C; to CAM photosynthesis. This shift has been extensively studied in Mesembryanthemum
crystallinum. The plant has the capacity to shift from one physiological mode to the other. The
shift, which takes about 10 days to occur, is composed of a series of events. The first event observed
is the appearance of the early stress proteins and accumulation of proline. This is followed by an
increase in PEPCase mRNA and its protein. Finally, the plant shifts into CAM [139]. Ostrem et al.
[140] reported that this response is only inducible in plants that are at least 6 weeks old. Chu et al.
[141] have shown that 10 uM exogenous ABA applied to the leaf induced the C; to CAM shift,
and preliminary results reported by Piepenbrock and Schmitt [142] showed that 100 uM CK added
to the medium inhibited NaCl induction of PEPCase in M. crystallinum.

There are many similarities between the increase in tolerance to salinity induced by NaCl in
Phaseolus, Sorghum, and Mesembryanthemum. For Phaseolus and Sorghum, growth rates that are
first inhibited by exposure to salinity are restored to values similar to those in the absence of salinity.
Furthermore, the shoot Na* and Cl~ concentrations seem to be controlled as a result of adaptation.
In Sorghum and Mesembryanthemum, phytohormones are seen to play a role in the adaptation pro-
cess. The ABA accelerates the process, and CK and GA prevent its development.

Although three examples of adaptation have been presented here, the response of plants to
salinity is often not by adaptation but rather through preexisting tolerance mechanisms. For example,
the prolonged growth kinetic study by Greenway [143] on two varieties of Hordeum vulgare under
saline conditions did not show any increase in salt tolerance of the plants.

Adaptation at the Cell Level

It is possible to adapt cells in suspension culture by a stepwise increase in the NaCl concentration.
Using this technique, tobacco cells were made to grow in a medium containing 500 mM NaCl
[144,145]. Adapted cells can be returned, progressively, to a medium containing no NaCl and grow
for many generations. When these salt-adapted cells are transferred directly back to medium con-
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taining 500 mM NaCl, they begin to grow within a few days. At first they grow slowly, but after
several generations, the growth rate becomes similar to that of cells grown continuously at high
salinity. These cells retain their adapted character even if grown for many generations in the absence
of salinity. La Rosa et al. [146,147] showed that the process of adaptation is accelerated by the
addition of 10 uM ABA to the medium.

The adaptation of cultured cells has often been performed in view of the possibility of regener-
ating plants with enhanced salinity tolerance. McCoy [148] compared the salt tolerance of the whole
plant with that of its cells in culture for several species of Medicago. This investigator [148] did
not find any correlation between the tolerance at the cultured cell level and that at the whole-plant
level. In other experiments, McCoy [149] adapted cells of two Medicago species to salinity and
compared the regenerated plants obtained from the adapted cells to plants regenerated from control
cells. The plants regenerated from control cells all looked normal. In one species, all the plants
showed normal chromosomes, in the other species, one type of chromosomal aberration occurred
in 74% of the plants. In contrast, all the plants regenerated from the salt-adapted cells looked very
abnormal; all of them showed multiple types of chromosomal aberrations. Exposure of cultured
cells to salinity greatly enhances the frequency of occurrence of chromosomal aberrations, which
suggests that NaCl causes gross changes in the organization of the genome in cultured cells.

CONCLUSIONS

In the past, the effects of salt on plants have been considered by some investigators as resulting
from the physicochemical properties of the saline solution, and it was supposed that the tolerance
of the plant resides in the tolerance of its cells. This has led to the development of several concepts
concerning the growth inhibition observed following salinization of salt-sensitive species:

1. The decreased water potential of the medium results in a decrease in turgor, which is
necessary for cell elongation. This was defined as physiological drought. To grow under
saline conditions, the plants must accumulate solutes, either inorganic (such as NaCl
itself) or organic.

2. The NaCl toxicity is a major reason for growth inhibition. Compartmentation of Na* and
Cl™ in the vacuole and accumulation of compatible solutes in the cytoplasm prevent toxic-
ity damage.

3. Plants regenerated from salt-adapted cells may yield more resistant species.

These concepts, however, are not adequate to interpret the data available at present on the
response of plants to salinity. Salt tolerance may well be a property of the whole plant, not the sum
of the tolerance of its cells [63]. This is supported by the unsuccessful attempts to produce salt-
tolerant plants through regeneration from salt-adapted cell lines. In plants, different cell types coop-
erate to form an integrated organism. Moreover, interactions between different cell types result in
characteristics that are proper to the whole organism.

Phytohormones play an important role in the integration of developmental processes in plants,
including the responses of the whole plant to changing environmental factors. As described, devia-
tions in the characteristics of the soil environment from optimal conditions result in changes in the
phytohormonal balance of the plants that are correlated with inhibition of growth. The decrease in
growth may be a necessary intermediary stage during which various changes occur, which may
result in accommodation of the plant to the new environmental conditions. The plant may respond
to salinity by using its preexisting resistance mechanisms. Under specific conditions, it may ‘‘adapt’’
to salinity; this adaptation is expressed, for example, by an expanded range of salt tolerance or a
changed photosynthetic mechanism. In general, such a change may be described as a change in the
plant’s physiological ‘‘mode.”” Whole plants, in the course of their development, may have only a
short time period, a developmental window, during which they are susceptible to the treatment
resulting in adaptation.
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Many mechanisms play a role in the response of plants to salinity, but it seems that hormonal
balance is a major factor affected by salinity. The disturbed hormonal balance seems to be one of
the main factors responsible for growth inhibition.
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INTRODUCTION

Germination is a complex phenomenon involving many physiological and biochemical changes and
leading to the activation of embryo [1,2]. However, during initial phases of germination, propagules
may behave differently as compared with seed, but fundamentally embryonic tissues in both of them
show more or less the same pattern of growth. Any unfavorable change may jeopardize the process
of germination to a large extent.

Salinity, as an abiotic hazard, induces numerous disorders in seeds and propagules during
germination. It either completely inhibits germination at higher levels or induces a state of dormancy
at lower levels [3,4]. It first reduces imbibition of water because of the lowered osmotic potential
of the medium [5,6]. Second, it causes toxicity; that is, it changes enzymatic activity [7,8], hampers
protein metabolism [9,10], upsets plant growth regulators balance [11], and reduces the utilization
of seed reserves [12,13,14]. It may elicit changes at ultrastructural [5], cellular and tissue [15,16],
or even at organ levels [17].

Salinity interacts with certain plant and environmental factors during germination. Among
the plant factors, seed coat [18], dormancy [4], seed age [19], seed polymorphism [20,21], and
seedling vigor [22,23] are prominent. Environmental factors include temperature [24], light [3],
availability of water [25], and oxygen [26].

Efforts have been made to ameliorate the adverse effects of salinity on germination by em-
ploying certain chemical and biochemical agents. Gibberellic acid initiates germination by breaking
salt-induced dormancy [27,28], whereas kinetin stimulates it [29,30,31]. Similarly, polyamines [32],
thiourea [33], amino acids [34], betaines [6], and sugars [35] have been successfully used to accom-
plish a higher germination rate and seedling growth. The role of calcium has been well documented
in the mitigation of ionic toxicity and regulation of membrane processes during germination [36,37].
Moreover ammonium, nitrate [38], potassium, and magnesium [23] have also proved their worth
in germination and seedling development. This chapter encompasses the details of salt-induced
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changes on the process of germination, interaction of some factors with germination of seeds (includ-
ing caryopses) and propagules (e.g., buds, tubers, stem cuttings), and impact of some ameliorants
to enhance germination under salinity.

PROCESS OF GERMINATION UNDER SALINITY

Germination of a viable seed or propagule starts with the imbibition of water and terminates with
emergence of embryonic tissues. This involves the hydration of proteins, subcellular structural
changes, respiration, synthesis of macromolecules, and cell elongation [1]. Whereas, Chong and
Bible [39] have regarded growth of embryonic tissues as an important step in the completion of
germination, some workers have given due emphasis to the establishment of seedlings under stressful
conditions [40,41]. The latter seems crucial under salinity, as without a successful crop stand simple
emergence of embryonic tissues will prove futile. The process of germination is greatly influenced
by the nature and extent of salinity and, above all, on the behavior of seeds or propagules. For a better
understanding of the adverse effects of salinity, we have categorized the process of germination into
four events: (a) imbibition, (b) active metabolism, (c) emergence and elongation of embryonic tis-
sues, and (d) establishment of seedlings (Table 1).

Imbibition of Water

Hydration of stored materials is the initial step for the onset of germination [60]. The osmotic
component of salinity poses a strong inhibitory effect on the hydration of the embryo, cotyledon, and
endosperm [16,61,62]. It is independent of types of salinity and growth media whatsoever [44,62], as
use of any salt induces an osmotic effect.

Active Metabolism

The ions are inevitably taken up by seeds, during exposure to salinity, which cause toxicity to
various physiological and biochemical processes. The activities of enzymes are hampered [9,63],
leading to the altered and reduced synthesis of micro- and macromolecules [49] and their reduced
mobilization to the developing tissues [16,49,59]. The synthesis of new proteins in response to saline
stress was observed in wheat embryo which ceased on return to water [10]. This pattern of synthesis
was attributed to the specific effect of ions on the activities of enzymes [9]. Salinity also causes
the accumulation of soluble sugars, free proline, and soluble proteins [6,52]. These metabolites may
prove to be beneficial to the germination; first by reducing osmotic inhibition and second by provid-
ing substrates for the growth of embryonic tissues [16,64].

Emergence and Elongation of Embryonic Tissues

Seed reserves are utilized in the growth of the embryo and the elongation of young tissues and
involve the turnover and de novo synthesis of macromolecules. Germinating seeds in saline media
exhibit a lowered and delayed production of radicle and plumule [54-56]. Sodium chloride affects
the emergence of young tissues more adversely than other salinities [30,40,58].

Establishment of Seedlings

A successful crop stand depends on the establishment of young seedlings. Prolonged exposure to
substrate salinity results in an extremely poor stand [14] caused by seedling mortality [42]. This may
be more pronounced in the case of glycophytes owing to their high sensitivity to salinity [65]. A
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good stand of crop was achieved in Sorghum halepense under mild salinity owing to the rapid rate of
germination [57]. Plants having higher seedling vigor also show better stand under salinity [66].

GERMINATION OF SEEDS UNDER SALINITY
Germination and Salinity—Osmotic or Toxicity Effect?

Germination and salinity interaction is often studied on the premise that it has dual action; that is,
osmotic and toxic actions [67]. Attempts to separate both the components of salinity by using isotonic
solutions of salts and nonpermeating osmotica yielded conflicting data [43,68]. Some regard the
osmotic effect as the crippling factor [22,27], whereas the majority consider ion toxicity as being
anoxious component [7,9,42,64], or that both the components are equally detrimental to germination
[57,69]. Wahid et al. [16] reported that incubation of seeds in salt solution followed by reduced
germination in water gave credence to the major role of ion toxicity.

Metabolism of Stored Materials

Seeds, whether from monocots or dicots, comprise of storage tissue (endosperm and cotyledons
respectively) and an embryo. The nature and extent of stored materials may be different in different
species. Major stored materials include proteins, sugars, and oils, whereas nucleic acids, plant growth
regulators, nitrogenous compounds other than proteins, and some nutrients may form a small compo-
nent [1]. Salt stress hampers the metabolism of stored materials and the growth of the embryo. At
the onset of germination, synthesis of enzymes and changes in the metabolic pattern are initiated
[24], but salt stress either alters it or does not permit the synthesis of specific metabolites required
for germination [7-9]. Application of salinity hampers the utilization and mobilization of materials
required for the production of seedlings by affecting the enzymatic activities of seed essential for
these reactions (Table 2).

Proteins

Salinity creates an impact on the activities of the enzymes for protein metabolism [9,47]. Protease,
which catalyzes the turnover and solubilization of proteins to soluble nitrogen in seed is largely
inhibited by salinity [38,62]. It interferes with the incorporation of [*H]leucine and [**S]methionine
during protein synthesis in the wheat embryo [10,43] and modulates the production of a selected
group of proteins not synthesized otherwise [10]. Ramagopal [50] found the synthesis of qualitatively
and quantitatively different eight new proteins in germinating barley embryo under salt stress and
seven during recovery.

Carbohydrates

Carbohydrates (as starch) constitute a major bulk of storage material in some seeds (e.g., caryopses).
Amylases mainly regulate the metabolism of carbohydrates, and their activity is greatly attenuated
by salinity. The activity of a-amylase is reduced under salinity in a concentration-dependent manner,
depressing the growth of seedlings [34]. Greater salt tolerance of sorghum during germination was
attributed to the enhanced activity of oi-amylase [62]. Salt-treated lentil seeds indicated no variation
in different solute contents; however, the activity of o-galactosidase increased and caused the accu-
mulation of sucrose, galactose, and mannose in the embryonic tissues [68]. An accumulation of
osmotically active sugars and proline was noted in different plants [16,52], which played an impor-
tant role during and after relief from salinity.

Nucleic Acids

The most important factor in nucleic acid metabolism is the synthesis and activation of ribonuclease
(RNase). Salinity delays the de novo synthesis and/or activation of RNase in Vigna cotyledons due
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to its toxic effect [7]. A slight increase in the cotyledonary RNA level during the first day of germina-
tion was noted, but it decreased subsequently up to 7 days; however, DNA decreased continuously
during this period [46]. Petruzzelli et al. [43] suggested that the suppression of nucleic acid biosyn-
thesis in wheat embryo was due to salt-induced inhibition of the incorporation of precursors into
nucleic acids.

Lipids
Glyoxysomal enzymes are responsible for the metabolism of stored lipids. Salinity exerts an inhibi-
tory effect on glyoxysomal catalase, malate synthase, and iso-citrate lyase, decreasing the levels of

triacylglycerol, diacylglycerol, and monoacylglycerol and increasing the levels of free fatty acids
and polar lipids [49].

Polyamines

Polyamines have recently gained importance in the escape of seedlings from the adverse effect of
salinity. They promote seedling growth by the production of ethylene-forming enzymes [32]. Lin
and Kao [70] reported an increase in the level of spermidine under salinity but a low level of
putrescine in the shoot and roots of rice seedlings. Accumulation of putrescine and spermidine, with
the activity of arginine decarboxylase in rice seedlings, plays a specific role in salt tolerance owing
to production of ethylene [71,72].

Other Organic Compounds

Various endogenous compounds are differentially metabolized during germination and seedling
growth. The glycine betaine, a compatible solute, either disappears [6], exhibits no change [40], or
accumulates as a result of salt-stimulated betaine aldehyde dehydrogenase activity and rescues the
seed from the adverse effect of salt [63]. Similarly, the rise in the level of free proline and soluble
sugars of seeds or seedlings also plays a beneficial role [6,16,52].

Seed Nutrients

The higher content of seed nutrients is of vital importance for germination, but salinity suppresses
their role in the metabolism of seed and the production of seedlings [73]. During germination of
sorghum caryopses, a higher content of potassium, calcium, phosphorus, and nitrogen was parti-
tioned into the plumule and radicle as a strategy of tolerance to salinity [16]. Guerrier [74] attributed
the reduced salt tolerance of tomato to its inability to accumulate and transport lower amounts of
calcium and potassium.

GERMINATION OF PROPAGULES UNDER SALINITY

The initial events of propagule germination may be different from seeds. However, bud activation,
elongation, and establishment of seedlings seem almost similar. Germination of sugar cane sets
(stem cuttings) exhibited significant reduction in the rate and percentage of germination due to NaCl
damage [55]. These plants had an enhanced content of Na* and C1~, a concomitantly reduced content
of potassium, calcium, nitrogen, and phosphorus and reduced elongation and dry matter of seedlings.
Citrus rootstocks used to raise plantlets had a negative correlation of CI™ with certain nutrients [75].
Resting buds of salt-stressed poplar plant, grown in vitro, did not accumulate glycinebetaine and
proline and thus had reduced growth of seedlings [76]. Similarly, tubers of hydrilla indicated the
signs of salt damage and reduced germination [77]. There is a dearth of information particularly
about the salt tolerance of propagules during germination.
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REGULATION OF IONS IN SEEDS AND SEEDLINGS

Exposure of seeds or seedlings to salinity results in the influx of ions with the imbibition of water,
which exerts an adverse effect on the growth of embryo [6,78]. This may lead to a marked decrease
in the internal potassium concentration [43], a vital nutrient for protein synthesis and plant growth
[79]. Seedlings exposed to salinity are highly prone to excessive ions, sometimes leading to their
death shortly after emergence [42,80]. The ability of plants to cope with ion toxicity is principally
related to the greater transport of ions to shoot. Grasses show a strategy of salt tolerance by storing
toxic ions in the mesocotyl up to a certain limit [81,82]. This has significance in that the epicotyl
and hypocotyl avoid ion toxicity, thus ensuring their better growth [16].

STRUCTURAL CHANGES IN SEEDS AND SEEDLINGS
UNDER SALINITY

Salinity triggers structural changes at various levels of organization in seeds and seedlings (Table
3). At the subcellular level, major changes were found in (a) nuclear chromatin, which was con-
densed indicating suppressed nucleic acid biosynthesis; (b) formation of small provacuoles instead
of single large vacuole; and (c) damaged mitochondrial apparatus and reduced oxygen uptake [5,43].
Salinity caused the contraction of plasmalemma away from the cell walls [43], which may be due
to disaggregation of intramembranous particles [45]. The cell wall of salt-treated cotton roots and
the sorghum mesocotyl became considerably thickened [16,17].

At cell and tissue levels, the salinity reduced the cortical cell area and as a result the mesocotyl
of sorghum was considerably constricted and appeared to act as a repository of ions [16]. Further-
more, there was the induction of exodermis with a casparian band having suberin lamellae close
to the root base and in the transition zone of the hypocotyl of cotton [17]. This protected the root
from water loss and/or leakage of solutes important for osmotic adjustment. Salinity also stimulated
the development and lignification of secondary tissues and enhanced the number of water-storage
cells in the epidermis and cortical layer of the hypocotyl [15].

TaBLe 3 Salt-Induced Changes in Anatomical Characteristics During Germination in
Various Tissues

Level of
organization Salt-induced change Reference
Subcellular Formation of small provacuoles in coleorhiza cells. 5 ?
Diffusion and condensation of chromatin material in embryo. 5,43 %
Reduced size of plasmalemma and mitochondria. 43 %
Lignification and thickening of cell wall. 16,17 =
Cellular Reduced size of cortical cells in mesocotyl of sorghum. 16 <
Induction of endodermis with Casparian band and suberin la- 17 f‘
mellae close to root base. 2
Tissue Earlier development and differentiation of secondary xylem 17 é’
in hypocotyl. &
Constriction of cortical tissue of mesocotyl. 16 =
Increased lignification of secondary tissues. 15 %
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FACTORS INTERACTING WITH SALINITY DURING
GERMINATION

Plant Factors
Seed Coat

The seed coat is the first barrier to the entry of water and ions into the seed. The hard and thick
seed coat offers resistance to the entry of water into the seed and minimizes the contact of ions
with the embryo. It also acts as a buffering agent to ionic toxicity [6,18] and enhances germination.

Dormancy

One of the primary impacts of salinity is the induction of dormancy in the seed due either to inhibition
of the synthesis of nucleic acids [83] or plant growth regulator imbalance [11]. Although dormancy
carries no consistent relationship with salinity [84], it is important for the halophytes, since it permits
the seed to remain viable for the period until the environment becomes conducive to germination
[24.,85].

Seed Age

Aging or prolonged storage of a seed affects its germinability [86]. This has been used to test and
predict the salt-tolerance potential during germination. Smith and Dobrenz [19] found a strong nega-
tive relationship between salt tolerance and seed age in a sensitive but a significant decline in the
solute leachate during imbibition of water in a tolerant alfalfa genotype.

Seed Polymorphism

The seed size of a species also shows a differential response to salinity [87]. The greater the seed
size, the greater is the salt tolerance [20,88]. Smaller seeds containing a higher amount of toxic
ions and a low amount of reserves per unit weight show higher dormancy-delayed germination and
reduced weight of seedlings [21].

Seedling Growth and Vigor

Seedling growth and vigor is an important factor for the establishment of plants. Root growth, being
the most important factor, determines the establishment of a stand under salinity [34,53]. This prob-
lem may be partially solved either by using a higher seed rate to obtain high seedling density or
by selecting the crop for high seedling vigor, especially in arable farming [22].

Environmental Factors
Temperature

A slight variation in temperature may change the germination greatly. The adverse effect of high
salinity is further aggravated by higher temperature regimens, which may prolong the time taken
for emergence of seedling [24,89]. However, a synergistic effect of low temperature and high salinity
has been noted in halophilic barley seeds [90].

Light

Light has a profound effect on the germination of many species [91]. The light may be effective
in breaking the dormancy and promoting germination in some halophyte species. This may result
in better establishment of a stand in marginally saline areas [3,24].
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Water

Salt-induced lowering in the water potential of the germination medium enhances toxicity, whereas
scarcity of water further aggravates it. Major interaction of water stress under salinity condi-
tions includes a differential pattern of protein synthesis [43], delayed emergence of embryonic tissues
[57], and a decrease in final rate and percentage of germination [92]. The supply of water to seeds
or seedlings reverses these processes to a great extent [90,93], as it minimizes ionic toxicity.

Oxygen

Salt-induced dormancy reduces the availability of oxygen to the embryo for metabolic activities.
High salinity coupled with hypoxia significantly reduces both emergence and elongation of the
radicle and plumule [26]. Anoxia completely restricted the process of germination; however, no
specific difference was discernible with respect to salinity and anoxia tolerance. Spartina alterniflora
could better tolerate salinity and anoxia than Phragmites australis, as the former showed a rapid
rate of coleoptile and mesocotyl growth [54].

ALLEVIATION OF SALT STRESS

Various chemical agents have been employed to ameliorate the adverse effects of salts. The plant-
growth regulators are the most widely used. Some nitrogenous compounds, sugars, and certain nutri-
ents have also been employed (Table 4).

Implication of Plant Growth Regulators

Both naturally derived and synthetic plant-growth regulators have been employed separately or in
combination [2,31,97]. Kahn [27] suggested that primary action of osmotic inhibition is the reduction
in water uptake, and plant-growth regulators may offset this inhibition and promote the process of
germination. Presoaking in gibberellin after salt stress releases the seed from physiological dormancy
[11,29], enhances water uptake, mobilizes starch [35], and improves the rate and percentage of
germination. Auxins like indole butyric acid and indole acetic acid promote germination and seedling
growth better than kinetin by eliminating osmotic effect of salinity [94].

Bozcuk [29] reported that kinetin releases the seed from salt-induced dormancy and enhances
seed protein synthesis. Kinetin applied to salt-stressed seeds promotes germination by enhanced
production of pregermination ethylene with the synthesis of 1-aminocyclopropane-1-carboxylic acid
[31,95]. The use of kinetin in combination with gibberellin not only promotes germination but also
stimulates the growth of seedlings under salinity [30]. It is likely that salinity suppresses the endoge-
nous level of plant-growth regulators, and their exogenous supply fulfills this requirement for the
initiation of germination.

Polyamines

The polyamines compete with the ethylene pathway, as S-adenosylmethionine is a common precur-
sor [98]. The exogenous application of putrescine to seed not only counteracts the adverse effect
of salinity, but also induces tolerance up to the seedling stage owing to their de novo synthesis in
response to salinity [71]. Lin and Kao [70] found an increase in the level of putrescine by exoge-
nously applying the precursors of putrescine biosynthesis (L-arginine and L-ornithine), but they did
not induce a significant mitigation of salt toxicity.

Other Organic Compounds

Some organic chemicals have also been employed to lessen the adverse effect of salinity. Application
of sucrose and glucose partially reverses the salt-inhibition of germination [35]. Noor and Khan
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[33] reported the efficacy of a low amount of thiourea in breaking salt-induced dormancy. The
application of glycinebetaine and proline increased the root growth but did not affect the hypocotyl
growth [6]. Fusicoccin also counteracts the inhibitory effect of NaCl on the process of germination
by cell wall loosening, promoting transport activity, incorporating amino acids in the protein chain
[96], and enhancing potassium uptake owing to stimulation of proton efflux [25]. Addition of methio-
nine sulfoximine was found to reduce the seedling growth of salt-stressed plants, which was reversed
by stimulation of glutamine synthetase and glutamate synthase activity, and with the addition of
glutamine and glutamic acid to the growth medium [34].

Inorganic Agents

Calcium has been extensively used to alleviate salt toxicity because of its crucial role in the mainte-
nance of membrane processes, modulation of enzyme activities, and buffering of Na*-toxicity
[18,36,38]. Although presoaking of seed in CaCl, does not initiate germination, its application to
a saline medium significantly improves the rate and percentage of germination [37]. In addition,
supplying calcium stimulates plumule emergence [5] and root growth as well [23].

Application of ammonium promotes the protease activity in the endosperm, whereas nitrate
enhances the seed germinability [37,38] owing to the solubilization and availability of catabolites
for the synthesis of embryonic structures [38]. Furthermore, the use of potassium and magnesium
also counteract the NaCl inhibition of the root growth of rice seedlings [23].

CONCLUSIONS

All the events of germination starting from imbibition of water to the establishment of seedling are
adversely affected by increased levels of salinity. It cripples the rate and percentage of germination,
partially through the osmotic effect on the imbibition of water and is mainly due to its toxicity to
the metabolism of seed reserves. Salinity also induces structural changes at subcellular, cellular,
tissue, and organ levels and affects the rate of respiration, transport of materials, and induction of
new tissues in the seeds or seedlings.

Certain internal and external factors substantially interact with the germination and seedling
growth under salinity. The seed coat minimizes the access of ions to the embryo. Dormancy allows
the halophytes to escape the adverse effect of salinity. Aging has been used to test seed viability
and to predict salt-tolerance ability. Seeds of large size exhibit greater germination and seedling
vigor because of a higher content of seed reserves and absorb low content of toxic ions per unit
weight. Water and temperature stresses further aggravate the impact of salinity on germination,
whereas light may break dormancy in certain halophytes. Salinity-induced dormancy creates an
anoxic condition and inhibits seed germination. The seedlings with vigorous growth may escape
salinity successfully.

The osmotic and toxic effects of salinity can be successfully alleviated with the help of plant-
growth regulators, polyamines, sugars, and certain nutrients. Among them the plant-growth regula-
tors and some nutrients, including calcium, ammonium, nitrate, potassium, and magnesium, have
been successfully used to promote the process of germination.
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INTRODUCTION

Salinity is a major factor reducing plant growth and productivity throughout the world [1]. Approxi-
mately 10% of the world’s 7 X 10° ha arable land surface consists of saline or sodic soils. The
percentage of cultivated lands affected by salts is even greater. Of the 1.5 X 10° ha cultivated lands,
23% are considered saline and another 37% are sodic. Although the data are tenuous, it has been
estimated that one-half of all irrigated lands (about 2.5 X 10 ® ha) are seriously affected by salinity
or waterlogging [2]. Historically, soil salinity contributed to the decline of several ancient civiliza-
tions [3]. Despite the advanced management technologies available today, salinization of millions
of hectares of land continues to reduce crop production severely in the United States and worldwide
[4]. The National Academy of Sciences [5] includes salinization of soils and waters as one of the
leading processes contributing to a worldwide biological catastrophe.

Sustained and profitable production of crops on salt-affected soils is possible if appropriate
on-farm management decisions are made. To be successful, growers require an understanding of
how plants respond to salinity, the relative tolerances of different crops and their sensitivity at
different stages of growth, and how different soil and environmental conditions affect salt-stressed
plants. This chapter discusses the effects of soil and water salinity on agronomic and horticultural
crop plants, presents data on the tolerance of crops to salinity, and considers consequences of various
cultural and management practices on crop yield responses.

PLANT RESPONSE TO THE SOIL ENVIRONMENT
Saline Soils

All soils contain a mixture of soluble salts, some of which are essential for plant growth. When the
total concentration of salts becomes excessive, plant growth is suppressed. The suppression increases

" Deceased.
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as the salt concentration increases until the plant dies. Although all plants are subject to stunting,
their tolerance threshold and the rate of growth reduction at concentrations above the threshold vary
widely among different crop species. Growth suppression seems to be a nonspecific salt effect that
is directly related to the total concentration of soluble salts or osmotic potential of the soil water.
Within limits, isosmotic concentrations of different combinations of salts cause nearly equal reduc-
tions in growth. On the other hand, single salts or extreme ion ratios are likely to cause specific
ion effects; namely, ion toxicities or nutritional imbalances. Since saline soils in the field generally
consist of a mixture of different salts, specific ion effects are minimal and osmotic effects predomi-
nate. Some exceptions to this generalization exist. Woody fruit and nut crops tend to accumulate
toxic levels of C1™ or Na* that cause leaf burn, necrosis, and defoliation. Some herbaceous crops,
such as soybean, are also susceptible to ion toxicities, but most do not exhibit leaf-injury symptoms
even though some accumulate levels of CI~ or Na* that cause injury in woody species.

The relative contribution of osmotic effects and specific ion toxicities on yield are difficult
to quantify, however. With most crops, including tree species, yield losses from osmotic stress can
be significant before foliar injury is apparent. Reports that citrus yield reductions occur without
excessive accumulations of C1~ or Na* and without apparent toxicity symptoms indicate that the
dominant effect is osmotic [6—11]. However, salts tend to accumulate in woody tissues over several
years before toxic symptoms appear; consequently, the effects of leaf injury and loss can occur
dramatically when the salts reach the leaves. When specific ion toxicities occur, the effects on yield
are generally additive with the growth-suppressive effects of osmotic stress. Besides causing specific
toxic effects, salinity can induce nutritional disorders in plants [12,13]. Some specific nutrient defi-
ciencies or imbalances, which vary among species and even among varieties of a given crop, are
described later in this chapter and by Grattan and Grieve [14].

Sodic Soils

Sodic soils, previously called alkali soils, contain excess exchangeable Na*, with 15% or more of
the cation-exchange sites in the soil being occupied by Na* [15]. These soils may be either saline
or nonsaline depending on the concentration of salts present in the soil solution. In nonsaline-sodic
soils, the total salt concentrations are low, and this, coupled with high ratios of exchangeable Na*
to Ca?* and Mg?*, can lead to Ca’" and/or Mg** deficiencies. These deficiencies, rather than Na*
toxicity, are frequently the cause of poor growth among nonwoody species. In contrast, saline-sodic
soils contain higher concentrations of Ca** and Mg?** and may therefore remain nutritionally ade-
quate. With saline-sodic soils, salinity effects predominate and the nutritional effects of sodicity are
usually absent.

In addition to the nutritional imbalances encountered in sodic soils, the hydraulic conductivity
and permeability of both water and air are significantly affected by the deterioration of the soil
physical condition caused by the high exchangeable Na* content. To alleviate the poor permeability
of these soils, the electrolyte concentration in the soil water must be increased. This is accomplished
by the addition of gypsum (CaSO,), sulfuric acid, or acid-forming compounds to the soil or irrigation
water [16]. The acid and acid-forming compounds react with the soil lime (CaCO;) to release Ca**
into the soil solution. The use of gypsum and the importance of Ca>* in relation to sodic soils and
their reclamation have been extensively reviewed by Oster [17] and Rengasamy [18].

Soil Fertility

Plants grown on infertile soils may appear to be more salt tolerant than those grown with adequate
fertility. This is because inadequate nutrition depresses yields more under nonsaline than under saline
conditions [19,20]. When fertility is low, proper fertilizer applications increase yields regardless of
the soil salinity, but proportionally more if the soil is nonsaline [21]. When both salinity and fertility
limit yields, decreasing salinity or increasing fertility is beneficial.

Despite some claims to the contrary, fertilizer applications exceeding those required on nonsa-
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line soils do not increase the salt tolerance of plants. Unless salinity causes certain nutritional defi-
ciencies or imbalances, excess applications of N, P, or K rarely alleviate the inhibition of growth
by salinity [14]. In fact, additional fertilizer adds to the salinity already present in the soil profile
and may aggravate salt injury.

Irrigation Water Quality and Management

The principal criteria to determine irrigation water quality are salinity, sodicity, and specific ion
concentrations. However, the effects on crops of a given water are not determined solely by its
solute composition. These water quality factors should be considered in relation to the specific
conditions under which the water is to be used [22,23]; that is, soil properties, irrigation methods,
cultural practices, climatic conditions, and the crop to be grown.

Salinity control is frequently a major concern of irrigation management even though the pri-
mary objective of irrigation is to maintain soil water in a range suitable for optimum crop yield.
To avoid plant water stress, saline soils should be irrigated when the soil water content is appreciably
above the permanent-wilting percentage of the soil, as determined under nonsaline conditions. Plant
water stress is a function of total soil water potential, which includes both matric and osmotic
potential components. As the soil dries, the matric potential decreases, and because the salts are
concentrated, the osmotic potential also decreases, further decreasing the total soil water potential.

The extent of permissible water depletion for a given crop is determined by the maximum
acceptable salt concentration for that crop [24]. When additional water depletion occurs and no
irrigation water is applied to recharge the root zone and dilute this concentrated soil water, yield
is reduced. Therefore, increased irrigation frequency is generally required under saline conditions
[2]. With shorter irrigation intervals, the concentrating effect for evapotranspiration on soil salinity
is minimized [25,26].

Evidence indicates that plants respond primarily to the soil salinity in that part of the root zone
with the highest total water potential [25,27]. With more frequent irrigations, this zone corresponds
primarily to the upper part of the root zone, where soil salinity is influenced primarily by the salinity
of the irrigation water. With infrequent irrigations, the zone of maximum water uptake becomes
larger as the plant extracts water from increasingly saline solutions at greater depths.

In soils that are not well drained, the frequency and amount of irrigation water must be closely
monitored. Application of excess water over that required for the crop and for leaching should be
avoided. Not only are valuable nutrients lost with overirrigation, but flooded or poorly drained soils
suffer from poor aeration, which may affect the crop’s response to salt stress. Studies have shown
that low levels of oxygen interact with salinity to affect shoot growth of tomato [28]. If drainage
is inadequate, a shallow water table may develop, which can directly affect the crop response. Plants
can extract water directly from this source and, depending on the quality of the water, respond much
differently than expected from the level of salinity in the soil.

Most irrigation waters contain more salts than are removed by the crop, so that continued
irrigation without leaching progressively salinizes the land. Water in excess of consumptive use
(evapotranspiration) must therefore be applied to carry the residual salts out of the root zone. In
addition, soils must be sufficiently permeable to allow the extra water needed for leaching to infiltrate
in a reasonable time. In practice, it is usually necessary to grow crops for which evapotranspiration
is sufficiently less than attainable infiltration to achieve the necessary drainage and salinity control.

Previous studies have shown that salt can be stored in the lower portion of the root zone with
only moderate yield reduction, provided the upper portion of the root zone is maintained relatively
free of salinity [27,29]. With most irrigation waters and crops, regularity of leaching is not critical.
Even when salinities in the lower root zone approximate the tolerable limit for a crop, leaching
intermittently can be as effective as leaching every irrigation [25].

Sensitive crops require the drainage of larger percentages of applied water from the root
zone to maintain soil water concentrations within tolerable limits. Generally stated, the leaching
requirement is inversely proportional to the salt tolerance of the crop [24].
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The goal of irrigation management should be increased irrigation efficiency to reduce the
amount of infiltrated water that is not used by the plant but passes beyond the root zone as deep
percolation. The irrigation reuse of this water and the disadvantages of blending this water with
low-salinity water for reuse has been thoroughly reviewed by Rhoades and colleagues [30-32].

PLANT RESPONSE TO CULTURAL PRACTICES
Planting Patterns and Population Density

Failure to obtain a satisfactory stand of furrow-irrigated row crops planted on raised beds is a serious
problem in many places. The practice of planting a single row in the center of the bed has frequently
resulted in poor seed germination even when the soil is only slightly saline at the time of planting.
This is because the wetting fronts from both furrows transport salt in the soil to the center of the
bed, where it accumulates. Therefore, whether a single row or double row bed is used, the seed
row should be planted near the bed shoulder, where the salt accumulation is the lowest. Another
method used to minimize salt accumulation when using single-row beds is to irrigate alternate fur-
rows, so the wetting front carries the salt beyond the seed row to the nonirrigated side of the bed.

With either single- or double-row plants, increasing the depth of water in the furrow can also
improve germination in salt-affected soils. Salinity can be controlled even better by using sloping
beds, with the seed row planted on the slope just above the irrigation water line. Irrigations move
the salt past the seed row to the peak of the bed with this method. Planting in furrows is satisfactory
from the standpoint of salinity control but may cause emergence problems from soil crusting or
poor aeration.

Increasing plant populations in cotton has been shown effectively to lessen the yield reduction
associated with salinity [33,34]. Since nearly all crops are stunted to some degree by salinity, a
large portion of the field is without canopy cover. When canopy closure is incomplete and solar
radiation is lost to the soil, potential yield is lost. Increasing the number of plants per unit area by
decreasing row width compensates for the smaller plant size [33,34]. In contrast, reducing intrarow
spacing of cotton showed no effect in maintaining yield [34].

Irrigation Methods

The response of crops to soil and water salinity depends on the method of irrigation and the frequency
of water application [35-38]. Numerous irrigation systems are used to apply water to crops, but
except for minor variations, they all fall within one of the following categories: gravity, sprinkler,
or drip. The differences in water distribution by these systems directly affect the distribution of soil
salinity in the root zone. In flooded or fully sprinkled soils, water and salt movement is essentially
downward, or one dimensional. In furrow-irrigated soils, water flow is two dimensional; that is,
both downward and lateral. When water is applied in small flooded basins or by minisprinklers or
drip emitters, flow is three dimensional. This method is used primarily with tree or vine crops.
Because water and salt move radially away from the source, salts tend to accumulate at the periphery
of the wetted zone. This concentration of salts at the outer edges of the root zone can be a problem
for plants when winter rains wash the salts back into the root zone.

Crops irrigated with sprinkler irrigation are subject to injury not only from salts in the soil
but also from salts absorbed directly through wetted leaf surfaces [39]. In tree crops, the extent that
leaves are wetted can be minimized by sprinkling under the canopy. However, even with undercan-
opy sprinklers, severe damage of the lower leaves can occur [40]. The extent of foliar injury depends
on the concentration of salt in the leaves, but weather conditions and water stress can influence the
onset of injury. For instance, salt concentrations that cause severe leaf injury and necrosis after a
day or two of hot, dry weather may not cause any symptoms while the weather remains cool and
humid. Numerous factors affect the amount of salt accumulated by leaves, including the leaf age,
shape, angle, and position on the plant, the type and concentration of salt, the ambient temperature
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TaBLe 1 Relative Susceptibility of Crops to Foliar Injury
from Saline Sprinkling Waters: Na or Cl Concentration
(mmol, L") Causing Foliar Injury?

<5 5-10 10-20 >20
Almond Grape Alfalfa Cauliflower
Apricot Pepper Barley Cotton
Citrus Potato Corn Sugar beet
Plum Tomato Cucumber Sunflower

Safflower

Sesame

Sorghum

@ Susceptibility based on direct accumulation of salts through
the leaves. Foliar injury is influenced by cultural and environ-
mental conditions. These data are presented only as general
guidelines for daytime sprinkling.

Source: Data compiled from Refs. 38 and 41-44.

and humidity, and the length of time the leaf remains wet. In addition, the leaf surface properties,
such as a waxy cuticular layer or pubescence, may restrict ion absorption.

Susceptibility to foliar injury varies considerably among crop species (Table 1). A comparative
study by Maas et al. [44] with 11 herbaceous species revealed wide differences in the rates of Na*
and CI™ absorption when the plants were sprinkled with saline water. Leaves of deciduous fruit
trees (almond, apricot, and plum) appear to absorb Na* and Cl~ even more readily than herbaceous
crops [41]. Citrus leaves absorbed these ions more slowly but in amounts adequate to cause severe
leaf burn [40].

Francois and Clark [42] reported a linear increase in Na* and Cl~ concentration in grape
leaves when sprinkled with saline water. When CI is readily absorbed directly by the leaves, chlo-
ride-resistant grape rootstocks that reduce Cl~ uptake by the roots would be of little benefit with
sprinkler irrigation.

If sprinkler irrigation must be used, then good water management is essential. Since foliar
injury is related more to frequency of sprinkling then duration [42,43], infrequent, heavy irrigations
should be applied rather than frequent, light irrigations. Slowly rotating sprinklers that allow drying
between cycles should be avoided, since this increases the wetting-drying frequency. Sprinkling
should be done at night or in the early morning when evaporation is less. Hot, dry, windy days
should be avoided. In general, poorer quality water can be used for surface-applied irrigation than
can be used for sprinkler irrigation.

PLANT RESPONSE TO THE AERIAL ENVIRONMENT

The influence of environmental factors significantly affects the response of plants to salinity. Most
crops can tolerate greater salt stress when the weather is cool and humid than when it is hot and
dry. Magistad et al. [45], working with identical soil salinities, showed that crops grown in a coastal
climate (cool and humid) consistently produced higher yields than those grown in a desert climate
(hot and dry). Hoffman and Rawlins [46] reported that the salt tolerance of kidney beans grown
with cool temperatures and high relative humidity was more than double that obtained with high-
temperature, low-humidity conditions.

These factors also affect the expression of specific salt-injury symptoms. Fruit crops and
woody plants, susceptible to leaf injury by excess Cl~ or Na® accumulation, often develop leaf
necrosis with the onset of hot, dry weather in late spring or early summer [47]. Ehlig [48] reported
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similar results with grapes, which showed no leaf-injury symptoms during cool, cloudy spring
weather even though the leaves contained levels of CI™ considered toxic.

Although high humidity has been shown consistently to improve growth under salt stress [49],
temperature is believed to be the dominant factor in plant response to saline conditions [50]. Other
studies have confirmed that temperature influences plant salt tolerance to a greater degree than
relative humidity [46,51].

Light intensity has also been implicated in growth reduction caused by salinity. Studies have
shown that growth depression from salinity is generally greater under higher than under low-light
intensities [52—54]. With citrus, leaf toxicity symptoms are frequently observed on the south side
of trees in response to higher light intensities, whereas leaves on the north side may remain symptom
free [55].

It is likely that at least part of the reduction in plant growth on saline media is a result of
increased transpiration, since high temperature, low relative humidity, and exposure to light are
conditions that favor a high rate of transpiration. This may explain why some crops grown outside,
where these environmental conditions exist, are more salt sensitive than when the same crop is
grown in the greenhouse.

Ozone, a major air pollutant, decreases the yield of some oxidant-sensitive crops more under
nonsaline than saline conditions [56—59]. This aberration has the tendency to make many crops
grown in air-polluted regions appear to be more salt tolerant than they really are. This salinity-
ozone interaction may be agronomically important in air-polluted areas. However, the increased
ozone tolerance induced by salinity may be more than offset by the detrimental effects of salinity
on the harvestable product [57,58,60].

In contrast to ozone, higher CO, concentrations in the atmosphere have been shown to increase
the salt tolerance of bean, corn, and tomato [61,62]. This increased tolerance is believed to be the
result of an increased rate of photosynthesis [63].

PLANT RESPONSE IN RELATION TO BIOLOGICAL
FACTORS

Stage of Growth

Information about the salt tolerance of crops at different stages of growth is extremely limited. Most
salt-tolerance data have been obtained from studies in which salinity was relatively constant from
seeding to harvest or from the late seedling stage to harvest. These studies provided no information
about the salt sensitivity or tolerance at individual stages of growth.

What data are available generally agree that the early seedling stage of growth is the most
salt sensitive for most crops [64—68]. It is during this stage of growth with cereal crops that leaf
and spikelet primordia are initiated and tiller buds are formed [69]. Consequently, high soil salinity
during this stage can severely affect final seed yield.

Although salt stress delays germination and emergence, most crops are capable of germinating
at higher salinity levels than they would normally tolerate at the vegetative or reproductive stages
of growth [69]. However, this high tolerance is of little benefit when the plants are so much less
tolerant during the following seedling stage.

It is generally agreed that after the seedling stage, most plants become increasingly tolerant
as growth proceeds through the vegetative, reproductive, and grain-filling stages. Rice may be an
exception. Pearson and Bernstein [70] reported that rice yields are significantly reduced if salt stress
is imposed at either the seedling stage or during pollination and fertilization. However, a subsequent
study by Kaddah [65] did not confirm the salt sensitivity at this latter stage of growth. Increased
tolerance with age has also been observed in asparagus, a perennial crop that is much more tolerant
after the first year’s growth [71].
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Influence of Rootstocks

The tolerance of many fruit trees and vine crops can be significantly improved by selecting rootstocks
that restrict C1- and/or Na™ accumulation. The CI~ tolerance levels presented in Table 2 indicate
the maximum CI~ concentrations permissible in soil water that do not cause leaf injury. However,
yield of some crops may be decreased without obvious injury symptoms when the osmotic thresholds
of the rootstocks are less than these limits.

Although citrus is not considered very salt tolerant, there are differences in salt tolerance
among the various rootstocks [55,73,74]. These differences are attributed to salt exclusion, particu-
larly to chloride exclusion [75,76]. Citrus apparently excludes CI~ from shoots, not by sequestering
itin the root but by restricting its entry into and/or movement within the roots. The C1~ concentration
differences found in leaves and to a lesser extent in stems emphasize pronounced rootstock differ-
ences in transport of chloride from the root to the shoot [76]. The scion appears to have no major
influence on CI” transport from the roots to the shoot [77].

Differences among rootstocks is much greater for C1~ accumulation than for Na*, and there
appears to be no correlation between CI~ tolerance and Na™ tolerance [78]. These differences are
due to the existence of apparent separate mechanisms that operate to limit or regulate the transport
of Na* or CI™ to the leaves [72].

The CI1™ tolerance range for avocado rootstocks is much narrower than for citrus. In addition,

TaBLe 2 Chloride Tolerance Limits of Some Fruit Crop Rootstocks

Maximum permissible Cl~
in soil water without leaf

Crop Rootstock injury? (mol m~—3)
Citrus
(Citrus spp.) Mandarin (Sunki, Cleopatra), grapefruit, 50
Rangpur lime
Rough lemon,? tangelo (Sampson, Min- 30
neola), sour orange, Ponkan mandarin
Citrumelo 4475, Calamondin, sweet or- 20

ange, trifoliate orange, Cuban shaddock,
Citrange (Savage, Rusk, Troyer)

Grape
(Vitis spp.) Salt Creek, 1613-3 80
Dog Ridge 60
Thompson seedless, Perlette 40
Cardinal, black rose 20
Stone fruit
(Prunus sp.) Marianna 50
Lovell, Shalil 20
Yunnan 15
Avocado
(Persea West Indian 15
americana) Guatemalan 12
Mexican 10

2 For some crops, these concentrations may exceed the osmotic threshold and cause some yield re-
duction. Data from Australia indicate that rough lemon is more sensitive to ClI~ than sweet or-

ange [72].

Source: Adapted from Ref. 21.

Copyright © Marcel Dekker, Inc. All rights reserved.

MarcEL DExkER, INc. ﬂ
270 Madison Avenue, New York, New York 10016 o



176 Francois and Maas

because of the wide variation among varieties of the same rootstock, the rootstock tolerances tend
to overlap [79]. However, it is generally agreed that the average Cl~ tolerance is West Indian >
Guatemalan > Mexican [78-80]. The general pattern for Na* accumulation with avocado rootstocks
tends to follow that for C1™ accumulation and, like C1~, shows differences among varieties on the
same rootstock [80,81].

Cold hardiness has been implicated in the salt tolerance of citrus and avocado rootstocks.
Wutscher [82] reported that citrus rootstocks, which have good Cl -excluding characteristics, tend
to be relatively cold hardy. For some citrus species, a short-term, moderate salt stress has been
shown to enhance cold hardiness in seedlings by modifying growth, water relations, and mineral
nutrition [83].

In contrast to citrus, the more salt tolerant avocado rootstocks, such as West Indian and West
Indian—Guatemalan hybrids, are the least cold tolerant. Likewise, the salt-sensitive Mexican root-
stock is the most cold-tolerant [84].

Chloride toxicity has been the principal limiting factor for grapevines grown on their own
roots. However, a significant reduction in C1~ accumulation has been shown to occur in Cl™-sensitive
scions grown on Dog Ridge or 1613-3 rootstocks [85]. The salt tolerance of these two rootstocks
is probably limited by soil osmotic effects long before C1™ reaches toxic levels.

Differences Among Cultivars

Most commercially grown cultivars are developed under nonsaline conditions and are not bred to
endure salt stress. Therefore, their relative tolerances to salinity are often similar and difficult to
measure. In addition, many cultivars developed in the past were derived from a narrow genetic base
and thus possessed similar traits. Currently developed cultivars are from a much more diverse genetic
base and may therefore possess a wider range of salt tolerance.

Among the crop species that already show some diversity in salt tolerance are Bermuda grass,
brome grass, creeping bent grass, rice, wheat, barley, soybean, berseem clover, squash, muskmelon,
and strawberry. Cotton and sugar cane also show significant cultivar differences, but these differ-
ences occur only at high salinity where yields are below commercially acceptable levels [86,87].

Salt Effects on Nitrogen Fixation and Nodulation

Most Rhizobium species are relatively unaffected at soil salinity levels that are less than the tolerance
threshold values reported for most leguminous crops (Table 3). At soil salinities greater than their
threshold, their ability to survive and fix N may be severely reduced [142—144]. This is particularly
important, since legumes that are already weakened by salinity stress will be deprived of essential
N fertilization as well.

There appears to be a wide range of tolerance to salinity among the various species of rhizobia.
Some strains of R. meliloti can survive soil water salinities greater than that of seawater (=46 dS
m™"), but most strains of R. japonicum grow poorly at salinities of 12 dS m™~!' [145]. Studies compar-
ing various Rhizobium species report the salt tolerance of R. meliloti > R. trifolii > R. legumino-
sarum > R. japonicum [145,146].

The salt effect on rhizobia appeared to be ion specific, with C1~ salts of Na*, K*, and Mg**
being more toxic than corresponding SO~ salts [147,148]. In addition, Mg** ions inhibited growth
at a much lower concentration than Na* or K* [149,150].

Since rhizobia can withstand large increases in salinity, they must be able to regulate and adjust
their internal solute concentration. Osmoregulation in Rhizobium species grown at high external salt
concentrations involves the accumulation of organic and/or inorganic solutes. Although some strains
respond to salt stress by increasing their intracellular K* level [151], others accumulate organic
compounds, such as amino acids, betaine, and carbohydrates, in the cytoplasm [152,153].
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