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Preface to the Second Edition

Every environmental factor influences plant growth and development. Sometimes
we recognize a stress factor and can commence experimentation to evaluate re-
sponses. These preliminary experiments are done with plants exposed to a single
stress. Then after much data gathering and with much trepidation, researchers
expose plants to two (or more) stress factors. The ensuing melange of plant
responses often induces greater stress in the researcher than in the plant because
the results can be additive, synergistic, or antagonistic.

The previous edition focused on plant responses to individual stresses. In
this book we attempt to correlate and understand responses to multiple factors.
How do water deficit, wind, and salinity affect plant growth when all three are
present at one time? Even if it is relatively simple to solve this problem the added
man-made stress of polluted water may cause major problems. What does the
capacity of roots to change growth patterns in response to any or all of these
stress factors such as soil physical and/or chemical constraints, water supply
(quantity and depth), salinity, acidity, and alkalinity do to our understanding of
the plant responses? This book is an attempt to discuss the frequently complex
response of plants to multiple stress factors.

The chapters are fascinating, and they demonstrate how much we have yet
to learn. I hope the reader enjoys this book as much as I have enjoyed editing it.

I would like to thank my son, Randall Wilkinson, for his help in preparing
the Index.

Robert E. Wilkinson
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Preface to the First Edition

Plant response to environment has been a paradigm for millennia. But the to-
tal ecosystem influencing plant growth and development has multiparameters.
Science has attempted to isolate individual environmental factors so that the
plant response to a single stimulus can be quantitated. The success of this at-
tack on apparently insoluble problems can best be evaluated by the increased
understanding of plant growth and development that has accumulated in the last
century.

But, increasingly, evidence has shown that plant response to a single stim-
ulus is not uniform during the life of the plant, and that a plant is an integrated
whole biological entity whereby a change at one level can have a profound influ-
ence at a second tissue, organ, or process separated in time or location by some
distance from the original stimulus. Thus, this text is an attempt to correlate
some of these variables. And, because so many of the environmental param-
eters produce concomitant responses, those environmental influences produce
interactions in the plant.

Basically, a large percentage of the interactions that have been reported
have been studied in agricultural systems. Since agriculture is only applied ecol-
ogy, the relationships between mineral nutrition, plant growth and development,
plant–water relations, photoperiod, light intensity, temperature, pesticides, and
plant biochemistry are closely interwoven.

Also, there is a natural progression of study and understanding that pro-
ceeds from (a) description of biological responses to (b) biochemical and bio-
physical mechanisms that produce the responses, to (c) genetic manipulation
of DNA to understand and create new biological responses. Each portion must
correlate with the other types of study.

Concepts of natural food production have evolved to an absence of pesti-
cides that are only synthetic plant growth regulators (PGRs). True, the pesticides

v



vi Preface to the First Edition

may not necessarily be hormone-type PGRs. But, as the various genetic mutants
have shown, loss of the ability to produce a requisite component (i.e., chloro-
phyll) places a severe restraint on continued plant growth and development.
This includes eukaryotic and prokaryotic plants. Thus, utilization of one pesti-
cide (i.e., alar) may produce excellent apples that have a degradation product that
may possibly induce cancer in x numbers of humans over a two-decade span.
At the same time, that particular PGR inhibits the growth and development of
‘‘natural’’ pathogens whose ‘‘natural’’ products induce lethal responses in 200x

humans over the same period. These applied ecology problems are the province
of a vast array of biologists, chemists, biochemists, etc., and, factually, a large
proportion of the biochemical and biological knowledge that has accreted in the
last few decades about plant growth and development has been a direct result
of the development of herbicides, fungicides, and PGRs for use in agriculture.

Definition of the mode of action of these various chemicals has permit-
ted scientists to further isolate specific processes in plants that control plant
growth and development. Examples of this progression are seen in the study
of diuron as a herbicide that inhibits photosystem II (PSII). And the ability
to selectively inhibit specific portions of the entire photosynthetic process by
certain diuron concentrations has led to major advances in the study of pho-
tosynthesis as a biochemical process. Currently, this study is focusing on the
amino acid constituents of DNA involved in the production of specific proteins
utilized in PSII. Similar progressions in the development of plant biochemistry,
etc., are occurring in many other areas. However, there is always the consider-
ation that conditions, concentrations, and so forth must be carefully monitored.
For example, although one diuron concentration has been utilized extensively
to study PSII, greater diuron concentrations influence several other biochemical
processes. Very rarely does an exogenous compound produce only one reaction
regardless of the concentration. Examples of metabolic control by the ‘‘second
messenger’’ Ca2+ have shown that cytosol Ca2+ concentration is very tightly
regulated. Variation from the optimal Ca2+ concentration results in massively
modified cellular metabolism.

Root absorption of mineral nutrients and the growth of plants in relation
to the concentrations and ratios of various ions have been studied by agricultur-
ally oriented plant scientists for decades. These studies have benefited mankind
tremendously in the production of food and fiber for a constantly increasing
world population. But understanding how plant nutrients are absorbed into the
root has been a puzzle. Recently, studies of human heart arrhythmia have led
to the development of chemicals that control the transfer of Ca2+ through heart
cell plasma membranes. An entire scientific discipline has developed that is con-
cerned with the biochemistry and biophysics of the ion pumps and voltage-gated
ion pores that control Ca2+ transport through the plant plasma membrane. These
studies have been extended to plant roots, and an explanation of how ions are
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transported through root plasma membranes may soon be more completely es-
tablished. Additionally, these processes have been shown to vary between roots
of cultivars of a single species, between organelles within a cell, and between
(or at the interface of) specific tissues (i.e., phloem sieve tube elements or xylem
elements). When confirmed and extended to different species, genomes, and so
forth, these findings may help explain many correlations of plant growth and
development that currently are totally inexplicable. These enzymes that control
transport through membranes are also found in plant pathogens. And alteration
of plant epicuticular chemistry has been shown to have a profound influence on
the growth and infestation of some plant pathogens.

Natural PGRs (i.e., hormones) are present at different concentrations dur-
ing the development of the plant. Factors determining concentration-response
have been shown to include (a) species, (b) tissue, (c) age, (d) relative concen-
tration of other PGRs, and (e) other stresses that develop in the tissue/organ/
organism.

Thus, interactions and correlations of plant growth extend through a com-
plete ecological array. One environmental parameter produces one primary re-
sponse at specific growth stages, etc. However, side reactions also occur. And
occasionally those side reactions have striking results. Because these various
environmental stresses alter plant growth to differing degrees depending on time
of stress and the particular plant response being measured, computer modeling
of these factors offers hope of developing an integrated understanding of the
entire process. But first the influence of individual stresses and other factors
must be ascertained. This text is a compilation of a few of the correlations and
interactions that are currently known. We make no claim for discussing all the
known interactions, and more correlations will be discovered with additional
research. Thus, we present some data for the perusal of students of plant growth
and development. Extension of these concepts lies in the province of individ-
ual researchers. And, since 90–98% of the researchers who have ever worked
throughout recorded history are alive and working today, we feel confident that
much more will be learned about these interactions and correlations in the future.

This book constitutes a preliminary introduction to a possible study of a
large and difficult subject. I hope that readers learn as much as I have learned
while editing these chapters.

Robert E. Wilkinson
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1
Plant Tolerance to Acid Soil Constraints:
Genetic Resources, Breeding
Methodology, and Plant Improvement

R. R. Duncan
The University of Georgia, Griffin, Georgia

I. INTRODUCTION

Edaphic environmental stresses impose a constant constraint on stable plant
production worldwide. Plant adaptability and productivity to a large extent are
governed by response plasticity to short- and long-term multiple abiotic stresses.
The plant response problem is complicated by the interaction of and simultane-
ous exposure to multiple stresses, such as acidity and drought, Al-Mn phytotox-
icities, and Ca-Mg-P-K-Mo deficiencies, soil acidity and biotic agents (insects,
diseases), soil acidity constraints, and plant genetic traits. Examples of the latter
erratic constraints include compacted layers or high bulk density soils versus
genetically controlled plant rooting volume and density; phytotoxic availability
of specific ions in the soil versus plant nutrient uptake efficiencies for deficient
elements, and tolerance to toxic levels of certain elements. Plant response, or
plasticity, to constantly changing environmental conditions (wet ↔ dry, cold ↔
hot) in stressful environments ultimately governs productivity and persistence
over time.

Most plant response plasticity mechanisms are genetically controlled and
theoretically can be manipulated in breeding/genetic improvement programs.
However, significant genetic improvements to complex abiotic stresses have
been limited. DNA can be rearranged in response to environmental stress (Cullis,
1990). Systematic improvements in specific components of a stress complex (Al
and Mn tolerance in certain crop species and on certain acid soils) have been

1



2 Duncan

successful; however, overall quantitative tolerance to the entire acid soil stress
complex has been difficult to achieve. Many of the component genetic advances
have been accomplished without a clear understanding of plant acid soil stress
tolerance mechanisms and their interactions with specific acid soil complexes.
Field evaluation at multiple acid soil sites is the ultimate determinant for en-
hancing the long-term adaptation of a plant species and for improving plant
productivity under fluctuating stresses (Simmonds, 1991). Selection environ-
ments affect patterns of genotypic response to varying environments (Jinks and
Connolly, 1973, 1975). The ever-changing environment has posed significant
problems for many abiotic stress tolerance field-based breeding programs, from
basic genetic resource evaluations within species to development of effective
breeding strategies. This review attempts to highlight success stories and offer
suggestions for future research enhancement for acid soil stress improvements
in breeding programs.

II. CROP STRESS RESPONSE PLASTICITY

Crop evolution and plant adaptation to stress environments are synonymous
(Blum, 1988). Man and the environment have constantly applied direct or indi-
rect selective pressure on plants, resulting in adaptive responses to the specific
environments. The choice of selection environments affect both the response
of genotypes to changing environments and the performance of genotypes in
specific environments (Ceccarelli, 1994). In general, wild progenitors are much
more plastic than their cultivated counterparts (Morishima and Oka, 1975). Lan-
draces exemplify an excellent example of repetitious, long-term selection for
stable performance in stress environments (Ceccarelli, 1994). The landraces are
also characterized by important stable agronomic traits that can be exploited in
stress tolerance breeding programs (Ceccarelli and Grando, 1991).

Stress arising from unpredictable environmental variation cause partition-
ing changes in the plant that are plastic, but the degree of response is under
intra- and interspecies genetic control (Chiariello and Gulmon, 1991). When the
environmental stress is relatively predictable over the life span of the plants,
responses to the stresses become genetically fixed in the plant, leading to evo-
lution of ecotypes or landraces. Consequently, stress responses will govern the
level of tolerance, ultimately affecting productivity and temporal stability to less
than optimal habitats (Ceccarelli, 1994; Grime and Campbell, 1991).

Stress responses can be classified into morphological and physiological
types (Bradshaw, 1965). When the environment has a low frequency of dis-
turbance and productivity is high, the plant response strategy may be toleration
(Grime, 1979; Grime and Campbell, 1991) or avoidance (i.e., escape, or adjusting
sensitive vegetative or reproductive growth stages to periods of reduced stress)
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(Chiariello and Gulmon, 1991). Morphological plasticity will be the dominant
form of plant response in such cases (Grime and Campbell, 1991). Morpho-
logical plasticity of the mitotic apparatus in cell and organismal development
(Palevitz, 1993) can produce new directions for growth (Sinnott, 1960). Mitotic
plasticity governs the molecular basis of mitotic architecture and is a mechanism
to compensate for mitotic apparatus asymmetry or deformation that developmen-
tally impacts cell division (Palevitz, 1993). Mitotic apparatus morphology and
alignment have a genetic basis (Staiger and Cande, 1990, 1992). One aspect of
a dynamic property of the mitotic apparatus in plants is the plant’s ability to
respond to its immediate erratic environment, especially any stresses imposed on
the cell wall. The plant responsiveness and the epigenic machinery used in the
response are products of evolution (Palevitz, 1993). Since several mechanisms
governing Al-Mn toxicity (Taylor, 1991, 1995), tolerance/susceptibility, and Ca-
Mg-P-K deficiencies are operating at the cell wall membrane interface (Palta,
1990), morphological plasticity becomes essential to survival. Under stable con-
ditions of extremely low productivity imposed by various stresses, biomass nor-
mally changes very little, and tissues are exposed to a regimented sequence of
seasonal stress conditions. The dominant stress response is cellular acclimation
(Grime and Campbell, 1991). The functional characteristics and ‘‘hardiness’’
of plant tissues change rapidly through membrane and organelle biochemical
adjustments.

Phenotypic plasticity (phenotypic variation of an individual genotype un-
der variable environmental conditions) is a mechanism whereby plants may adapt
to a spatially or temporally heterogeneous environment (Bradley, 1982; Counts,
1993; Khan and Bradshaw, 1976). This plasticity is under genetic control and
subject to selection and modification (Jain, 1978; Khan and Bradshaw, 1976;
Morishima and Oka, 1975).

The evolutionary (Schlichting, 1986) and ecological significance of plas-
ticity compared to genetic homeostasis (tendency of a physiological system to
react to an external disturbance in such a way that the system is not displaced
from its normal responses, or maintenance of genetic variability in a population
when subjected to forces acting to reduce it, cited in Strickberger, 1968) can be
separated. Hypotheses that account for plasticity differences (pattern or direction
of response and amount) within taxa and among individual genotypes include:

1. Heterozygosity (Marshall and Jain, 1968; Schlichting and Levin, 1984):
Inversely related phenotypic plasticity and genotypic variability are
alternative response mechanisms that plants use to adapt to environ-
mental heterogeneity.

2. Ecological factors (Schlichting and Levin, 1984): Plant groups with
contrasting ecologies should differ in both pattern and amount of plas-
ticity.
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3. Relatedness (Schlichting and Levin, 1984): Plasticity profiles of more
distantly related plant groups should be more variable. Different plas-
ticity patterns are not ecologically or evolutionarily significant, but
the patterns are by-products of genetic differentiation because either
selection or random drift were operating on entirely different traits.
The degree of genetic similarity and congruence of plasticity profiles
are directly related, regardless of the ecological similarity for each
plant group.

4. Specialization (Taylor and Aarssen, 1988): Under some environmental
conditions, specialist plant groups (landraces and ecotypes) may ex-
hibit higher plasticity magnitudes than generalist plant groups (species,
populations, and genotypes).

The ecological hypothesis is gaining support (Counts, 1993) as the pri-
mary reason for evolution of stress-tolerant plants. Plasticity profiles manifest
the historical integration of many evolutionary processes and are not the simple
consequence of heterozygosity levels (Counts, 1993; Marshall and Jain, 1968;
Sultan, 1987). Higher plasticity is expected in habitats dominated by short-term
unpredictability, which prevents environmental tracking of specific environmen-
tal changes (Bradshaw, 1965; Hickman, 1975; Lewonthin, 1957; Marshall and
Jain, 1968; Michaels and Bazzaz, 1989; Morisset and Boutin, 1984; Wilken,
1977). Climate is a key factor in influencing differentiation patterns for mor-
phological and phenological species traits (Counts and Lee, 1987, 1990). Pop-
ulations adapted to more moderate climates have greater plastic phenological
schedules (with specific associated morphological traits) that allow exploitation
of temporarily favorable environmental conditions (Counts and Lee, 1988a,b).
The pattern of plant population differentiation for plasticity is congruous with
the pattern of genetic differentiation, according to isozyme analysis (Counts,
1993). Various aspects of a specific trait can be governed by different genetic
systems, operating independently of one another during evolutionary divergence
of populations and thereby reflecting the influence of a variety of selective
forces including neutral processes (Counts, 1993; MacDonald et al., 1988; Mac-
Donald and Chinnappa, 1989; Schlichting and Levin, 1984). Climatic factors
exert a strong selective influence on the evolution of phenological and morpho-
metric traits and on intraspecific competition intensity and consistency, which
may be critical ecological parameters accounting for stress tolerance plasticity
differentiation (Counts, 1993). This type of evolutionary discussion provides a
strong argument for conducting breeding programs involving multiple stresses
and complex interactions of multiple tolerance traits, leading to subsequent re-
peated selection strategies in specifically targeted stress field environments (Atlin
and Frey, 1989; Ceccarelli and Grando, 1989, 1991; Ceccarelli et al., 1991; Fal-
coner, 1952; Frey, 1964; Johnson and Frey, 1967; Rosielle and Hamblin, 1981;
Yamada, 1962).
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III. GENETIC CONTROL OF ACID SOIL
STRESS RESPONSE

Edaphic stress tolerance improvement requires some knowledge of biochemical
and physiological aspects of gene action, i.e., epigenetics (Tal, 1985). Tolerance
to the overall acid soil response complex is quantitative; but various components
of genetic control vary from dominance to recessiveness to additivity, depend-
ing on species, level of soil acidity used in evaluation, and specific parental
background of the cultivars that were evaluated. Data in Table 1 summarize
reported gene action and number of genes involved in Al-Mn toxicity and Ca-
K-Mg-P efficiency for major crops. Generally, one to three genes (± modifiers)
with either dominant, recessive, and/or additive gene action are controlling Al
toxicity tolerance. For Mn toxicity tolerance, one to four genes with varying
degrees of dominance or additivity are operating. Calcium efficiency involves
two to three genes with additive effects. Magnesium efficiency usually involves
one or more genes and additivity, and Mg substitution at critical sites in the cell
is proposed as the principal mechanism through which Al expresses toxicity
(MacDonald and Martin, 1988). Phosphorus efficiency is multigenic and addi-
tive, while potassium efficiency can vary from single recessive gene action to
additivity. The challenge for the breeder is to know the limitations of the specific
soil constraints being targeted in the program and to combine appropriate breed-
ing strategy with improvement of as many components of the acid soil tolerance
complex as possible. Multitrait stress tolerance can be achieved either through
pleiotrophy (single gene providing tolerance to one or more mineral stresses),
or co-tolerance (selection for one mineral stress tolerance associated with si-
multaneous selection at another locus that provides tolerance to another stress)
(MacNair, 1989). Co-tolerance to Al and Mn stresses has been demonstrated in
wheat (Macfie et al., 1989), carrots (Ojima and Ohira, 1983), and barley (Foy,
1977). The ‘‘opposite Al-Mn tolerance’’ phenomenon has also been documented
(Aniol and Gustafson, 1984; Foy, 1977; Foy et al., 1965, 1973, 1978; Manyowa,
1989; Manyowa and Miller, 1991; Manyowa et al., 1988) for various crops.

Nutrient deficiency effects on plant growth may be controlled by a cen-
tralized, hormonally induced stress response system (Chapin, 1990).

IV. BREEDING TECHNIQUES FOR ACID SOIL
STRESS TOLERANCE

Advances in the overall acid soil tolerance complex using field-stressed sites
have involved pedigree-backcross techniques (with individual adapted parental
lines) or some form of recurrent selection involving populations (Table 2). Vari-
able soil pH blocks, generally ≥5.0 and ≤4.9, have been established in the
field to enhance the breeding/developmental effectiveness. Multistage selection
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(Young, 1964) has been effective for the simultaneous improvement of several
traits (Duncan, 1988, 1991, 1994; Duncan et al., 1991b; Eberhart et al., 1991).
Near-isogenic lines offer an alternative approach to enhancing the understand-
ing of genetically controlled tolerance mechanisms (Delhaize et al., 1993a,b;
McKendry et al., 1996; Ryan and Kochian, 1993).

With toxicity and efficiency traits involved in the overall acid soil tolerance
complex, multiple trait selection becomes very important in development of
tolerant cultivars. Several schemes are available for multiple trait selection:

1. Modified convergent improvement (Henning and Teuber, 1996): Dif-
ferent trait-specific populations are crossed using phenotypic recurrent
selection during three cycles of selection, with interpopulation crosses
after each selection cycle.

2. Tandem selection (Hallauer and Miranda, 1981; Turner and Young,
1963): Sequentially repeated cycles of selection can be used for se-
lecting a series of individual traits.

3. Index selection (Baker, 1986; Hazel, 1943; Smith, 1936): Simultane-
ous selection can be used on a series of traits.

4. Independent culling (Hazel and Lush, 1942; Young, 1964; Young and
Weiler, 1960): Sequential selection of a series of independent traits in
the same population can be used.

5. Strain crossing (Busbice et al., 1972; Elgin et al., 1983) and multiple
strain crossing (Currier and Melton, 1990): Two or more populations,
each containing a unique and high frequency trait, are simultaneously
crossed.

Breeding gain per cycle was highest using modified convergent improve-
ment and independent culling for traits controlled by recessive genes (Henning
and Teuber, 1996). Selection of traits controlled by dominant genes or additivity
was highest using independent culling. Modified convergent improvement was
superior to independent culling when gene frequency was low (q = 0.04–0.12)
in the selection of traits controlled by additive or recessive gene action. Mod-
ified convergent improvement was the superior selection method for multiple
traits selected in dissimilar environments (which often happens in acid soil tol-
erance selection programs) and during initial cycles of germ plasm development
(Henning and Teuber, 1996).

For aluminum toxicity tolerance improvement, in vitro selection, various
forms of solution culture or soil-pot bioassays, backcrossing involving specific
parents, and population breeding, recurrent selection techniques have dominated
developmental/improvement approaches (Table 2). Manganese toxicity tolerance
improvements have generally been handled through soil-pot bioassays, nutrient
solutions, or artificial soil methods (Table 2). Pedigree-backcross techniques are
utilized in the improvement programs. Methods used to screen and select various
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forage legume species for acid soil tolerance are summarized in Devine et al.
(1990).

Phosphorus efficiency enhancement has involved backcrossing, in vitro
selection and somaclonal variation, pot culture, and various nutrient solution
techniques (Table 2). Backcrossing is commonly used to facilitate the genetic
improvements. Calcium deficiency improvements have generally involved labo-
ratory soil bioassays and backcrossing (Table 2).

Some breeding programs have utilized in vitro screening and somaclonal
variation: Al toxicity tolerance (Arihara et al., 1991; Conner and Meredith,
1985a,b; Koyama et al., 1988, 1995; Marziah, 1991; Ojima et al., 1989; Ojima
and Ohira, 1988; Smith et al., 1983, 1993; Wersuhn et al., 1994); acid soil
tolerance complex (Duncan et al., 1991a, 1992, 1995; Foster et al., 1991; Miller
et al., 1992; Rao et al., 1992; Waskom et al., 1990), P efficiency (Bagley and
Taylor, 1987; Goldstein, 1991; Koyama et al., 1990, 1992; Ojima et al., 1989)
for stress tolerance improvements. A good review of the successes from this
breeding methodology can be found in Duncan (1996).

V. GENETIC RESOURCES

Field stress evaluation and categorization of acid soil stress tolerance response
among some crop species has been published for a few collections: sorghum
(Borgonovi et al., 1987; Duncan, 1991; Gourley, 1987a,b; Gourley et al., 1990),
wheat (Briggs et al., 1989; Carver et al., 1988; Carver and Ownby, 1995; Foy
and da Silva, 1991; Rengel and Jurkic, 1992, 1993), Old World bluestems (Foy
et al., 1987), amaranthus (Foy and Campbell, 1984), white clover (Caradus,
1987; Mackay et al., 1990), lotus (Blamey et al., 1990), rice (Jan and Petters-
son, 1989; Nelson, 1983; Sivaguru and Paliwal, 1993), alfalfa (Baligar et al.,
1989; Campbell et al., 1989; Rechcigl et al., 1986), soybean (Foy et al., 1992,
1993; Hanson and Kamprath, 1979; Spehar, 1994), and ryegrass (Nelson and
Keisling, 1980). An additional 34 species and 87 cultivars have been assessed
for Al-stress response (Wheeler et al., 1992). An alfalfa core collection has
been screened specifically for acid soil tolerance (Bouton, 1995). A summary
of plant ecological distributions, as well as adaptation ranges for pH, moisture,
and temperature can be found in Duke (1978).

VI. SELECTION CRITERIA

The dilemma of what selection criteria to use in specific soil stress breeding
programs has been a constant problem for breeders. Identifying and utilizing
appropriate field stress evaluation sites (Jensen, 1988) has been a further chal-
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lenge. However, technology is available for improving selection efficiency in
stress environments through identification of optimal screening and evaluation
nursery sites (Brown et al., 1983; Smith et al., 1990). Selection using alternative
generations under differential stresses (Ceccarelli, 1987), selection for stability
(Wright, 1976), or selection simultaneously for multiple types of environments
(stressed, intermediate, and nonstressed) using rank summation, selection in-
dices, and mean productivity (Zavala-Garcia et al., 1992) are indirect selection
techniques that can be used. A breeding strategy combining direct selection
in marginal environments (specific adaptation) and use of locally adapted germ
plasm (landraces) is 28 times more efficient than a selection strategy encompass-
ing high-yield environments and non-landrace material (Ceccarelli, 1994). The
heterogeneous nature of stressed soils, coupled with other environmental interac-
tions, intraspecies genetic variability, plant developmental stage of progression,
evaluation criteria, and multiple abiotic interactions govern how successful the
selection program will be. Ion and water balances, cell wall membrane integrity,
hormonal balances, and inducement of stress response proteins all interact to
influence growth and development of plants grown under abiotic stresses. Mul-
tiple selection criteria (Henning and Teuber, 1996), as well as multiple-stage
breeding strategies (Young, 1964) are necessary for trait improvement, with par-
allel selection of components that govern productivity (Duncan, 1994). Erosion
of this latter component does not have to be sacrificed during the stress toler-
ance improvement program (Simmonds, 1991; Smith et al., 1990; Zavala-Garcia
et al., 1992).

A summary of selection criteria for toxicity and deficiency/efficiency traits
associated with soil stresses is found in Table 3. For Al toxicity, selection for
specific organic acids, stress-induced proteins, and specific Al-induced genes is
possible. For Mn toxicity, evaluation of chlorophyll content and stress-induced
proteins can be used in the selection program. Specific genes are selectable for
Ca deficiency. Sugar content can be used to select for P uptake efficiency, while
enzyme synthesis can be used in the selection program for P use efficiency.
Screening for a stress-induced protein can be used to overcome K deficiency. A
good review of stress-induced proteins can be found in Ho and Sachs (1989).
Highly correlated physiological and biochemical markers are critically needed
for abiotic stress tolerance if improvements are to continue.

Environmental interaction effects can be minimized and genotype–pheno-
type correspondence under abiotic stresses (Shannon, 1985) can be improved by
(1) use of appropriate standardized tolerant and sensitive indicator checks (Dun-
can and Baligar, 1990), (2) progressive selection under discerning controlled
laboratory conditions followed by selection under differentiating field conditions
(Erb, 1993), (3) delayed selection in early segregating generations and bulking
within families under the F5 generation to maximize the number of segregants
for field-stress screening (Duncan, 1991; Shannon, 1985), and (4) using specific
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experimental designs (Spehar, 1994). Genetic sterile-facilitated recurrent selec-
tion (Duncan, 1991; Duque-Vargas et al., 1994) and shuttle (alternating selection
cycles in stressed and nonstressed environments) breeding (Rajaram et al., 1991)
programs should include replicated evaluations at multiple locations (and acid
soil stresses) to maximize breeding advancement. Reconstitution of the best
stress-tolerant parents with advancing generations will eventually lead to quan-
titative stress tolerance trait improvement over time (Shannon, 1985). Selection
indices of 1–5% (percentage of total plants that were selected for tolerance re-
sponse) in field-stress environments can be effective in developing productive,
stress-tolerant genotypes (Duncan, 1994; Duncan and Baligar, 1990; Duncan
et al., 1995).

VII. RHIZOTOXICITY AND ROOT GROWTH UNDER STRESS

One of the most neglected aspects of breeding programs to improve plant tol-
erance to the acid soil complex is rhizosphere improvement. All nutritional
imbalance components (rhizotoxicity, rhizodeficiency) occur in the root zone
and ultimately affect overall growth and development. Stress response induction
is functioning at the soil chemical, physical, environmental, and biological inter-
faces (Zobel, 1992a, 1993). Plant roots modify their development in response to
environmental stimuli, changing direction of growth through signal transduction
(Chasan, 1996), alteration in gene regulation and protein/enzyme activity, and
modification of cell division, expansion, and differentiation (Aeschbacher et al.,
1994). The root apex is the primary site of Al-induced root growth inhibition
(Kochian, 1995).

Genotypic variation in root systems has been documented (O’Toole and
Bland, 1987). Different types of roots are functionally, developmentally, and
genetically unique (Waisel and Eschel, 1991; Zobel, 1991a,b; Zoben et al., 1992).
Genetic variability in various root types (Klepper, 1991; Zobel, 1986, 1991b) can
be exploited (Clarke and McCaig, 1993) in breeding programs. Root architecture
(complex spatial configuration of the root system) encompasses (1) geometric
deployment of individual root axes, (2) appearance of daughter (lateral) roots
along root axes, (3) direction of root axis elongation, (4) senescence of root
axes, and (5) plasticity response of these processes to environmental stresses
(Lynch, 1995). Morphological and physiological plasticities result from genotype
× environment interaction-enhanced changes in plant root systems (O’Toole and
Bland, 1987; Smith and Zobel, 1991; Zobel, 1975, 1992b, 1995). Plants need
these plasticity responses for survival in diverse and stressful soil environments
(Lynch, 1995; Zobel, 1995). Significant genotype × environment interactions
for field-grown root traits offer the potential for a broad genetic base that could
be exploited in stress tolerance breeding programs (Smith and Zobel, 1991;
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Zobel, 1990, 1992a). The interaction component creates problems in identifying
genetically controlled spatial and temporal variability in rhizosphere factors, but
AMMI (additive main effects and multiplicative interaction) statistics can be
used to analyze root plasticity and characterize physiological, morphological,
and genetic components (Royo et al., 1993; van Eeuwijk, 1992; Zobel, 1990;
Zobel et al., 1988).

Soil chemical factors that limit root growth are well documented (Foy,
1992). Roots respond to nutrient excesses and deficiencies both physiologically
and morphologically (Zobel, 1995). Aluminum rhizotoxicity has received exten-
sive research coverage (Parker, 1995; Ryan et al., 1993; Taylor, 1991). In addi-
tion, water-deficient physiologically stressed effects on root extension (Spollen
and Sharp, 1991), molecular and biochemical analyses of root-expressed genes
involved in morphological characterization of root development (Schiefelbein
and Benfey, 1991), soil physical impedance (Bennie, 1991; Materechera et al.,
1992; Bengough and Young, 1993), and P response plasticity (ability to sense
and respond to localized changes in P availability, i.e., acquisition efficiency;
Lynch, 1995) have been investigated. Rhizosphere microsite monitoring using
such techniques as the (1) agar dye indicator method to determine genotypic ca-
pability for induction of root zone pH changes (Gollany and Schumacher, 1993),
(2) microelectrode method to quantify the spatial variation of specific root de-
velopmental zones (Gollany and Schumacher, 1993), (3) maximum root growth
monitoring in sequential experiments via direct measurements of individual root
elongation (DeKoe et al., 1992), and (4) root volume seasonal cycling (Krauss
and Deacon, 1994; Parker, 1995) are being used in stress response research pro-
grams. Seedling phenological root screening (Erb, 1993) can be used to eliminate
less vigorous plants in a population prior to field assessment. Adventitious root
growth can improve persistence of perennial legume species (Cressman, 1967)
and divergent phenotypic selection (Montpetit and Coulman, 1991) can be used
to improve crown growth and adventitious root volume.

The mechanistic causes for Al rhizotoxicity and intraspecies tolerance
differences have not been definitively determined. Even though tolerance may
be governed by possible rhizo-exclusion mechanisms (Parker, 1995), whether
apoplastic or symplastic compartmentation or actual cellular/cytoplasmic exclu-
sion is involved (Tice et al., 1992), has not been resolved (Kochian, 1995).
Dose-dependent root elongation response studies (Grauer and Horst, 1990; Kin-
raide et al., 1992) to characterize differential genotypic sensitivity have indicated
the following temporal response to Al challenge: induction → 4-hour lag pe-
riod post-exposure before elongation rates are depressed → 12-hour inhibition
phase → acclimation (tolerant types, Olivetti et al., 1995) or nonacclimation
(sensitive types) period → acclimation magnitude plateauing or attainment of
a certain level of recovery (Parker, 1995). The magnitude of Al stress may be
acute or chronic, while intraspecific differences to Al tolerance may be con-
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stitutive (shock–recovery) or inducible (expression of specific genes) responses
(Parker, 1995; Cumming et al., 1992; Grauer and Horst, 1990; Aniol, 1984).

A conceptual model depicting the mechanistic rhizo-response in plants to
the overall acid soil stress complex is shown in Fig. 1. This model explains the
genotypic stress response categories proposed by Fageria et al. (1988). It also
pictorially reveals some of the concepts for integrated Al-induced responses and
the cellular basis for levels of genotypic tolerance (Taylor, 1991, 1995).

VIII. TOLERANCE ENHANCEMENT AND
GENE DEPLOYMENT

Quantative trait loci (QTLs) controlling Al tolerance in diploid alfalfa have been
identified using restriction fragment length polymorphisms (RFLPs) (Sledge
et al., 1996). Putative inward-rectifying K-channel protein genes KAT1 and
AKT1 have been isolated, cloned from Arabadopsis, and homologous sequences
determined (Prince et al., 1996). Specific environmentally stress-induced shock
proteins that govern adaptation to different ecogeographic conditions have been
isolated (Marmiroli et al., 1996) and cloned. A major QTL (RZ318) associated
with root penetration ability into compacted soils has been located on chro-
mosome 2 of rice (Zheng et al., 1996), indicating marker-assisted selection for
complex root traits is possible. A recombinational linkage map for Al toxicity
tolerance has been developed in slash pine (Pinus elliotti var. ellioti) (Kubisiak
and Friend, 1996).

Five Al-inducible genes have been isolated and characterized in wheat:
wali 1 → 5 (Snowden and Gardner, 1993). Two additional genes (wali 6
and 7) have been characterized and complete nucleotide sequences determined
(Richards et al., 1994). The nucleotide sequence of a protein associated with Al
toxicity in wheat roots is also available (Cruz-Ortega et al., 1995).

The utility of mapping functionally related abiotic stress-responsive genes
in a common linkage map for determination of relationships among clones of
other genes has been proposed for wheat (Dubcovsky et al., 1995). Genetic
analysis techniques will be essential for locating quantitatively controlled stress
tolerance genes and for eventually enhancing the selection efficiency of desirable
genotypes within segregating populations (McCouch et al., 1988; Paterson et al.,
1988). Hopefully, additional biotechnology-oriented research will help us to
formulate a clearer picture for the genetic control of the overall acid soil stress
tolerance complex. Ancestral evolution of stress-related genes from wild relatives
and other sources can be tracked and cloned, and the genome co-regulation
can be studied. Comparative mapping technology will help in elucidating stress
tolerance genes and hopefully lead to their use in marker-assisted selection
programs. Transformation of these stress tolerance genes and their functional
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implementation to the point of enhanced productivity of crop plants in stress
environments is the ultimate goal.

IX. CONCLUSIONS

Plant tolerance to acid soil stress involves multiple elemental toxicity and de-
ficiency traits, multiple genes and stress responses, as well as root growth pa-
rameters. Breeding programs must encompass multiple breeding methodology
and selection strategies on actual field-stressed sites to be effective. Escalation of
breeding programs will come through effective biotechnology tools, such as gene
isolation, comparative mapping, and transgenesis. However, traditional breeding
methods will continue to drive the enhancement of abiotic stress tolerance in
plants in the future.
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I. INTRODUCTION

Water availability is limited in many parts of the world. Drought restricts plant
growth and crop production more than any other single environmental factor (1).
Drought stress affects nearly every aspect of plant growth and most physiological
processes (reviewed in 2). The numerous functions of roots, including water
and nutrient uptake, synthesis and translocation of hormones, and respiration
processes are sensitive to drought stress (reviewed in 3). Roots are critical for
plant survival in dry environments. Because of their direct contact with drying
soil, roots may mediate drought resistance through various major physiological
processes. For example, water uptake is one of the primary functions of roots,
which facilitates maintenance of the plant’s internal water status; roots synthesize
hormones such as abscisic acid (ABA), which may act as a chemical messenger
relaying stress signals from roots to shoots. Reduction in water loss through
the transpirational process can be accomplished by stomatal closure, which is
at least partially controlled by chemical signaling sensed by roots in the drying
soil (reviewed in 4). In spite of their importance in whole plant responses to
environmental stresses, roots have received much less attention than aboveground
parts because soil limits their accessibility (5).

Root responses to drought have been reviewed by several authors during
the past two decades (1,2,6–11). This chapter focuses on discussion of root traits
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that confer drought tolerance and the importance of root growth and functioning
in whole-plant resistance to drought.

II. WATER UPTAKE IN RELATION TO
DROUGHT RESISTANCE

Water uptake from the soil is a crucial function of a root system and largely
determines the water status of the shoot. Therefore, effective water uptake is an
important determinant of drought resistance. Water uptake capacity depends on
root morphological characteristics (e.g., root length density and root distribution)
and physiological properties (e.g., viability, osmotic adjustment, and hydraulic
conductivity) (12,13).

A. Root Morphological Characteristics

1. Root Length Density

Drought-resistant plants generally are characterized as having extensive, well-
branched, deep root systems (14,15). The extensiveness of a root system can
be quantified by root length density (RLD), which is defined as root length per
unit soil volume (cm root cm−3 soil) (16). Monocotyledonous crop plants in
general have greater RLDs than dicotyledonous crops. For example, Allamaras
et al. (17) compared RLDs of maize (Zea mays) and soybean (Glycine max)
and found that RLDs in the upper 1.3 m of soil averaged 0.22 cm cm−3 for
maize and only 0.08 cm cm−3 for soybean. Taylor and Klepper (18) found that
RLDs of maize ranged from 3.7 to 6.2 cm cm−3 in a 1.8-m profile, whereas
RLDs of cotton (Gossypium hirsutum) ranged from 1.1 to 1.8 cm cm−3. The
RLD also varies with species within either the monocot or dicot group. Carrow
(19) found that zoysiagrass (Zoysia japonica Steud.) produced few roots and
had lower root length density than tall fescue (Festuca arundinaceae Schreb.) at
soil depths below 20 cm.

Root length density is generally at a maximum in the surface soil layers
(19,20). Gerwitz and Page (21) found that root dry weight density decreased
exponentially with depth in 71 of 101 case histories. Soil drying can affect this
density–depth pattern. Smucker et al. (22) reported that root density declined in
the surface drying soil because many roots in the top 20 cm of the soil profile
died, whereas many roots began to branch profusely at successively greater
depths.

Water uptake rate of root systems generally is considered to be proportional
to RLD. Using this assumption, Taylor and Klepper (18) and Herkelrath et al.
(23) found that they could satisfactorily distribute water uptake of a root system
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among various soil layers. However, the relationship of total RLD to water
uptake may not hold in some cases, depending largely on plant species, soil
water availability, and soil depths. Mason et al. (24) reported that sunflower
(Helianthus annuus) extracted as much water from irrigated clay loam as maize
and sorghum (Sorghum bicolor), despite having only half the total RLD of the
cereals. Many studies have indicated that water uptake is positively correlated
with RLD when soil is moist but not well correlated when soil is dry, especially
when water is available only deeper in the soil profile (25–29). Under soil
drying conditions, water uptake correlates better with rooting depth than with
RLD (30,31). Hamblin and Tennant (30) suggested that a rapid rate of root
elongation and maximum root depth would be better parameters for the selection
of drought resistance than RLD when water is limited in the soil.

Greater RLD at depth is highly correlated with water uptake and with
drought resistance. Plants with greater RLD in deep soil layers are better able
to maintain water status and stomatal conductance during soil drying than those
with lower RLD (19,29,32–34). For example, tall fescue cultivars with a greater
RLD at a depth of 60 cm are less prone to leaf wilting during drought periods
than those with lower RLD (19). Greater RLD at a deeper soil profile facilitates
the maintenance of higher leaf water potential for a longer period during drought
for a drought-resistant hybrid of maize than for a drought-sensitive one (32).

2. Root Distribution

Deep rooting has been considered an important trait of drought resistance in
various species (19,26,35–38) and has been used in drought-resistance breeding
programs (39). Lehman and Engleke (40) reported the deep-rooting character-
istic of creeping bentgrass (Agrostis palustris Huds.) to be heritable, suggesting
that drought resistance could be improved through breeding programs based on
rooting depth. Marcum et al. (41) reported that drought resistance in zoysiagrass
has been associated with rooting depth, weight, and branching deep in the soil
profile. Differential ability to avoid drought stress among bermudagrass (Cyn-
odon dactylon) genotypes is the result of different abilities to distribute roots
downward in the soil profile (35). Buffalograss [Buchloe dactyloides (Nutt.) En-
gelm.] is more tolerant to surface soil drying than zoysiagrass, mainly because of
its deep root system (42). Qian et al. (38) also reported that the deep-rooted buf-
falograss exhibited superior drought resistance compared to the shallow-rooted
zoysiagrass, when the entire soil profile was subjected to drought stress. De-
velopment of a deep root system could be related to a faster elongation rate of
roots under drying conditions (42).

Selecting cultivars or species for faster extension rates might delay onset of
moderate water stress, because this would allow more time for roots to increase
at depths where water remains available. Deep rooting increases water uptake
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from deeper soil profiles. For example, water extraction rates in the deeper soil
profile were greater for the deep-rooted buffalograss than the shallowed-rooted
zoysiagrass when the soil was dried gradually from the surface (Fig. 1). Water
uptake pattern was closely related to root distribution pattern (Fig. 2). Gallardo
et al. (43) similarly reported that wild lettuce (Lactuca serriola), with a deep root
system, extracted more soil water from deeper profiles than cultivated lettuce (L.
sativa), with a shallow root system, when the upper soil was drying. However,
when limited soil water is stored in deeper soil profiles, faster root extension into
deeper soil profiles may be detrimental for plants because of rapid depletion of
water. In contrast, water will be conserved if the plant has a sparse and poorly
permeable root system with a slow rate of extension (44).

Deep roots not only enhance water utilization in deeper soil profiles but
also appear to act as a water transport system and can deliver water absorbed
from deep in the soil profile to the surface dry soil at night (hydraulic lift) (45).
In an experiment involving two perennial grasses, the nighttime increases in
water content in the surface dry soil were more pronounced for the deep-rooted
buffalograss than for the shallow-rooted zoysiagrass (Fig. 3). Hydraulic lift in

Figure 1 Water depletion pattern in 0–20 and 40–80 cm soil layers for zoysiagrass
and buffalograss during the first 8 days after withholding irrigation. (Modified from
Ref. 42.)
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Figure 2 Root distribution in dry weight in different soil layers under well-watered
and drought conditions for zoysiagrass and buffalograss. Data in parentheses are the
proportions of roots in each soil layer of the total root dry weight in the soil profile.
(Modified from Ref. 42.)

buffalograss improved surface soil water status and nitrogen uptake from the dry
surface soil (Fig. 4). The deep root system of drought-resistant plants commonly
is formed by reallocation of root growth to the deeper soil during drought. The
ability of plants to avoid water stress by rapid reallocation of root growth into
deeper moist zones under heterogeneous soil moisture conditions is defined as
root plasticity, which is discussed in Chapter 4. Drought-resistant plant species
are better able to reallocate root growth during soil drying. Root growth below
40 cm of wet soil is enhanced significantly with surface soil drying for two
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Figure 3 Diurnal changes in soil water content in the 0–20 cm drying soil when water
was available in 40–80 cm soil layer in a 4-day period for zoysiagrass and buffalograss.
The open column indicates the light period (7:00 to 18:00 h), during which soil moisture
declined, and the shaded column indicates the nighttime period (18:00–7:00 h), dur-
ing which soil moisture increased over each 24-h period. (Modified from Ref. 42.)

turfgrass species differing in drought resistance. However, greater root length in
the deeper moist soil layers is observed for drought-resistant seashore paspalum
(Paspalum vaginatum Swartz) than for the drought-sensitive zoysiagrass (29).

3. Root Hair Development

As soil dries, root hairs have been found to increase in length and number
per unit root length in tall fescue (Fig. 5A,B) and other species (46,47). The
promotive effect of drying on root hair development is unclear. Homes (48)
reported that ABA, which accumulates in drying soil, applied at high concen-
tration increased root hair growth in maize. Increases in root hairs in dry soil
have a pronounced effect on total root surface area (49). This response may
be an adaptative mechanism to maintain liquid continuity around the growing
roots and to provide greater root surface for nutrient absorption, because the
rate of nutrient diffusion to the root decreases in drier soil (47,49). Green and
Beard (50) found significant differences in root hair development among seven
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Figure 4 Total N gain by shoots and roots in the upper 20 cm of drying soil when
the soil profile was well watered, only 0–20 cm soil was dried, or the soil profile was
dried. Columns marked with the same letters are not significantly different based on
an LSD test (p = 0.05). The lowercase letters were for treatment comparisons within
a species, and the uppercase letters were for species comparisons within a treatment.
(From Ref. 42.)

turfgrass species under nonlimiting soil moisture. However, cultivar difference
in root hair development is not detected in tall fescue in drying soil (51).

Root hairs can be sites for extensive mucilage production (52). Mucilage
can enhance the ability of the hair to attach to soil particles and thereby prevent
air gaps from developing between the soil and root surface when the soil dries
(53,54,55), reduce water efflux from plants into drying soils, and ultimately
delay root desiccation (55). Extensive development of root hairs could enhance
water uptake and facilitate water retention under soil-drying conditions.
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Figure 5 Root hair formation of ‘‘Kentucky-31’’ tall fescue under well-watered con-
ditions (A) and after 14 d of soil drying (B). (Modified from Ref. 51.)

B. Root Physiological Adaptation

1. Root Osmotic Adjustment

Most plants adapt to water stress by either avoiding or tolerating cellular dehy-
dration (8,56). One of the major ways of tolerating cellular dehydration is by
accumulating organic and inorganic solutes (57–59), which lowers the osmotic
potential of the cell to maintain cell turgor at low water potential (osmotic
adjustment). Osmotic adjustment of leaves helps to maintain leaf turgor and
thereby stomatal conductance and photosynthesis and is positively correlated
with drought tolerance (8,57,58).

Roots of many plant species have a substantial capacity for osmotic ad-
justment in drying soil (60–62). Osmotic adjustment helps roots to maintain
turgor and longitudinal growth in drying soil (60,63,64). Turgor maintenance in
roots by osmotic adjustment may be more effective in sustaining growth than
is the comparable process in leaves. Osmotic adjustment also facilitates water
extraction from the drying soil (65).

Osmotic adjustment capacity and turgor maintenance of roots vary with
plant species differing in drought resistance. Roots of relatively drought-resistant
cocksfoot (Dactylis glomerata) maintain higher turgor than those of susceptible
perennial ryegrass (Lolium perenne) under drying conditions (66). Parker and
Pallardy (61) reported that black walnut (Juglans nigra) seedlings from Ontario,
Canada, exhibited osmotic adjustment in roots, whereas some seedlings from
New York showed no detectable osmotic adjustment. Oosterhuis and Wullschleger
(62) found that cotton and sorghum exhibited the largest osmotic adjustment in
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roots; sunflower (Helianthus annuus) exhibited a moderate ability to adjust;
wheat (Triticum aestivum) had very little adjustment; and soybean had none.
Tschaplinski and Tuskan (67) examined osmotic adjustment in several clones
of eastern cottonwood (Populus fremontia) and found only one that displayed
osmotic adjustment in roots.

2. Root Viability

Drought stress often is suggested as the primary cause of root death, especially
in the surface soil (22,68–71). Death of roots in surface drying soils would
prevent root penetration into a deep soil profile where water might be available
and, thus, reduce water uptake capacity. The successful penetration of even
a few main root axes through dry upper soil layers could be of considerable
advantage for the establishment of an adequate root system (72). Sustained
growth of roots in drying soil is of obvious importance for seedling establishment
because of the vulnerability of surface soil to drying. In addition, surviving
roots play an important role in rapid water uptake in the period immediately
after dry soil is rewetted with water. Therefore, maintaining viable roots during
drought would be beneficial for water uptake during and after drought periods,
especially in habitats where drought stress is a temporary phenomenon and
water often is supplied through irrigation. Root persistence of perennial grasses
is a characteristic that greatly enhances their adaptation to semiarid and arid
climates (73). However, many native species adapted to prolonged drought in
desert climates shed fine lateral roots while maintaining main roots when the
soil is dry and then produce fine roots rapidly following light rainfall (74).

In tall-grass prairie sites dominated by big bluestem (Andropogon ger-
ardii), Hayes and Seastedt (71) examined root production and death during a
58-day drought with only 28 mm of precipitation. They found extensive root
mortality, especially in the top 10 cm, within the first 2 weeks of drought. Using
a minirhizotron system, Smucker et al. (22) found considerable death of maize
roots in the top 20 cm of the soil profile after 21 days of drought. In a rhizotron
study, Klepper et al. (68) found that cotton root length declined by more than
50% in the 15-cm soil depth after exposure to dry soil for 21 days. Considerable
death of fine roots under drought also occurs in many other species, including
soybean (75), Agave deserti (76), and turfgrasses (29,51). Imposition of drought
on the entire root system increased root cortical cell death and increased root
shedding (77–79).

Some species however, exhibit much more tolerance of dry soils. Some
roots have been known to survive and even grow in soil at water potentials well
below the conventional wilting point (−1.5 MPa) (80). In citrus, few roots die
even after more than 60 days of drought (81). Root length densities of maize
(18) and wheat (82) did not diminish after the plants had been growing in drying
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soil for weeks. The great variation in root viability among species reported in
the literature suggests the possibility of widespread genetic variability in root
mortality in response to drought stress.

Variable patterns of root viability in response to dry surface soils have
been observed in several turfgrass species differing in drought resistance. For
example, when roots in the top 40 cm of soil were exposed to drought for 26 days
while the lower 20 cm of soil was maintained at field capacity in a greenhouse,
root death in the surface 20-cm layer was about 80% for relatively drought-
sensitive ‘‘Emerald’’ zoysiagrass but only 30% for the relatively drought-tolerant
PI509018 paspalum and ‘‘Tifblair’’ centipedegrass (Fig. 6). Root viability or
persistence is an important trait in drought resistance under these experimental
conditions. Apparently the presence of root mass or length does not necessarily
correlate with physiological health or viability, although most studies attribute
differences in water uptake to total root length as discussed above (30,83,84).

Many factors can influence root survival in drying soil. Osmotic adjustment
can sustain root growth in drying soil as discussed above. Root mortality could

Figure 6 Root mortality under well-watered conditions (control) or during 0–20 and
0–40 cm soil drying while water was available in the lower 40 cm of soil for zoysiagrass,
bermudagrass, seashore paspalum, and centipedegrass. Columns marked with * indicate
a significant difference from the respective control for each grass based on a LSD test
(p = 0.05). (Modified from Ref. 29.)
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also be related to the fineness of roots or specific root length (SRL) (23,85,86).
Thinner roots tend to have shorter life spans than thicker roots. Limited com-
parisons of cold desert shrubs (45,87) and tundra species (88) indicated that
small-diameter roots often die sooner than coarse roots. Huang et al. (29) re-
ported that root fineness or SRL varied among turfgrass species; zoysiagrass with
greater SRL had greater root mortality than the other grasses with smaller SRL.
Drought induces production of finer roots (22,29,89), which may contribute to
more root death, because finer roots could be more susceptible to desiccation in
dry soil. Zhang and Davies (90) suggested that stress-induced fine root branches
are less effective at maintaining turgor during soil drying. North and Nobel (91)
reported more extensive decomposition of cortical tissue in fine laterals than in
the nodal roots in desert succulents. Because less carbohydrate is required to
develop and maintain the finest roots and because smaller roots of annual plants
or perennial grass species lack the secondary thickening essential for tolerating
water stress, the finest roots probably are the most vulnerable to soil desiccation
(92).

Root viability in drying soil may also be influenced by the succulence
of the roots or tissue density. Note that variation in SRL may be caused by
variation in root diameter, tissue density, or both (86). Ryser (93) contrasted
perennial grass species that were adapted to either infertile sites or fertile sites.
Grasses adapted to infertile sites tended to be slower growing and have roots
with higher tissue densities than those adapted to more fertile sites. In a common
garden experiment, Ryser (93) found that tissue density was correlated with root
longevity after two growing seasons. Species that produced roots of lower tissue
density tended to be faster growing than species that produced roots of high
tissue density, but their roots had a shorter life span. Thus, an important trade-
off may exist between having a highly plastic root system that grows rapidly
in moist regions of the soil and one that can readily tolerate the low soil water
potentials in dry regions of the soil (94).

Suberization has been shown to enhance plant tolerance to drought by
reducing water loss from plant roots (95). Suberization of the cortex occurs
sooner in dry than in wet soils (76). An increase of suberization in dry soils
may represent one mechanism for surviving drought (96). Unsuberized roots
disappear quickly under unfavorable soil conditions, whereas large, suberized
roots are more resistant to decay. Ares (97) found that 30 to 50% of young
unsuberized roots of buffalograss died within a few weeks of elongation during
initial spring growth. In many grasses that lack a suberized hypodermis, most
of the cortex readily dies when exposed to a short period of drought (98,77).
In species with a suberized hypodermis such as maize, the cells often die back
radially beginning with the epidermis and continuing centripetally, with the outer
cortical cells dying first (79).
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Marshall (78) found only low (and insignificant) root mortality in Douglas
fir [(Pseudotsuga menziesii (Mirb.) Franco] caused by drought alone, but when
drought was coupled with shading the shoot, 30 to 40% of the roots died. He
suggested that starch and sugar depletions (carbohydrate imbalance) were the
primary causes of root death in dry soil. A reduction of about 80% in carbon
allocation to surface fine roots of citrus trees has been observed when roots
are exposed to localized soil drying (81). However, Hallgren et al. (99) found
that drought had no effect on carbohydrate depletion related to root mortality
in loblolly pine (Pinus taeda) seedlings. Root death can also increase following
canopy loss in woody species (100). However, rapid root shedding following
defoliation is less evident in grasses (101,102).

Root death during drought could be due to direct cellular desiccation,
especially for grass species without a suberized hypodermis. Although dehydra-
tion tolerance involves many different aspects, cell membrane stability may be a
basic requirement for the maintenance of physiological functions in plants and
can be influenced by both cell water potential and carbohydrate status (103).
Stress-induced loss of cell membrane integrity is associated with an efflux of
solutes including electrolytes (39). Electrolyte leakage from cells or tissues dur-
ing water stress can be used as a measure of dehydration tolerance (104,105).
Huang et al. (29) observed dramatic electrolyte leakage from grass roots grown
in the surface 20 cm of drying soil, although the deeper soil layers were moist.
Roots of drought-resistant centipedegrass and seashore paspalum had much less
electrolyte leakage under water stress than did those of other relatively drought-
sensitive grasses.

3. Root Hydraulic Conductivity

Hydraulic conductivity (Lp) is a coefficient relating the driving force, usually
a drop in water potential or in hydrostatic pressure, to water flow, such as
the volume of water crossing a root’s surface area per unit time. Root Lp can
represent two-thirds of the limitations on water movement within a plant (106).
Thus, it can have a major influence on leaf water status and, in turn, on plant
growth in both moist and dry soil (12,107).

Root Lp varies with plant species, ranging from 0.1 to 70 × 10−8 m s−1

MPa−1 when measured by applying a hydrostatic pressure gradient to the roots
and from 0.5 to 8 × 10−8 m s−1 MPa−1 when measured using osmotic pressure
gradients (11). Hydraulic conductivity also varies with root age even within a
species. It decreases with root age in many species (108,109). It changes in
different patterns with positions along the root axis and with root ages between
monocot and dicot species. For example, for a monocot species, Agave deserti,
Lp decreases with root age in both lateral roots and main roots (91). Along an
individual lateral root, it decreases basipetally (76). The reduction in Lp with
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root age or distance from the root tip is due to the increase in the number
of suberized hypodermal and endodermal cells, which have low permeability
to water, especially under dry conditions (76,110,111). For two dicot species,
Ferocactus acanthodes and Opuntia ficus-indica, Lp of main roots increased with
root age, reaching maxima of 3.9 × 10−7 m s−1 MPa−1 for F. acanthodes and
5.2 × 10−7 m s−1 MPa−1 for O. ficus-indica, and then declined with increasing
age for both species (109). Along an individual lateral root for both F. acanthodes
and O. ficus-indica, Lp increases with distance from the root tip (55).

Differences in root Lp among species could result in differences in water
transport to shoots that could influence plant growth and physiological responses
during drought stress. Hydraulic conductivity of an entire root system correlated
positively with the vegetative growth rate of citrus. Relatively vigorous root-
stocks tend to have higher root Lp, stomatal conductance, and transpiration rate
than the less vigorous rootstocks (112).

Root Lp generally decreases as soil moisture availability decreases and has
been observed in many species, including A. deserti, F. acanthodes, O. ficus-
indica (11,55,76,91,113,114), rough lemon (Citrus aurantium) (115), soybean
(107), and cotton (116). The reduction of Lp is attributed to the suberization
of endodermis, hypodermal, and peridermal cells, formation of air lacunae in
the cortical tissue; and embolism of xylem vessels (11,55,78,79,91,114,117).
Suberin deposition in the cell walls of the endodermis and hypodermis reduces
water permeability, and formation of air lacunae interrupts radial water flow from
the root surface to xylem vessels and, thus, limits radial hydraulic conductivity
(reviewed in 11,118). Xylem embolism or cavitation restricts water movement
in the vessels, reducing axial hydraulic conductance (117). The decreases in Lp
in desert succulents during prolonged periods of soil drying have been found
to limit water flow from plants into the drying soil, because roots and shoots
of these species can have a higher water potential than the soil for prolonged
periods (75). For other species grown under temporary drought conditions, the
decline in Lp may limit water acquisition.

Variations in root Lp between species or cultivars that differ in drought re-
sistance have rarely been examined. Syvertsen (119) compared Lp of entire roots
systems of four citrus rootstocks and concluded that variations in drought resis-
tance between rootstocks could be explained at least partially by the differences
in the Lp of the root system. Rough lemon, a relatively drought-tolerant root-
stock, had a root system with a higher hydraulic conductivity than that of sour
orange (Citrus aurantium), a less-drought-tolerant rootstock. So and Jayasekara
(120) found that when the surface soil was drying while the lower soil profile
was moist, Lp was higher in roots of a drought-tolerant sorghum hybrid than
in those of a drought-sensitive one, which contributed to the greater ability of
the tolerant hybrid to extract water from the deeper soil horizons. Saliendra and
Meinzer (121) also reported that the drought resistance of sugarcane (Saccharum
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officinarum) genotypes was related positively to root system hydraulic conduc-
tance. In contrast to the preceding reports, Rieger and Duemmel (122) found no
difference in root Lp of several Prunus species from divergent habitats and sug-
gested a lack of importance of this trait for drought resistance. The discrepancy
in correlations of root Lp with drought resistance may be due to variations in
drought severity, duration, and container size in different studies.

In an environment where drought is temporary or soil water is often sup-
plied by irrigation, high root Lp may be advantageous for rapid water uptake and
plant growth in dry soils. Competition for water is most effective with an exten-
sive, highly conductive root system (45). In a drought-prone environment where
crops rely heavily on water stored deep in the soil profile, Passioura (6,123) and
Fischer (124, 125) have suggested, plants must use water sparingly during their
vegetative growth, so that sufficient water is left in the soil at anthesis to enable
them to fill grain. Richards and Passioura (126) suggested that low Lp in wheat
root systems could reduce early water use by plants growing on limited stored
soil water and, thus, could sustain plant growth through prolonged periods of
drought.

III. CHEMICAL SIGNALS FROM ROOTS IN RELATION TO
DROUGHT RESISTANCE

As discussed earlier, root morphological and physiological characteristics play
important roles in water uptake and supply to shoots. Limited water uptake
capacity of roots can restrict stomatal conductance and shoot growth. However,
roots affect shoot growth and plant responses to stressful environments in other
ways. Gollan et al. (127) reported that when roots of wheat and sunflower
plants were placed inside a pressure chamber and pressurized to maintain leaf
turgor as the soil dried, the stomatal conductance decreased whether or not leaf
water content and leaf turgor were maintained. Similarly, in other studies, leaf
elongation has been shown to decrease as the soil dries, even when leaves were
maintained in a fully hydrated state by increasing the pressure applied on the
roots (12,128). Many split-root studies indicate that stomatal conductance and
leaf growth rates are reduced even though leaf water potential and turgor of the
half-watered plants are no lower than those of well-watered plants (129–132).
These studies suggest that roots influence shoot water relations and growth not
only by supplying water, but also by providing a feed-forward signal to the
shoots.

Abscisic acid (ABA) in roots has been found to be the chemical messen-
ger that mediates plant responses to drought. Stomatal closure can be induced
by increases in leaf epidermal ABA content. There is evidence that this ABA
originates in the roots in drying soil (129,133). Roots have the capacity to syn-
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thesize ABA (134–136). Water-stressed roots accumulate ABA more quickly
and with greater sensitivity than leaves (129,133). Various studies have showed
that soil drying stimulates a substantial accumulation of ABA in roots, and that
ABA synthesized in root tips in response to soil drying can move through the
transpiration stream to the leaves, where it induces stomatal closure (129,137–
141). Roots seem to be able to ‘‘measure’’ the degree of soil drying and send
a chemical message to the leaves where stomatal conductance and transpiration
are reduced (10,129). Not all the ABA in the xylem is necessarily produced
in the root, because ABA is also produced in shoots. However, production in
shoots does not preclude the roots of plants in drying soil from acting as the pri-
mary sensors of soil water content and ABA acting as the primary root-to-shoot
messenger (4). Also, ABA may not be the only hormone sending messages from
roots to shoots, but it may be the major hormone detecting soil water deficit and
providing the signal of drying soil conditions. The cytokinin supply from the
roots is also reduced by soil drying, which may also act as a chemical signal
(142,143).

In spite of great interest in the role of ABA in whole-plant drought toler-
ance and its application to crop production, the direct involvement of ABA in
plant responses to drought stress is still unclear. Because ABA induces stomatal
closure, the natural assumption is that high ABA accumulation would save wa-
ter and, therefore, improve drought resistance. Work with maize and sorghum
(144) showed that drought-resistant genotypes tended to accumulate more ABA
in wilted leaves than less-resistant genotypes; consequently, high ABA accu-
mulation was a marker for drought resistance. However, the classification of
the different genotypes for their relative drought resistance or the mechanisms
involved are not well substantiated. Innes et al. (145) invested much effort in
isolating high and low ABA-accumulating lines of wheat. When lines are grown
under mild drought stress, a yield advantage is claimed for the high ABA lines
over the low ABA lines. However, this advantage is not significant statisti-
cally, nor does it occur in all experiments. Research with sorghum revealed that
drought-resistant genotypes (in terms of the least reduction in grain yield under
drought stress) tended to accumulate less ABA in wilting leaves than drought-
susceptible ones (146). Lu et al. (147) approached the issue of osmotic stress
effects on the yield of wheat by screening for ABA-insensitive clones under
osmotic stress. They found that the ABA-insensitive clones had better growth,
less leaf senescence, and higher yields under drought stress than did more ABA-
sensitive clones. This study demonstrated that variation for ABA insensitivity
in wheat is genetic and that it is somehow associated with sustained productiv-
ity under drought stress. Genetic variation for ABA insensitivity has also been
found in maize (148), Arabidopsis thaliana (149), and barley (150).

Root ABA accumulation leads to stomatal closure and water conservation
in drying soil and, thus, may enhance drought tolerance (129,10). Accumulation
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of ABA in roots of maize enhances their growth in drying soil (64), which may
also contribute to drought tolerance by sustaining water uptake in drying soil.

IV. ROOT RESPIRATION IN RELATION TO
DROUGHT RESISTANCE

An extensive, well-branched root system is important for water acquisition dur-
ing drought stress. However, the amount of carbon required in forming and
maintaining such a root system can be substantial. Major carbon costs of roots
are associated with respiration, tissue construction, and carbon allocation (151).
Carbon costs associated with different resource capture strategies are of funda-
mental importance for plant growth and survival. For plants adapted to limited
water availability, survival during drought requires a considerable investment of
carbon below ground (reviewed in 152). Nicholas et al. (153) found that biomass
allocation to roots was unchanged during drought stress in a drought-intolerant
genotype of wheat and increased in a drought-tolerant genotype. Increasing car-
bon partitioned to roots in dry soils has also been observed in dryland wheat
(154). Therefore, efficient carbon expenditure in roots may play an important
role in coping with drought stress.

Respiration costs are substantial and can account for approximately 25%
of the current photosynthates, 30 to 65% of the carbon partitioned to the root
system (151), and up to 13.5% of the root weight of ryegrass (Lolium multi-
florum) (155). This percentage increases as the growth rate of plants decreases
because either the species has an inherently low growth potential or it is growth
restricted by stressful environmental conditions (Lambers et al., 1991). Although
the energy and catabolic intermediates produced by respiration are essential for
the basic functions of the plant root system, minimizing respiration probably
would increase and prolong root survival during extended drought (156,157).

Results of studies on the response of root respiration to water stress vary.
Dhopte and Ramteke (158) and Dhopte et al. (159) reported increased root
respiration under water stress, especially for drought-sensitive genotypes. How-
ever, a rapid decrease in root respiration with soil drying has been observed by
many researchers, but the extent of reduction varies with species and cultivars
(157,160–164). Nicolas et al. (153) reported that root respiration rates decreased
in both drought-tolerant and drought-sensitive wheat genotypes during drought,
but respiration became more energy efficient, particularly for the drought-tolerant
genotype, because less root respiration took place via the alternative respiratory
pathway.

Responses of root respiration to drought stress vary with species that differ
in drought tolerance. Nicolas et al. (153) found that a drought-tolerant wheat
genotype exhibited lower root respiration than a sensitive one under drought
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stress, which contributed to more sugar accumulation in shoots and roots of
the tolerant genotype. Dhopte and Ramteke (158) similarly reported lower root
respiration rate in a drought-tolerant peanut (Arachis hypogaea) genotype than
in a sensitive one during drought. However, Rice and Eastin (163) found that a
drought-tolerant sorghum hybrid had higher root respiration rates than a sensitive
one under drought stress.

Eissenstat and associates have examined the relationship of root survivor-
ship in drying soil to root construction and maintenance respiration in citrus
rootstocks and have suggested that a reduction in root respiration could be re-
lated to root survival and could contribute to drought tolerance. In a study using
rootstock seedlings selected for their wide range of specific root length (14–32
m g−1), seedlings exposed to dry surface soil for 84 days exhibited less than
3% root mortality (81). Using 14C, they showed that carbon imported to the
roots was reduced by approximately 80% during the drought period with little
difference among rootstocks. Further research comparing respiration and sur-
vivorship of the fine roots of mature trees with those of seedlings confirmed
the large reduction in root respiration and low mortality of surface roots in dry
soil (164). During exposure to dry soil, surface roots of citrus are essentially
unable to provide appreciable benefit in terms of nutrient uptake but can greatly
diminish carbon expenditures by reducing respiration and carbon allocation.

V. SUMMARY

Roots play important roles in plant adaptation to drought stress. Water uptake
and movement to the shoots are primary functions of roots and are essential for
the maintenance of shoot water status and plant survival during drought stress.
Many root characteristics help to prolong water uptake. Root hair development
and osmotic adjustment may help reduce root dessication and facilitate water
uptake and survival of roots in drying soils. Root length density and hydraulic
conductivity are related closely to water uptake capacity when soil moisture is
available. Under drought stress conditions, especially when soil moisture is dis-
tributed unevenly in the soil profile, root distribution and viability may be critical
factors controlling water uptake. However, the relationship of root hydraulic con-
ductivity and root viability to drought tolerance warrants further investigation.

Roots also affect shoot growth and responses to stressful environments in
other ways. Abscisic acid produced in roots serves as a chemical messenger that
signals soil drying to shoots, promotes stomatal closure, and, thereby, enhances
water conservation. Although respiration is essential for producing energy and
catabolic intermediate products, maintaining low respiratory costs may increase
the possibility of plant survival during prolonged periods of drought. Further
research is needed to examine interspecific and intraspecific variations in ABA
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synthesis and accumulation and respiration of roots with respect to drought
tolerance. Such information is useful for improving drought resistance of plants
using biotechnology or traditional breeding programs.
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Mineral Nutrition

Larry M. Shuman
The University of Georgia, Griffin, Georgia

I. INTRODUCTION

Plant mineral nutrition is certainly one of the major environmental factors to
which plants respond. The supply and absorption of mineral elements and their
metabolism are affected by soil and climatic conditions that are specific to
the locale of the plant and change dynamically during the growing period. This
chapter discusses plant response to the supply of inorganic nutrients in all ranges
from deficiency to toxicity. Those considered are nitrogen (N), phosphorus (P),
potassium (K), calcium (Ca), magnesium (Mg), copper (Cu), iron (Fe), zinc (Zn),
boron (B), and molybdenum (Mo), in that order. New to this second edition is
nitrogen (N).

The chapter reviews plant mineral responses to deficiencies and toxicities.
Each element is introduced giving general information from two reviews (1,2),
followed by more recent literature. In the first edition, this chapter covered
the years 1986 to 1990; this edition covers 1989 to 1998. Subheadings under
each element include uptake and translocation, physiology, and interactions.
Emphasis is placed on the research topics of most interest during the past decade.
These include vesicular-arbuscular mycorrhizae (VAM) research in relation to
P nutrition, Ca amelioration of Al toxicity, effects of increases in the CO2
pressure in the atmosphere, and physiderophore (SID) effects on Fe and other
micronutrients. Because of the recent concern over environmental issues, more
plant nutritionists are turning away from deficiency research to study effects of
toxicity. Finally, a recent trend is to study varietal differences with respect to
ion uptake and utilization mechanisms.
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II. NITROGEN

A. Uptake and Translocation

Plants show dramatic response to N amendments, since N is a major building
block of amino acids and proteins. Plants are 2 to 5% N by dry weight. Nitrogen
is taken up both as nitrate and ammonium, and both are metabolized, although
more nitrate is taken up at a low soil pH and ammonium is taken up at neutral pH
values. Nitrate uptake is active, but it is unknown whether ammonium is taken
up actively or not (1). The N deficiency threshold in cotton was found to vary
according to plant age from a high of 5.2% N at the first pinhead square to 3.3%
N at cutout (3). Some 80% of applied foliar urea was absorbed by cotton leaves
on 20-day-old leaves, and this dropped to 38% for 60-day-old leaves, with more
N being translocated to the boll at the later times (4). Nitrogen uptake is affected
by many environmental stress factors including day/night cycle (5), drought (6),
and waterlogging (7). Nitrogen uptake in soybeans decreased 30 to 50% 2 to
6 hr after the lights were turned off due to inhibition of NO3 influx, which is
under feedback control (5). In prairie grasses, N is translocated from the leaf
to rhizomes and roots during drought, with %N in the leaves varying according
to drought tolerance of the species (6). Waterlogging also leads to N deficiency
in corn due to denitrification and leaching of the fertilizer N and to decreased
absorption and translocation of N and protein synthesis (7). Low availability of
ammonium N to soybeans led to lower nodules per gram of root DW, but the
plants were able to compensate and produce more total plant nodules, which
increased plant growth (8).

A new area of inquiry in N mineral plant nutrition has been the effect of
atmospheric NO2 on plant N. The contribution of total N in barley from NO2-
polluted air was 5 to 6%, with an additional 3 to 5% coming from other gaseous
sources (9). Free amino acids as mostly asparagine and glutamine increased in
wheat exposed to NO2 (10). The uptake of N from NO2 was found to be higher
in soybeans that were supplied with nitrate than those supplied with ammonium
(11). The decrease in ammonium-N uptake was attributed to a decline in pro-
ton concentration resulting from the reduction of nitrate and nitrite from NO2
absorption (12). In spring wheat, it was found that the energy required to metab-
olize the N from NO2 to protein resulted in a lower proportion of carbohydrate
and a higher amount of protein in the grain (13).

B. Physiology

Nitrogen supply to cereals affects not only N uptake but also nitrate and nitrite
reduction production (14,15). Nitrogenase activity in soybeans was regulated by
both C and N levels, which occurs through sensing changes in plant N by way
of phloem translocatable compounds (16).
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Leaf N in soybeans, along with shading, was found to be strongly asso-
ciated with starch content of the leaf (17). Starch and sucrose were higher in
N-deficient leaves of spinach and soybean than N-sufficient controls (18). This
increase in starch and sucrose was accompanied by a decrease in soluble protein,
chlorophyll, and anaplerotic metabolites (malate and phosphoenolpyruvate) in
the leaflets, suggesting that the enzymes of the anaplerotic carbon metabolite
pathway were lower under N deficiency (19).

Nitrogen uptake is regulated by various mechanisms. Ammonium uptake
in wheat is suppresses by the amino acids asparagine and glutamine, although it
is not known whether they are acting outside the plant or through an endogenous
pool (20). Nitrate exercises a feedback mechanism in barley roots to control its
own influx (21). Nitrate induces polypeptides, which are linked to nitrate trans-
port across the tonoplast and plasma membrane to reduce nitrate uptake in corn
(22). In N-deficient wheat chloroplasts, the chlorophyll content reached a max-
imum on day 7 in the first leaf and declined more rapidly than for N-sufficient
plants (23). In wheat and maize plants, the respiratory oxygen consumption by
roots was 1.4- and 1.6-fold larger for ammonia-fed than for nitrate-fed plants,
respectively (24).

C. Interactions

Nitrogen nutrition is affected by the availability of other inorganic nutrients.
Nitrate influx was decreased by transient P deficiency for squash and barley (25).
The movement of ureide and other N constituents in soybeans was impaired by a
decrease in energy status and carbohydrate utilization brought on by a deficiency
of P (26). Decrease in N transport under N deficiency limited protein synthesis
and elevated amino acid contents in tobacco (27). The amino acid in excess
was asparagine, because of feedback control and limited ATP availability. The
decreased transport is caused by changes in membrane properties, which cause
concomitant effects on upward flow of water in the plant (28).

Barley N content increased with increased S rate on an alkaline soil (29).
For wheat, the addition of N rates increased the S utilization percentage (30).
In soybean leaves, the loss of S with age was inversely related to the level of N
nutrition. There is likely a common mechanism for the export of S and N from
mature leaves, which is inhibited at high levels of N, even under S deficiency
(31).

Copper uptake is increased at higher N levels in cereals by the release
of amines into the root apoplast and rhizosphere (32). Under Cu-sufficient con-
ditions, these may mobilize Cu by formation of soluble Cu-amine complexes.
The activity of nitrate and nitrite reductases showed no correlation with Cu
concentrations except at the highest Cu levels in rice (33). The leaf capacity to
reduce nitrate to ammonia may be limited by the capability of the chloroplast
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Figure 1 Total above-ground dry matter of spring wheat grown with different nutri-
ent treatments at ambient and doubled CO2 concentrations. (From. Ref. 41 with kind
permission from Kluwer Academic Publishers.)

photochemical reactions to generate reducing power. Boron at sufficient levels
produced the highest N fixation for soybeans; however, nodules from the basal
portions of the primary roots contained sufficient B for N fixation even under
B-deficient conditions (34).

A new area of research in the past decade has been the effect of increased
CO2 on plant growth. The addition of CO2 increased N uptake but actually
lowered N concentration in the shoots of wheat (35–39). Lower-leaf N resulted
in decreased N translocation to the grain, which lowered grain quality (36). Also,
the proportion of the plant N allocated to the uppermost leaves was reduced
under high-CO2 atmospheres (37). The N allocated to ribulose-1,5-bisphosphate
carboxylase/oxygenase (Rubisco) was also reduced and placed into other soluble
proteins (38). The reason for the C:N imbalance is that under CO2 enrichment,
the C concentration in the plants increases while the N concentration decreases
(39). Some results show that elevated CO2 did not interact with N supply (40)
or that it increased total biomass and grain yield of wheat under optimum N
supply (41) (Fig. 1).

III. PHOSPHORUS

A. Uptake and Translocation

The levels of P in plant tissue are generally between 0.3 and 0.5% of the dry
weight to be considered in the sufficiency range (2). Unlike N and S, which
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are in the reduced form in plants, P is found in oxidized form as inorganic
orthophosphate and pyrophosphate. Phosphorus uptake is active, the concentra-
tion in the xylem sap being 100 to 1000 times that in the soil solution, and
P is involved in many metabolic processes, especially energy transfers linked
to adenosine triphosphate (ATP) (1). In the past decade, the influence of VAM
on P uptake and availability has been of considerable research interest. Critical-
level research continues, especially for cereals. The critical deficiency values for
wheat grain were between 0.19 and 0.23% P; for 90% maximum grain yield,
they were between 0.21 and 0.24% P (42). However, the lower critical value for
the last fully expanded leaf in wheat was 2.8 mM (0.043%) (43), which was
determined to be the best plant part to sample (44). At higher P availabilities,
the efflux neutralizes higher P influx such that the nonlimiting P concentration
is mainly controlled by efflux (45).

Plants have been shown to change the rhizosphere to obtain P as a function
of plant species, soil type, and soil management history (46). Rape secretes acid
phosphatase and wheat secretes dehydrogenase. Rice roots may secrete protons,
which would solubilize acid-soluble soil P (47). Following the same line, Saleque
and Kirk (48) found that P depletion near the root coincided with acidification,
presumably from oxidation of Fe2+ by oxygen and protons released from the
roots (49) (Fig. 2).

Much current P research centers on VAM. Pigeon pea and wheat benefited
from VAM colonization, which increased P uptake and plant weights (50,51)
(Fig. 3). Although VAM did not increase leaf P concentration in barley, it did
result in higher rates of photosynthesis associated with higher stomatal conduc-
tance and increased P-use efficiency (52). However, VAM infection did increase
P uptake in barley but not in wheat or rye; in another study, it affected P-use
efficiency negatively (53). For safflower and wheat, VAM did not alter hydraulic
properties of the plant/soil system, causing no differences in leaf turgor during
drought (54).

Even though translocation of elements to grain is a usual mechanism of
reallocation, it was found that for soybeans, seed development may occur inde-
pendently of P remobilization from the leaves (55). Under P deficiency, wheat
plants allocate resources toward maintaining root growth by limiting or delaying
shoot proliferation (56). The efficiency of P use in wheat was directly propor-
tional to water availability, with no evidence that selections could be made for
efficiency of water use (57). In another study, it was found that water stress in
wheat had no effect on plant development and changed P allocation very little
(58).

B. Physiology

Phosphorus is stored in soybean seeds as phytic acid, which accounts for 70%
of the seed P (59). Starch in soybean is affected by P stress to the degree that
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Figure 2 Profiles of FE (II), Fe (III), and pH in flooded soil exposed to a planar layer
of rice roots for 10 days. (From Ref. 49 with kind permission from Kluwer Academic
Publishers.)

the starch-N relationship may be useful in identifying plant P deficiency (17).
However, neither P deficiency or high P availability markedly affected starch or
sucrose metabolism in soybeans (60). Phosphorus deficiency caused increased
starch in soybean leaves due to an increase in free amino acid-N in arginine and
asparagine (61). Transport processes in barley concentrate P absorbed by root
cells, keeping the P concentration in the xylem exudate constant (62). Phos-
phorus deficiency lowers leaf photosynthetic rates and stomatal conductance,
leading to lower leaf total soluble protein (63).

Photosynthesis and stomatal conductance are reduced by P deficiency (64)
and, conversely, increases P increased photosynthesis (65). Quantum yield of
CO2 uptake was decreased under P deficiency, but increasing the CO2 concen-
tration restored yield (65). Elevated CO2 concentrations increased phosphatase
activity, which is a factor in increasing P mineralization of soil P (66).

Phosphorus deficiency decreased either the amount or activity of Rubisco
in wheat, maize, soybeans, and potatoes (67). A reduction of photosynthetic rate
in sugar beets with P deficiency was attributed to decreased Rubisco regeneration
rate rather than Rubisco activity (68). Low P affected leaf orientation in soy-
beans, due to lower Rubisco-specific activity and content (69). Phosphorus defi-
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Figure 3 Shoot dry weights for two soils and inorganic P or organic P amendments
with and without VAM. Bars are standard errors. (From Ref. 51.)

ciency in tobacco led to low levels of hexose phosphates and 3-phosphoglyceric
acid (3-PGA) in shoots and roots, while sucrose synthase and protein content
increased in roots (70).

Phosphorus concentrations in leaves and stems of wheat were decreased
due to waterlogging, but it increased P in roots (71). In rice, hypoxia decreased
root growth; this was attributed to the capacity for oxygen transport to roots
(72). Under P deficiency, root porosity increased for rice (73). For soybeans, the
rate of O2 uptake was only 35% of control values when P was deficient, but
nodule nitrogenase-linked O2 uptake was 210% that of the control plants (74).

Phosphorus deficiency leads to lower nodule growth for soybeans and
alfalfa (75) and reduced acetylene activity and nitrogenase (76). For P-deficient
soybeans, the oxidative phosphorylation in the plant cell fraction of nodules
was decreased to a much greater extent than it was in the bacteriods; it was
concluded that P deficiency decreased specific nitrogenase activity (77).

C. Interactions

Interactions of other nutrients, VAM, and toxic elements like Al continue to be
subjects of research. High P supply to wheat interfered with Mn uptake and/or
translocation (78). Increasing external Cu concentration caused lower P in shoots
and roots of wheat (79). Where Cu was at a toxic range for rice, plants with
Fe plaque on the roots had lower P in the leaves than plants without Fe plaque.
The lower P should increase active Fe in the leaves and increase heavy metal
tolerance (80).
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An interesting interaction takes place in corn in that higher N increases
plant Zn concentration and decreases plant P concentration, thus improving the
P:Zn ratio to a more optimal range (81). In wheat, the increase in P concentration
in Zn-deficient plants was mediated through a shoot effect of Zn rather than a
root effect (82). This same effect of higher P concentration with Zn deficiency is
found in corn shoots, but in roots only the inorganic forms of P were increased
while organic P forms were decreased (83). When P is added at high rates,
it causes decreased shoot Zn, Cu, and Fe concentrations (84). Adding VAM
to maize supplied with low levels of P and Zn increased dry matter (DM)
yield about fourfold, whereas at sufficient P and Zn, it increased yield only
about 1.5 times (84). However, for wheat, Zn concentration and uptake were
decreased by both P and VAM amendments. It was shown that VAM enhances
translocation of Zn and P to grain from roots (85). Additions of VAM to pigeon
pea increased both P and Zn concentration and the P/Zn ratio, resulting in
improved growth (50).

As for other elements, there has been considerable effort to study the ef-
fects of atmospheric CO2 levels on P nutrition of plants. For wheat and rice, the
uptake of P has been increased by increased concentrations of CO2 (36,86). In-
creasing CO2 pressures for maize, sorghum, cotton, and wheat does not enhance
growth and photosynthetic rates under P deficiency, possibly due to effects on
the leaf sugar partitioning and transport systems (41,87). Grain yield of rice was
increased up to 58% by additional CO2 even with P deficiency, but leaf P was
unaffected by CO2 concentration (88).

Aluminum toxicity has been a very active research topic during the last
decade, even though such research has slacked off in recent years. Phosphate
combines chemically with Al to produce unavailable solid forms and, in solution,
to decrease the amount of free trivalent Al, the form toxic to plants. For example,
phosphate ions ameliorated Al toxicity in wheat and sorghum in nutrient solution
studies (89). Phosphorus promotes the rate of root growth into acid subsoils; low
P availability, even at levels that will not result in P deficiency, can greatly reduce
a plant’s tolerance to acidic subsoils (90). In solution, Al actually enhances
P uptake by binding to plasma membrane phospholipids, forming a positively
charged layer that enhances the movement of anions to binding sites of transport
protein (91).

IV. POTASSIUM

A. Uptake and Translocation

Potassium is the element with the highest concentration in plants, making up
about 80% of the total cationic content of the phloem (1). The rate of K ab-
sorption by the root increases in proportion to the K concentration in the soil
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up to a point. This rate is linked to the ATP content of the root cells, which
supplies energy for transport into the cells in the form of ATP (92). Plants get
much of their K supply from exchangeable soil K, but it has been shown that
plants can exploit the nonexchangeable K pool (93,94). The ability to utilize
nonexchangeable soil K varies by plant species; for example, wheat is more
efficient than sugar beets because of the relative differences in root density (93).
The uptake by wheat from nonexchangeable and mineral sources increases with
increasing temperature but is not influenced by water potential (94).

A major function of K in plants is to regulate osmotic potential. In un-
stressed plants, the main effect of K application is to increase leaf water content
and slightly decrease its osmotic potential (95). For wheat under K deficient
conditions, water-soluble carbohydrates, Ca, and Mg were higher in the press
sap, indicating that they were substituted for K in its role of osmotic regulation
(96). Potassium substitution in soybeans is accomplished by cations, anions,
sugars, and amino acids (97).

As K is supplied to barley, the shoot tissue moisture content increases
along with specific leaf area as a result of increased moisture content and cell
size (98) as well as number of mesophyll cells (99). Under moisture stress, the
K concentration in the leaves of soybeans increases, supplied by the roots and
stems, which act as K reservoirs (100), especially in developing xylem vessels
(101). High temperatures decrease K influx to sorghum and barley roots (102).
Rice species which take up more K had higher oxygen exudation under K stress
than those taking up less K (103). Species of soybeans differed in their ability
to take up K during grain filling. Full-season hybrids continued to take up K
during seed filling, while double-crop hybrids depended more on K translocated
from other plant tissues (104).

B. Physiology

Potassium influx is regulated by root membranes through various mechanisms.
A group of polypeptides associated with K influx was identified; these were
unaffected by either N or P deprivation (105). Following K deprivation, these
polypeptides were synthesized in increasing amounts and are thought to form a
part of the high-affinity K transport system in barley roots (106). In wheat, K
influx was mediated by hyperpolarization-activated K-selective ion channels in
root hairs that are important in the low-affinity K uptake mechanism and act as
regulators of membrane potential (107).

C. Interactions

Research on interactions for K has continued to be active in recent years. Leaf K
increased with increased N supply in wheat (108). Also, the net K translocation
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in wheat was increased by increasing nitrate availability (109). With increasing
K supply, N uptake increased in soybean, but nitrogenase activity was not af-
fected (110). In barley, K acts as a counter ion that has a role in partitioning
nitrate reduction between shoot and root (111).

Potassium affects Fe indirectly through effects on protons and phytosider-
phores (112). For strategy I plants, high K levels increase proton flux due to
accumulation of organic acids. In strategy II plants, higher K influences trans-
port of the Fe-phytosiderophore complex and plays a role in the mugineic acid
biosynthetic pathway. Increased availability of K helps to ameliorate the toxic
effects of Fe-toxic soil (113), and it decreases the bicarbonate content in soils,
which, in turn, will lower the immobilization of Fe in soybeans by bicarbonate
(114).

Added K has been shown to ameliorate both Zn deficiency in rice (115)
and Mn deficiency in wheat (116). Aluminum inhibits K influx by forming a
positively charged layer by binding to plasma membrane phospholipids (91).
Wheat uptake of K decreased in the presence of NaCl (108), as it did for barley
(117). Adding Ca to barley greatly decreased the effect of NaCl on K uptake and
translocation (117). For rice, K also helped to alleviate salt stress by improving
the ratios of K:Na, K:Mg, and K:Ca (118).

As mentioned above, a new area of inquiry is the effect of increased CO2
pressure on plants. Doubling CO2 pressure increased biomass and grain yield
for wheat, except that with K deficiency, this effect was cut in half (41). Elevated
CO2 decreased K uptake in wheat due to the smaller volume of water reaching
the root surface (119). The effect may be offset by increased root density and
by greater soil moisture, which would increase diffusion.

V. CALCIUM

A. Uptake and Translocation

Calcium uptake is passive; thus the high amounts in plants are due to high
amounts in the soil solution (1). The Ca sufficiency range for plants is between
0.1 and 5.5% of the dry weight. Calcium functions outside the cytoplasm in the
apoplast, where it stabilizes the cell wall (2). Calcium is used more efficiently
by grasses (C4 plants) than by legumes (C3 plants) (68); in fact, one of its
functions in the more efficient cereals is to redirect foliar metabolites to grain
filling (120). Since legumes are less efficient at Ca utilization, Ca deficiency
has many physiological effects on legumes, as in peanuts, where it lowers the
phospholipid content of the fat body, increases the simple lipid content, reduces
the triglyceride content of the simple lipids, and increases the diglyceride content
(121). Calcium deficiency in soybeans grown in nutrient solution led to optimal
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bacterial growth and attachment to the root hair surfaces (122). These effects
were reversed with increasing Ca supply.

B. Physiology

Calcium supplied at high quantities to wheat can interfere with stomatal con-
ductance, but it has been found that long-term high Ca supply does not af-
fect the stomatal mechanism, and no explanation is available (123). Calcium
has a role in soybean germination that has been linked to membrane stabiliza-
tion (124). Adding Ca or Mg to the germination medium can improve ger-
mination of Ca-deficient seed. In rice, Ca enhances the activity of enzymes
involved in sucrose-to-starch conversion, including sucrose synthase, invertase,
pyrophosphate-phosphofructokinase, uridine diphosphate–glucose pyrophospho-
rylase, and adenosine pyrophosphorylase (125). Calcium has also been shown
to be necessary to stabilize the structure of barley alpha-amylases in the endo-
plasmic reticulum (126). Calcium deficiency affects the secondary and tertiary
structure, thus inactivating the enzymes.

C. Interactions

There are strong interactions between Ca and N, with Ca being important in
N uptake and use. Supplemental Ca for wheat and barley (120) and maize and
rice (127) increased NH4-N plant use and efficiency by increasing absorption,
tillering, metabolite deposition in the seed, and possibly photosynthesis. Higher
Ca also results in higher NH4 in soil solution and increases in the diffusion
coefficient for NH4 (127). Calcium deficiency reduced nitrate influx in barley
by 40% and in squash by 10% after 48 hours (25).

High Mg availability reduced wheat yield by inducing Ca deficiency (128).
The cause is apparently not impairment of membrane function by Mg (129) but
is more likely associated with a competitive ion effect, with high Mg levels
competing with Ca in transport from the roots (130).

The inhibition of K by high NaCl levels for barley were greatly alleviated
by increasing the Ca supply (117). Likewise, Ca additions alleviated salt stress in
barley, but more so for a cultivated variety than for wild species (131). Calcium
deficiency in rice was remediated by B additions (132). In rice, Si additions
decreased Ca content and uptake, but the effect could be overcome by increasing
the Ca supply (133). Increasing the CO2 pressure for wheat decreased Ca content
(36).

One of the major areas if research on plant mineral nutrition in the past
decade has been that of aluminum toxicity to plants and methods to ameliorate
the effects of aluminum, which is prevalent in the soil solution of acid soils.
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In general, Ca can be used to help overcome the effects of Al toxicity (134)
(Fig. 4). The effect is not limited to Ca only but also includes Mg and other ions,
such that the ratio of activities of cations in solution is a good measure of the
variation in plant weight due to Al toxicity (135). In soybeans, Al inhibited the
length of lateral roots more than that of tap roots, and adding Ca would achieve
similar relative root length as for tap roots (136). In Al-sensitive wheat cultivars,
high Al levels inhibited Ca uptake, but they did not do so for Al-tolerant varieties
(137).

The mechanisms of the interaction of Ca and Al have presented an in-
teresting line of research, with several mechanisms proposed and proponents
and opponents of each. One mechanism is that Al acts to block Ca channels at
the plasma membrane, as found for tobacco (138). In a review, Rengel et al.
(139) suggest that differential blockage of Ca channels by Al may be the major
factor in differential tolerance to Al. However, others have found that differen-
tial response to Al is not due to differences in Ca channels but to an ability
to reduce Al activity in the rhizosphere (140). Another mechanism proposed
is that the Al binds to plasma membrane phospholipids, forming a positively
charged layer that decreases Ca influx (91). However, other groups feel that
the theory fails and that amelioration of Al toxicity by cations occurs due to
decreased membrane-surface activity of Al (141). For wheat, root growth could
be greatly inhibited by Al concentrations that did not decrease Ca uptake, so Al

Figure 4 Effect of Ca rates on length of root hair zones for soybeans at two Al
rates calculated as sums of the monomeric species. Bars are standard errors. (From
Ref. 134.)
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does not inhibit root growth by decreasing Ca uptake (142). Again, the same
group showed that displacement of Ca from the apoplasm by Al was not the
explanation for reduced root growth but that tolerance in certain species was a
caused by a reduction in Al accumulation (143).

VI. MAGNESIUM

A. Uptake and Translocation

The content of Mg in plants is about 0.5%, being lower than that of either Ca
or K (1,2). Cations that compete with Mg in uptake (K and NH4) can lead to
Mg deficiency (1). In nutrient solution studies, when Mg supply was stopped,
Mg was translocated from old leaves to younger leaves (144). Under constant
deficient Mg supply, deficiency symptoms appeared on young leaves and the
concentration of Mg in the youngest emerged blade was closely related to Mg
concentration in the nutrient solution. Waterlogging reduced the concentration of
Mg in leaves and stems of wheat (71). Irrigation water that contained Mg(CO3)2
impaired the dry-matter yields of maize shoots and roots to a much greater
extent that MgSO4 or a mixed salt solution, presumably due to high pH (9.0)
and nutrient imbalances (128).

B. Interactions

Wheat grain yields were reduced due to a Mg-induced Ca deficiency when high-
Mg irrigation water was used (128). Calcium was also found to interfere with
Mg transport from the roots in wheat, lowering the shoot and root Ca due to a
competitive ion effect (130). However, in barley, Mg did not strongly interfere
with Ca function in membrane integrity, but it did increase K leakage (129).
Magnesium was found to enhance soybean seed germination when the seeds
were Ca-deficient (124).

Magnesium has an ameliorative effect on Mn toxicity where the ratio of
Mg:Mn in the shoot tissue of tomato rises above 3.4 to 6.5:1 or, for wheat,
above 20:1 (145,146). The Mg was found to increase tolerance of the plants to
high Mn concentrations and to discriminate against Mn ions in translocation of
nutrients from roots to shoots (146).

Nitrate increased the uptake of Mg by wheat plants, whereas ammonium
did not increase Mg uptake as much (109). However, the increased nitrate low-
ered the translocation of Mg, such that shoot Mg concentrations were decreased.
High P levels decreased the K:Mg+Ca ratios in wheat (147). This finding has
implications for grass tetany for grazing ruminants. Uptake of Mg by wheat
was increased by increasing the pressure of CO2 (36). Magnesium has an ame-
liorative effect on Al toxicity in wheat, as it adds to the cations that, when
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the activities are taken together, account for a high percentage of dry weight
increases under Al toxicity (135).

VII. SULFUR

A. Uptake and Translocation

The sufficiency range for S in plants is between 0.2 and 0.5% of the dry weight
(2). Uptake of S is not related to pH, as is nitrate, the form taken up is the
sulfate form. Other ions cause little interference in S uptake by plants (1).
It has been determined that in order to avoid yield reductions in wheat due
to S deficiency, it is necessary to apply S before symptoms become evident
(148). Thus, critical tissue levels must be checked and the critical deficiency
levels for different species must be known. For lupins, the critical S-deficiency
concentration in young leaves is 0.28%; the N:S ratio must be 22. For wheat, the
values are 0.14 to 0.31% S and an N:S ratio of 9 to 19 in the young leaves, but
the values change with age (149). Total S concentrations in wheat grain ranged
from 0.94 to 1.81 mg/g and in barley from 0.94 to 1.55 mg/g (150). The grain
from milling wheat contained more S than feed wheat, but feed and malting
barley contained similar concentrations of S. The baking quality of wheat was
increased by adding S to S-deficient wheat (151). The S uptake and translocation
in tobacco was positively related to S supply, but xylem loading was inversely
related to S supply (152). The S nutrition of tobacco, then, was considered to
be controlled by xylem loading.

Sulfur is transported or remobilized in various plants. Up to 75% of the
S in barley was reexported and at least some of the S was exported from fully
expanded leaves to developing leaves (98). It has been found that cytoplasmic S
turns over rapidly in various species, but vacuolar turnover is too slow to support
plant growth, which accounts for the apparent low mobility of S in mature leaves
(153). Sulfur sinks were found to be the root and shoot for the short term in
soybean seedlings, but as growth proceeded, the stem was the dominant sink for
remobilized S (154).

B. Physiology

Photosynthetic assimilation decreased in S-deficient wheat plants, which was
found to be an effect of S on the carboxylase efficiency rather than altered
stomatal conductance or leaf internal CO2 concentration (155). It was also found
that S deficiency in soybeans led to a linear decline in the Rubisco fraction from
nearly 50% to <10% of soluble protein as soluble protein in the leaf declined
(156). This decline in the Rubisco fraction may be a function of the relative
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importance of certain enzymes as protein levels decline or a down-regulation of
Rubisco synthesis as carbohydrates increase under S deficiency.

At least two research groups have been studying glutathione in relation
to S nutrition. Glutathione in tobacco is a signal agent that controls S nutrition
(152). Reduced glutathione inhibits sulfate transport, but the process is reversible
by adding protein-synthesis inhibitors, such as cycloheximide or puromycin
(157). At low N levels S, glutathione in soybeans is metabolized to homog-
lutathione, which is important as a transport compound for exporting organic S
(158).

C. Interactions

There are strong interactions between plant N and S. For barley, plant N content
increased as S supply increased (29). The uptake of both S and N increased
synergistically; as both were supplied to wheat and the fertilizer, the percentage
of S use increased as N rates increased (30). With N deprivation in soybeans,
there was a net loss of S, which was attributed to a proteolysis involved in the
export of S and N from mature leaves (158). The decrease in N translocation
from sulfate-deprived barley was associated with increases in both asparagine
and glutamine in roots, but no such increases in the leaves were found (159).

Sulfur has been found to help alleviate the symptoms of Zn toxicity in
soybeans and to increase translocation of Zn from roots to the shoots (160).
Increased CO2 pressure had little effect on S uptake by wheat (36).

VIII. MANGANESE

A. Uptake and Translocation

Manganese uptake is active; therefore other ions of the alkali earth cations (Ca
and Mg) and the transition metals (Zn and Fe) can interfere with uptake and
translocation (1). Manganese can substitute for Mg in physiological reactions
because of its lability with respect to binding. Although deficiency ranges for
most plants are rather narrow, toxicity ranges are quite wide (2). Manganese
research in recent years seems to center on Mn toxicity. Although Mn is taken
up in greater quantities than Cu or Zn by wheat, the toxicity of Mn is lower
than that of Zn, B, Fe, or Cu (161). The tolerance of soybeans to high Mn
was increased at higher day/night temperatures, where the total leaf Mn was
increased while stem concentration was reduced, indicating that the tolerance
was not due to growth dilution in young tissues (162). Rice exposed to high
Mn at various pH values in solution culture formed brown coatings (plaque) of
oxidized Mn on the roots, which increased at higher pH and Mn concentrations
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(163). This plaque, along with Fe and Al oxide plaque, reduces the rice tissue’s
ability to absorb nutrients from soils and causes deficiencies of P, K, Ca, and Mg
(164). Increases in Mn supply to tobacco callus decreased callus formation and
shoot regeneration (165). At high Mn concentrations, soybean callus was more
sensitive to Mn toxicity than intact plants, giving a lower critical deficiency level
but a higher critical toxicity level (166).

The critical Mn toxicity levels have been determined for a number of
species and given as milligrams of Mg per kilogram of dry weight in subter-
raneum clover, 2010; balansa clover, 1330; serradella, 1080; greater lotus, 167;
wheat, 168; burr medic, 144; murex medic, 119; Persian clover, 46; and lucerne,
169 (170). The critical deficiency level for barley was set at a log(Mn) of −9.8
for barley in a chelate-buffered nutrient solution (171).

VAM has effects on Mn nutrition for several plant species. The Mn con-
centration in rice was higher with VAM than without VAM at all growth stages
irrespective of soil fertility or water regimes (172). For soybeans, it was found
that VAM increased foliar uptake of Mn under deficient supply and decreased
Mn uptake under Mn toxic conditions (173).

For barley, it was found that Mn was higher in concentration in the roots in
inefficient plants due to immobilization, which may be an important mechanism
for Mn efficiency (174). In wheat, Mn was remobilized from the roots and stems
during grain filling, but not from the leaves (175).

B. Physiology

Physiological research on Mn nutrition concentrated on differences among va-
rieties as to tolerance to toxicities. Various organic acids in wheat—including
aconitic, malic, and citric acids—increased at high Mn levels in Mn-sensitive
varieties but did not change in Mn-tolerant varieties (176). Increases in aconitate,
alpha-ketoglutarate, and succinate in Mn-sensitive wheat varieties were found
by another group, but this increase was a response to Mn toxicity and not a
mechanism of Mn tolerance (177). In tobacco, the activity of peroxidase in-
creased while that of catalase decreased under Mn toxicity (178). Also, it was
found that toxic Mn did not affect the Rubisco concentrations in tobacco (179).
Mn-tolerant soybean varieties had the highest peroxidase activity under Mn de-
ficiency, but higher enzyme activity at high Mn concentration was found for
Mn-sensitive varieties (180). In peanuts, Mn deficiency led to decreased nitrate
reductase activity, but ascorbic acid oxidase activity increased with increasing
Mn up to toxic levels (181).

Manganese toxicity decreased the rates of photosynthesis per unit chloro-
phyll for Mn-sensitive wheat cultivars but not for Mn-tolerant varieties (182). In
rice, pigment concentrations decreased in plants with excess Cu due to the roles
of Fe and Mn in chlorophyll and to carotenoid synthesis (183). It has been found
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that the Mn concentrations in wheat necessary for biosynthesis of phenolics and
lignin are lower than those required for optimum growth (184).

Wheat varieties that are tolerant of Mn deficiency are able to alter chem-
icals and biological properties of the rhizosphere to increase the availability of
Mn (184). In rice, the formation of Fe plaque on roots was found to block mi-
cronutrient uptake (185). The uptake of Fe and Mn was positively correlated
in eight plant species, leading to the conclusion that they were mobilized by
similar root processes (186).

C. Interactions

The interactions of Mn with N, P, and K were discussed above under the re-
spective elements. Magnesium interacts with Mn to increase the tolerance of
plants to Mn toxicity. This subject is discussed under magnesium. Iron appli-
cation interferes with Mn nutrition in soybeans, apparently by restriction of
Mn translocation from the soil to the root or the root to plant shoots (187). In
barley, this interaction was different in that Mn interferes with Fe nutrition by
selectively replacing Fe2+ on endogenous chelators that transfer Fe to the sites
of porphyrin metabolosm or by replacing Fe2+ in the active sites of enzymes
involved in tetrapyrrole synthesis (188). This interaction can be helpful in that
high Mn rates will alleviate Fe toxicity in rice (189).

Increasing Cu can interfere with the Mn nutrition of plants. The highest
yields of barley were found at Mn:Cu ratios of 8 to 13 (190). Shoot Mn and
Fe concentration in rice decreased at >0.05 mg Cu/L, but it was found that Cu
affects Fe and Mn translocation by different mechanisms (191). Salinity causes a
Mn deficiency in barley by reducing the photosynthetic rates and growth (192).
This salt-induced Mn deficiency can be overcome by adding supplemental Mn.
Shoot uptake of Mn was increased by increased CO2 pressure in the atmosphere
(36).

IX. COPPER

A. Uptake and Translocation

The sufficiency range for Cu in plants is between 2 and 20 mg kg−1 of the dry
weight (1). As for Mn, uptake is active and can be inhibited by other transition
metals such as Zn. Copper binds with organic ligands both in soil solution and
in the xylem sap of plants (2). Copper deficiency symptoms for wheat include
rolling and wilting of young leaves and twisting and terminal dieback (193).
Significant correlations were found between Cu concentrations in the leaves and
grain yield and floret fertility, indicating the importance of Cu in wheat fertility.
For rice and barley, the same response to Cu deficiency was found in that sterility
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occurred (194). In wheat and triticale calluses and tobacco leaf disc cultures,
additional Cu stimulated shoot regeneration (195).

Wheat grain and dry-matter yields were depressed by half at Cu content in
the flag leaves of 25 µg/g of Cu due to toxicity (196). The critical toxicity level
in the shoots of wheat were reported to be 0.075 mg Cu/kg dry matter (161).
Compared with other micronutrients (B, Fe, Mn, and Zn), Cu was taken up at the
highest rates and proved to be the most toxic (161). Copper concentrations were
higher in rice with VAM than without VAM at all growth stages irrespective
of soil fertility or water supply (172). The VAM organism was found to have a
direct contribution to plant Cu nutrition in wheat (197).

B. Physiology

Copper has a role in many enzyme systems that are affected under both Cu
deficiency and toxicity stress. Toxic amounts of Cu in soybeans induced an
increase in superoxide dismutase (SOD) by affecting cystolic Cu,Zn-SOD syn-
thesis (198). Since the mRNA of SOD did not increase with Cu treatment, the
Cu-induced increase in SOD activity is likely caused at the level of translation
(199). In rice, the activities of ascorbate oxidase, o-phenol oxidase, and diamine
oxidase increased as Cu increased (200). The latter two enzymes play a role
in the inhibition of growth induced by Cu toxicity. Nitrate reductase activity in
groundnuts was decreased by both Cu deficiency and toxicity, whereas ascorbic
acid oxidase activity was decreased at deficient Cu levels and increased with
increasing Cu up to toxic levels (181). Additional Cu causes ethlyene biosyn-
thesis in both tobacco and soybeans (201,202). Besides ethylene, additional Cu
induces proline production, which is believed to have a role in metal tolerance in
wheat (203). Increasing Cu increased both the histidine and methionine content
of protein fractions of rice (204).

Toxic levels of Cu affect photosynthesis in wheat by slowing the electron
transport as a result of a reduced requirement for photosynthesis products (205).
The same explanation was given for the effects of Cu toxicity on rice, with
electron transfer being inhibited mainly before the 1,5-diphenyl-carbohydrazide
donation site in photosynthesis II (206). For both rice and oats, excess Cu
affected chlorophyl and carotenoid biosynthesis (183,207). In oats, Cu decreased
the activities of catalase and ascorbate peroxidase (207). Thus, excess Cu causes
rapid senescence in plant leaves through oxidative reactions with light.

C. Interactions

Copper interacts with other elements in its role in plant nutrition. Excess P
application to corn resulted in decreased Cu content in the shoots (84), and
additional N for wheat also lowered Cu to the point of deficiency (208). On
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the other hand, as Cu concentration increased for wheat, the P concentration
was depressed in shoots and roots (79). The critical Cu:N ratio for barley was
independent of the N level, indicating that Cu remobilization in the older leaves
does not occur even when N is deficient (32). Copper concentrations did not
have any effect on nitrate or nitrite reductases in rice (191).

Fe coatings on rice roots resulted in ameliorating Cu toxicity and affected
the patterns of metal uptake and accumulation (209). The interactions of Mn and
Cu are discussed above, under Mn. The Zn:Cu ratio was better related to the
activities of enzymes in rice than their individual concentrations in rice (210).
Zinc uptake by plants were enhanced by increasing Cu supply, which was a
result of the Cu making the Zn more plant-available (211).

X. IRON

A. Uptake and Translocation

The past decade has seen many advances in research concerning phytosidero-
phores (SIDs), which are non-protein-forming amino acids produced by plant
roots to mobilize soil Fe and other micronutrients. Microbial siderophores can
act in a manner similar to plant phytosiderophores and are also considered in
micronutrient nutrition. Plants take up Fe from the soil solution, in which it
is often at very low concentrations. The release of root exudates is enhanced
under nutrient-deficient conditions. Marschner et al. (167,212) provide a brief
review of research on root exudates, including amino acids, sugars, phenolics,
and other phytosiderophores from various plant species to mobilize Fe and Zn.
Plants have two mechanisms to mobilize Fe and other metals in soil. Grasses
release SIDs and utilize Fe3+ (strategy II), whereas dicots release protons to
lower the rhizosphere pH and utilize Fe2+ (strategy I). Thus, the critical Fe3+
activities required by barley (strategy II) were found to be much higher than that
of soyabean and tomato (strategy I) (213). Barley releases SIDs that compete
for Fe3+ in nutrient solution, while soybeans and tomatoes reduce Fe3+ to Fe2+
at the epidermal cell membranes (213). The efficiency of oat varieties to utilize
Fe was measured by quantifying the amounts of SIDs they produce (214). Plant
uptake of Fe is complicated by microbes, which not only degrade the SIDs but
also compete with higher plants for Fe (215). For barley and sorghum, it was
found that the major effect of microbes in their interference in Fe availability is
the degradation of SIDs rather than the immobilization or uptake of Fe (216).

Phytosiderophores were compared in their chelating ability to the synthetic
chelate DTPA, and it was found that Fe is mobilized to the same degree by both,
whereas Mn was much lower for the SIDs (217). A similar line of research
revealed that mugineic acid (a common SID) from barley roots complexed Fe3+
to a much greater degree that for Cu or Zn (218). Mugineic acid of plant origin
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enhanced Fe uptake more than 100 times compared with the synthetic chelators
EDTA and HEDTA due to the specific recognition mechanism by the transport
system in barley roots.

It is interesting that under some circumstances SIDs from one plant will
act as Fe carriers for another. The SID from oat solubilized Fe in nutrient so-
lution making it available to corn, acting much like a chelating agent (219).
Likewise, the Fe uptake by corn was higher from a barley SID that from fer-
roxamine B, a microbial SID (220). These authors make the distinction between
plant ‘‘phytosiderophores’’ and microbial ‘‘siderophores’’ and indicate that nu-
trient solution studies carried out under nonsterile conditions can be greatly
confounded by microbial SIDs. Oat SID was also shown to be an effective Fe
carrier to melons and tomatoes but not to soybeans (221).

In most cases the SIDs’ main components are mugineic acids, which have
a high affinity for Fe but not for other polyvalent ions such as Ca, Mg, and Al
(222). The transport system is very specific, recognizing only the mugineic acid-
Fe(III) complex and not other mugineic acid–metal or synthetic chelator–Fe(III)
complexes, which indicates that the binding sites have a strict stereo structure
recognition system located on the plasma membrane (222). It has been shown
that in some cases the release of SIDs is in response specifically to Fe deficiency
and is not induced by other deficiencies (223,224) (Fig. 5). For corn, the Fe up-
take mechanism involves a specific chiral receptor in conjunction with reductive

Figure 5 Fe-mobilizing exudates release rate from barley roots at four levels of Fe in
HEDTA-buffered nutrient solutions. (From Ref. 223 with kind permission from Kluwer
Academic Publishers.)
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processes (224). However, in other cases, the same SID (2′′-deoxymugineic acid)
was released in response to both Fe and Zn deficiency (225).

The critical toxicity level of Fe in rice was determined to be 300 mg/kg,
but the toxic effects were due to the formation of Fe oxide plaque on roots that
inhibited the uptake of P, K, Ca, and Mg (164). The concentration of Fe was
higher in rice cultured with VAM than without VAM at all growth stages and
did not depend on soil fertility or water supply (172). For soybean roots, it was
determined that plant roots had to be in direct contact with the Fe substrate in
order for it to be mobilized by the roots (226).

Bicarbonate in carbonaceous soils is known to exacerbate Fe deficiency in
plants. Adding bicarbonate to peanuts in nutrient solutions depressed Fe nodule
formation much more than Fe deficiency alone (227). In studies with corn,
barley, and sorghum, adding bicarbonate increased the accumulation of organic
acid around roots and produced a decline in uptake and translocation of Fe, thus
decreasing root growth (228).

Much research has been carried out concerning the synthesis of SIDs.
It was determined that, for barley roots, deoxymugineic acid is most likely
the first SID to be synthesized in the biosynthetic pathway of mugineic acids
(229). However, other research indicated that the first step for barley is not S-
adenosyl-L-methionine synthetase but nicotinamine synthase and that the second
is nicotinamine aminotransferase (230). Nicotinamine synthase was induced by
Fe deficiency in barley, sorghum, and corn and the level of the enzyme was
associated with the amounts of SIDs secreted (231). The mugineic acid Fe
transporter was induced by Fe deficiency in barley in its amount or activity and
it was determined that it needed ATPase for movement (232). Iron transport
from leaf veins to mesophyll cells carried by SIDs is light-regulated and Fe
influx into chloroplasts is light-dependent, while Fe efflux occurs in the dark
(233).

B. Physiology

Iron has a key role in plant enzyme systems, thus Fe stress can disrupt vital
processes. The bronzing of rice from toxic Fe concentrations was believed to
be associated with peroxidase activity (188). Also, at deficient Fe levels in
peanuts, the peroxidase and nitrate reductase activities were both low (181).
Since bicarbonate additions lower Fe concentrations in plants, they were also
found to decrease nitrogenase activity (227). Iron reductase isoenzymes did not
serve as a good criterion for genetic selection in soybeans for resistance to
iron-deficiency chlorosis (234).

Plants respond to Fe toxicity and deficiency in various ways morpho-
logically and physiologically. In tobacco, cellular damage from Fe toxicity is
associated with oxidative stress (235). Peroxidase activity has been linked to
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the bronzing that is the Fe toxicity symptom in rice (236). In soybeans, Fe
concentration had no effect on peroxidase activity even though high Mn con-
centrations gave high enzyme activity (180). Ferredoxin-like compounds in the
roots of Fe-deficient tobacco have been associated with increased amounts of
free riboflavin and flavin mononucleotide (237). Tolerance to Fe deficiency in
soybeans is enhanced by the accumulation of Fe reserves in the root apoplast
and by large amounts of translocation to the shoot under Fe deficiency stress
(238).

C. Interactions

Interactions of Fe supply with other ions are a significant area of current research.
High K supply to strategy I plants increase proton flux and Fe reduction, whereas
high K in strategy II plants assist in producing high amounts of mugineic acid
and in the transport of the Fe3+-SID complex (112). Application of high K to
soybeans depresses bicarbonate content in the soil, which, in turn, lowers the
immobilization of Fe in the plant (114). This effect was supported by results
showing that adding either P or K to Fe-toxic soils will increase rice and yield
(239) and that adding P lowers Fe in the shoot of corn (84). In rice, toxic
amounts of Cu decreased shoot Fe concentrations (191).

Manganese additions have been found to interact with Fe activity in vari-
ous crops, in some cases because both are mobilized by similar root processes
(186). Supplementing Mn to rice corrected Fe toxicity (189). The reverse ef-
fect was found for soybeans, where additional Fe interfered with Mn nutrition
by restricting Mn translocation from soil to root or from root to shoot (187).
Manganese additions caused Fe deficiency in barley by binding to endogenous
chelators, which transfer Fe to sites of porphyrin metabolism, or selectively
replacing Fe in the active centers of enzymes involved in tetrapole synthesis
(188).

Iron often accumulates on plant roots, which may cause the inhibition of
uptake of other nutrients (185). This effect can increase the tolerance of plants
to high levels of available heavy metals (80).

XI. ZINC

A. Uptake and Translocation

The sufficiency range for Zn in plants is between 15 and 20 mg kg−1 dry weight,
while the critical toxicity range is 400 to 500 mg kg−1 dry weight. Unlike Mn
and Fe, which are in various oxidation states in soils, Zn is taken up only as
a divalent ion (2). Most evidence points to Zn uptake as being active, although
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there is literature to the contrary (1). Plant species show different susceptibility to
Zn deficiency, as found for cereals, which decline in the order durum wheat >

oats > bread wheat > barley > triticale > rye (240). Oats and barley were
found to be tolerant of high Zn and were considered to have high potential
for use in phytoremediation of Zn-contaminated soils (241). The ctitical Zn
toxicity level in peanuts was found to be 240 mg kg−1 (242) and the critical
Zn deficiency level in peanut was set at 8 to 10 mg kg−1 (243). In determining
critical deficiency levels in chelate-buffered nutrient solutions, it was discovered
that the free activity and the total amount of Zn must be considered and not just
the free activity alone (213).

Zinc nutrition has been implicated in the severity of wheat take-all disease.
However, in one report, Zn additions to Zn-deficient soil had no effect on the
take-all fungus (244). Another group found that there was an inverse relationship
between Zn efficiency of wheat genotypes and the length of take-all lesions on
plant roots (245). Another disease, root rot, has been shown to be more severe
under Zn deficiency conditions (246).

Under toxic Zn conditions, Zn taken up by barley is adsorbed in to the
extracellular matrix but taken into cells slowly (247). The Zn taken into the
mesophyll protoplasts appears in the vacuolar compartment. Toxicity damage
was inversely related to apoplasmic compartmentation (248), so that it was con-
cluded that compartmentation and transport are important mechanisms in Zn
tolerance in barley. Likewise, Zn is taken into the vacuolar volume fraction in
rye to a greater extent than in rice and wheat, such that the toxic effects are
minimized (249). Large amounts of Zn were remobilized in wheat from roots
and stems, but not leaves, at grain filling (175).

Zinc-deficient plants produce phytosiderophores (SIDs) to help mobilize
rhizosphere Zn. Cereals (wheat and barley) produce SIDs in higher amounts;
these are also more effective than dicotyledonous species (250). However, corn
does not produce SIDs, as sorghum and wheat do, so that corn is more sus-
ceptible to Zn deficiencies under field conditions (251). Wheat species that are
more efficient in utilizing low soil Zn are more able to produce effective SIDs
than inefficient species (252). However, in bread wheat cultivars, root uptake
and root-to-shoot transfer may be more important to Zn uptake efficiency than
release of SIDs (253).

B. Physiology

Zinc has a role in various plant enzyme systems. Toxic levels of Zn decreased
carbonic anhydrase activity more in peas than in oats (254). However, higher
levels of carbonic anhydrase were found in wheat genotypes that were efficient
in utilizing Zn under deficient conditions (255). At lower pH (5.5 vs. 6.5),
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Zn stimulated the activity of H+-ATPase more that Mn or Mg, leading to the
conclusion that Zn, in combination with pH of the cytoplasm, has an important
influence in regulating plasma membrane H+-ATPase and, therefore, the nutrient
uptake of plants (256). The activity of nitrate reductase was decreased under both
Zn deficiency and toxicity in peanut (181).

At high Zn supply, wheat retained Zn mainly in the stem, indicating that
Zn was removed from the xylem sap but not loaded into the phloem in large
quantities (257). At the high critical Zn level, phloem transport was strongly
inhibited due to decreased phloem loading or to decreased mass flow in the sieve
tubes and not by affecting phloem unloading or metabolism in sinks (258). Rye
and wheat genotypes that are efficient in utilizing Zn under deficient conditions
have higher amounts of physiologically active Zn in the leaves, and it was found
that measuring Cu/Zn-SOD is a better way to determine Zn nutritional status
than by just determining Zn concentrations alone (259). Another indicator of
efficiency in Zn uptake and utilization is the amount of sulfhydryl groups in the
roots (255).

C. Interactions

Zinc interacts with other nutrients, especially P. The P/Zn interaction has been
investigated for the last three decades, and this activity continues unabated with
the exception that more recently the effects of VAM are being considered. In
corn, it was found that inorganic P was increased in Zn-deficient roots, but or-
ganic P forms were decreased (83). However, increased P in Zn-deficient wheat
plants was mediated through an effect of Zn in the shoots and not in the roots
(82). At high rates of P to corn, the shoot Zn decreased (84). VAM infection and
P additions both worked to decrease Zn concentration and uptake in wheat (85).
The concentration of P in pigeon peas was increased linearly by VAM coloniza-
tion, which, in turn, increased Zn concentration in the shoots (50). Phosphorus
uptake rates by barley were decreased by increasing Zn concentrations in nutri-
ent solutions (260). The Zn concentrations in rice were increased by inoculation
with VAM (261). Nitrogen applications increased the Zn concentrations in corn
and decreased P concentration, thus improving the P:Zn ratio to a more optimum
range (81). On the other hand, Zn deficiency in squash and barley decreased
NO3 uptake (25).

Potassium application was found to ameliorate Zn deficiency in rice (115).
Likewise, increased S supply to soybean increased Zn translocation from roots
to shoots, improving the effects of Zn toxicity (160). It was found that additional
Cu increased Zn uptake in the shoot of plants under Zn-contaminated conditions
(211).
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XII. BORON

A. Uptake and Translocation

Boron uptake is in the form of the undissociated boric acid and is present
in the plant in the same form at the physiological pH (1,2). Although B is
not an enzyme component, it is an important plant micronutrient that controls
at least 15 plant functions, including phenols and lignin, which protects the
forage quality of grasses (262). Boron uptake by sunflowers, squash, and tobacco
has been determined to be a passive, nonmetabolic process mediated by non-
exchangeable B complexes within the cytoplasm and cell wall (263). The critical
B deficiency level for soybeans for normal seedling development in low-B soils
was determined to be 14 to 20 mg/kg (264). The shoot critical toxicity level of B
for wheat was found to be 0.4 mg/g dry matter (161). The critical toxicity level
of B in barley plants is 50 to 420 µg/g (265). Barley can accumulate relatively
high concentrations of B and show leaf injury and other toxicity symptoms
without significantly affecting the grain yield; thus shoots are not suitable tissue
to diagnose B toxicity in barley (265). In barley, soil temperature had no effect
on B content or concentration, and it was concluded that tolerance to high B
levels came either through maintaining low tissue B concentrations or tolerance
of high tissue B concentrations (266).

Boron deficiency has an effect on fertility in grains. Although B deficiency
did not lead to sterility in rice, it did in barley (194) and wheat (267,268).
Differences in the response of wheat genotypes to B deficiency are caused by
differences in the effect of B supply on the germination of pollen in the stigma
and style in wheat (267). This infertility can be overcome by B application
directly on the ear on sterile male plants—a finding that could have utility in
breeding programs using wheat with differing sensitivity to B deficiency (268).

Plant species differ in their uptake mechanisms, which affect sensitivity
to B deficiency. Differences are due to reduced uptake in wheat, decreased B
translocation in celery, or a combination of both in tomatoes (269). Among six
plant species, the highest concentration of B was in the leaves and the lower third
of the plant, suggesting that the best tissues to sample to determine B status are
the most recently matured leaves in Brassica spp. and the young leaves in forage
legumes (270). Boron content of branch leaves and seeds in soybeans led to the
conclusion that B is more mobile than was expected; thus the main stem leaves
are good for diagnostic testing for B in soybeans (271). Foliar diagnosis of B
deficiency and toxicity is problematic because of the influence of water supply
and transpiration on B concentrations in the leaves; which can vary 100-fold in
the same leaf and can reach toxic values in older leaves while younger leaves
are deficient (272). Increases in water supply and use caused B accumulation in
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leaf tips in barley; thus sampling for B status should not include leaf tips (273).
The sensitivity of B concentration in leaves to water supply in wheat was not
found for other elements (Ca, Cu, Mg, Mn, P, S, Zn) (274).

B. Physiology

An increase in B uptake by soybeans resulted in a decrease in phenolic content of
the leaves, thus indicating that B has a role in membrane maintenance (212). In
squash and tobacco, B increased in the cell wall at the expense of the cytoplasm
as the cells became B-deficient. The greater portion of the cell B was associated
pectins in the cell wall (275). In a similar study, 90% of the cellular B was
found in the cell wall, while very low amounts were in the membrane fraction
(276). The cell wall B was bound to rhammogalacturonan II to form a dimeric
complex. In soybeans, toxic levels of B decreased protein synthesis (277).

C. Interactions

Boron at sufficient levels enhanced N fixation in soybeans and in the nodules
(34). Under B deficiency, large nodules from the primary roots contained suf-
ficient B for N fixation, such that N fixation was not affected by B deficiency.
Calcium chloride added to rice caused salinity problems that were overcome
by B additions (132). In salt-affected corn, B application was found to exacer-
bate the toxicity (278). Even though B has been reported to help ameliorate Al
toxicity in wheat, no improvement in Al toxicity was noted in nutrient solution
even when the B content of the leaves was increased by increased B supply
(279).

XIII. MOLYBDENUM

A. Uptake and Transport

The critical deficiency range for Mo is the lowest of any of the mineral elements
at between 0.1 and 1.0 mg kg−1 of the dry weight. The variation between defi-
ciency and toxicity is even higher than that for Mn at around 104. Molybdenum
is absorbed by plants as the molybdate ion (1,2). Molybdenum is important to
legumes because it is a part of two enzyme systems—nitrogenase, which fixes
atmospheric N, and nitrate reductase, which allows all plants to utilize the nitrate
form of N (262). Molybdenum is also necessary to other organic constituents
and enzyme activities in plants. Deficiency symptoms for Mo include a gen-
eral yellowing of the leaves and rolling, curling, and scorching of the leaves
(280). Molybdenum toxicity is a rare occurrence in the field due to the very low



Mineral Nutrition 91

soil levels usually found. Diagnostic plant tissue for Mo status is the recently
matured leaves in Brassica spp. and young leaves in legumes (270).

Sterility was higher in both rice and barley at deficient levels of Mo, which
was related to the acceleration of tiller development during later growth stages
(194). It was found that wheat displayed more dormancy under Mo sufficiency
than deficiency, which could be used as a way to decrease preharvest sprouting
losses by adding Mo to Mo-deficient soils (281). Under Mo deficiency in wheat,
the seed dormancy increase with Mo addition is associated with a concurrent
increase in abscisic acid content in the seed (282). Molybdenum deficiency in
wheat, then, leads to a lack of dormancy because of decreased synthesis of
abscisic acid.

B. Physiology

When tobacco plants were grown hydroponically with sufficient Mo, the activ-
ity of nitrate reductase was increased, and was the total protein content over
control (283). Where higher Mo than sufficient was added to the tobacco, the
ammonium and nitrite content of the leaves and the protein content in the root
increased, but the activities of nitrate reductase and nitrite reductase were not
changed (284). The nitrate reductase activity was decreased in peanuts at defi-
cient levels of Mo, while toxic levels led to a decreased peroxidase activity (181).
In field-grown peanuts where Mo availability was low, N deficiency was found
because the Mo did not meet the needs for N fixation (285). A frost-induced
decline in NADH:HR activity in winter wheat was prevented by Mo application
(286).

C. Interactions

In soybeans, the addition of Mo increased leaf N and the dry weights of shoots,
roots, and nodules even though the mean photosynthesis, specific root nodule
nitrogenase activity, and chlorophyll content did not change (287). The addition
of P alone to tobacco did not increase Mo concentration, but when Mo was
applied with P, the Mo concentration increased (288). The form of P fertilizer
applied to peanuts has an effect on the Mo uptake and N nutrition of the plants
(289). When single superphosphate is applied to peanuts, the Mo levels in the
nodules decreases, as does the N concentrations in the shoots. However, when
triple superphosphate is soil-applied or P is applied by foliar means, the N and
Mo uptake increase (289). The addition of Mo to soybeans decreased nitroge-
nase activity when the CO2 pressure was elevated, but there was no change in
photosynthetic rate (290).
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I. INTRODUCTION

Soil resources are often unevenly distributed in space and time under field con-
ditions. Many plant species respond to this heterogeneity with morphological
and physiological plasticity. Root plasticity is the ability to exploit available
resources by increasing root growth and/or physiological activity in enriched
microsites or horizons of the soil profile (1–6). Specific plastic responses of
roots include changes in root growth rates, architecture, and demography (7–9),
water uptake capacity (10,11), nutrient uptake kinetics (12), mycorrhizal infec-
tion (13), exudation (14), and the form and density of root hairs (15).

Plastic responses of roots to a heterogeneous environment were first no-
ticed in roots passing through different layers of soil in the field. These results
were later supported by laboratory experiments in which roots and shoots of
plants were subjected to controlled patchiness in supply of such resources as
water and nutrients. It is now widely accepted that plants can alter root distri-
bution patterns and rates of nutrient uptake when a localized supply of nutrients
is elevated (12,16–19).

Root plasticity plays an important role in plant adaptation to heterogeneous
environments (20,21). Plants exhibiting rapid and highly plastic responses in
root growth and development may under certain circumstances be at a selective
advantage, because they can rapidly utilize the available resources. Jackson and
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Caldwell (22) have linked the rapid proliferation of new roots in nutrient-rich
soil patches to the greater competitive ability of Agropyron desertorum (Fisch.
ex Link) Schult. relative to its unresponsive neighbor, Pseudoroegneria spicata
(Pursh) A. Löve (formerly Agropyron spicatum (Pursh) Scribn.). Although the
relative importance of altered root morphology (root density, length, root hairs,
etc) versus uptake kinetics is still debatable (23), it seems clear that many plant
species are capable of rapidly adjusting both their morphology and physiology
in the acquisition of limiting essential resources that become available in a
localized patch of soil.

In this chapter we will focus our discussion on how roots respond to
spatial and temporal heterogeneity in water and nutrient availability, mechanisms
controlling root plasticity, and costs and benefits associated with root plasticity
in exploitation of heterogeneous environments.

II. ROOT RESPONSES TO SPATIAL VARIATIONS IN
WATER AVAILABILITY

Soil water status varies vertically and horizontally. It is very common in the
field that surface soil is dry while water is still available deeper in the soil
profile. Horizontal heterogeneity of soil moisture also often occurs in patches
in soil surface. In an attempt to simulate the heterogeneous water distribution
in the field, researchers have often utilized split-root techniques, in which only
part of the soil is dry while other parts are wet. In some studies the roots have
been vertically separated, with half the roots kept adequately watered and half
exposed to drying soil (24–26). An alternative system of large, horizontally
segmented soil columns in which the soil is hydraulically separated into distinct
layers better simulates varying water availability at different soil depths (10,11,
27–31).

A. Morphological Responses

There are both genotypic and phenotypic components to root architecture (32,33).
Root distribution, which is influenced by root birth, growth, and death, strongly
responds to spatial variations in water availability. Phenotypically, roots tend to
proliferate or extend in localized wet zones in a soil profile (34,35). Species also
exhibit distinct rooting patterns, which can have evolved in response to a partic-
ular climatic region. In hot deserts and other arid regions where the soil surface
is wet periodically because of sporadic, light rainfall during the growing sea-
son, it is common to find that many plants have extensive, shallow root systems
that appear to be appropriate for the adsorption of water following light rain
(36). Prairie plants and cold desert plants growing in environments where there
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is often relatively abundant water at depth may have very deep root systems
(37,38).

When soil is dry at the surface, production of roots increases considerably
in the lower layer where water is available in many species, including cotton
(Gossypium hirsutum) (34,35), lupin (Lupinus albus) (39,43), soybean (Glycine
max) (40–42), lettuce (Lactuca sativa) (31), maize (Zea mays) (44–46), sorghum
(Sorghum bicolor) (47), and turfgrasses (10,48). However, the extent of morpho-
logical plastic responses may depend on growth stage. Taylor and Klepper (34)
reported that young cotton plants developed much deeper root systems under
conditions of gradual drying of a deep, moist soil profile compared with con-
ditions of frequent superficial application of water to the surface soil. Carmi,
Plaut, and Sinai (35) reported that roots of mature cotton plants in the flowering
stage failed to respond to wet soils deeper in the soil profile. The ability of roots
to follow moisture into deeper layers of the soil profile conditions the ability of
a plant to tolerate or avoid short and long periods of drought.

Horizontal variation in soil moisture availability is also very common,
largely due to nonuniform irrigation. For example, drippers or minisprinklers
often wet only part of the root zone (49,50). Pregitzer, Hendrick, and Fogel (7)
reported that the addition of water or water plus nitrogen to small areas in the
root zone resulted in a significant overall increase in the production of new fine
roots in the enriched areas. New root production was much greater in response
to water plus nitrogen when compared with water alone, and the duration of
new root production was related to the length of resource addition in the water
plus nitrogen treatments. Roots produced in response to the additions of water
or water plus nitrogen influenced both the proliferation of new roots and their
longevity, with both proliferation and longevity related to the type and duration
of resource supply.

Morphological plasticity may have several components. Fine lateral pro-
liferation in small zones of enriched resources may be accomplished by a plant
producing many fine root branches quickly off a main nodal or parent root.
Studies by Caldwell and Eissenstat (51) indicated that the tussock grass species
of greater specific root length (SRL) or finer roots tended to have more rapid
root proliferation than the ones with high SRL or thicker roots in response to
enriched nutrients. The positive correlation of SRL with root growth in moist
soil patches has also been indicated in a comparison of six different citrus root-
stocks (52). Fitter (9) also found that SRL (as indicated by mean root diameter)
was positively correlated to root proliferation in four closely related species in
the Caryophyllaceae family.

The ability to proliferate in deep soil layers, however, may require produc-
tion of large-diameter nodal or framework roots that can readily grow through
dry soil layers of high soil impedance and serve as a reservoir of meristems for
further fine lateral production. However, larger roots require greater quantities
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of carbohydrates to produce and maintain more root tissue. Many studies of
drought tolerance have indicated that of large-diameter roots the ability to pen-
etrate the dry surface soil layers is the principal characteristic associated with
development of a deep root system and drought tolerance (53). Sharp and Davies
(54) suggested that turgor maintenance accounted for continued root extension
in drying soil, which may be responsible for sustained root growth in the drying
soils and thus would account for growth in the deeper wet soil. In some species,
there is a trade-off between production of numerous large-diameter framework
roots capable of deep soil penetration and production of many fine laterals of
high SRL (55).

B. Water Uptake

Many species have the ability to utilize localized supplies of soil water to main-
tain gas exchange, water status, and growth despite appreciable portions of the
root system being in dry soil, but the extent of water extraction varies with
species and cultivars (25,31,56). Root penetration into deeper soil profiles where
water is available enhances water uptake from deep in the soil profile. Drought-
tolerant species or cultivars tend to have a greater ability to extract soil water
from lower wet soil layers because of their more prolific root system at depth
(10,11). Gallardo et al. (31) reported that wild lettuce (Lactuca serriola) with
a deep root system extracts more soil water from deeper profiles than culti-
vated lettuce (Lactuca sativa) with a shallow root system, when the upper soil
is drying.

In some species water absorbed by deep roots in moist soil can move
through the roots and leak into the dry surface soil at night by hydraulic lift
(57–59) or by root pressure (60). Roots that proliferate rapidly into the deeper
wet zones act as a water transport system that retrieves water deep in the pro-
file and delivers it to the surface soil when the surface soil is dry (11,57–59).
Hydraulic lift can improve plant transpiration and alleviate water deficit (58). It
also prolongs the activities of roots and root life span in surface drying soil by
providing water to surface roots from deep roots when soil moisture is available
only in deeper soil layers. In two C4 perennial grass species, prairie buffalograss
and Meyer zoysigrass, 15N uptake by roots in the surface drying soil layer is
enhanced when the lower soil layer is watered compared to full-dried conditions,
especially for prairie buffalograss (11). Water efflux from roots to the dry soil
has also been reported in bermudagrass (Cynodon dactylon × C. transvaalensis
L. Pers.) (61) and Opuntia ficus-indica (62). Theoretical models of water move-
ment also support the possibility of water movement from the plant into the soil
if the gradient of water potential is in that direction (29).

Plants are also able to modify their spatial patterns of water uptake in
response to variations in soil moisture availability in the root zone. Water uptake
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from wet zones can compensate for lack of uptake from dry zones. When one
part of a root system is subjected to decreasing water availability while the
other part is well supplied with water, absorption capacity by the well-supplied
roots increases (63–68). Moreshet et al. (50) found that roots in the wet soil of
partially irrigated trees contributed almost 90% to the total seasonal transpiration,
whereas just 10% came from roots residing in the drier soil. Tan and Buttery
(65) found the complete water requirements of peach (Prunus persica) seedlings
could be met by supplying only half of the root zone with water. The increased
water absorption capacity is commonly attributed to a reduction in root hydraulic
resistance (62). A decrease in root water potential is another possible mechanism
that may be used to explain the observed increase in water uptake by roots well
supplied with water (59).

III. ROOT RESPONSES TO TEMPORAL VARIATIONS IN
WATER AVAILABILITY

Sporadic light rainfall often occurs in many semiarid and arid regions following
a prolonged period of drought, which can lead to brief periods of high soil
water availability resulting in increased plant physiological capacity (69–71).
Improved shoot growth after soil rewetting may be largely determined by the
ability of the root to resume water and nutrient uptake. Therefore, how quickly
root growth and water uptake respond to resupply of water following a period
of drought stress is also an important aspect of growth plasticity of roots.

Rapid regrowth of existing roots and production of new roots is impor-
tant for rapid exploitation of water and nutrients following rainfall or irrigation
events (72–74). This ability may be expected to confer superior productivity
under transient drought conditions typical in semiarid regions (75). Rapid water
uptake resumption has been observed in desert succulents (73,76). Nobel and co-
workers (62,73,76–78) have characterized changes in root hydraulic conductance
for several crassulacean acid metabolism (CAM) species during and following
imposition of water stress. Hydraulic conductivity of existing young main and
lateral roots of Agave deserti returns to the prestress level about 7 days after
rewetting (73,76). The increased radial hydraulic conductivity of main or lateral
roots with new branches formed during rewetting is at least partially explained
by the interruption of the suberized endodermis and adjacent cortical cell layers
when branches have emerged (62,73,78). Resumption of axial hydraulic conduc-
tance is mainly attributed to decreases in xylem cavitation (62,79). Variations
in water uptake resumption following soil drought have been reported for dif-
ferent barley (Hordeum vulgare) genotypes, indicating a potential for varietal
selection or genetic modification to enhance efficiency of water usage in regions
characterized by relatively light and/or infrequent growing season rainfall (80).
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Resumption of water uptake capacity following soil drought may be a re-
sult of renewed permeability or functioning of existing roots as well as new root
growth (62,71,72,81). The initial rapid response to addition of water following
a drought is entirely due to uptake by existing roots (62,71). The rate of wa-
ter uptake by existing roots of Bouteloua gracilis is sufficient to increase leaf
water potential within 24 hours after rewetting (71). The continued response to
increased water availability is made possible by the appearance of new roots.
In some species new roots are produced within hours after rewetting (35,71).
The new root growth increases the absorption rate and expands the root system,
which increases contact with wet soil. New roots have a hydraulic conductance
that is an order of magnitude higher than that in older roots (35,62,73,74).

Limited information is available on root plastic responses to heterogeneous
soil moisture conditions relating to drought resistance. Plants in regions where
rainfall events are short and sporadic may favor roots that can readily proliferate
near the soil surface so that water can be captured before it is evaporated (e.g.,
hot deserts). Species adapted to relatively wet sites where mineral nutrients
are strongly limiting and patchily distributed may also tend to build fine root
systems of high SRL. On the other hand, areas where there are more distinct wet
and dry seasons may favor root systems that promote development of a deep
root architecture, which should favor substantial investment in large-diameter
framework roots that can sustain growth through dry surface layers.

IV. ROOT RESPONSES TO NUTRIENT HETEROGENEITY

Root responses to nutrient heterogeneity have received wide attention and have
been reviewed by several authors (8,19,82,83). Nutrient concentrations vary
widely in space and time. At an intensively sampled field site in sagebrush
steppe, for example, soil phosphate varied threefold and soil nitrate varied
twelvefold around individual plants (84). Nitrate patches in particular can be
very ephemeral. At the same site, wetting dry soil doubled nitrate concentra-
tion in the surface soil layer (0–5 cm) in one day, but after seven days nitrate
concentration was the same as that in control soil (85). Other studies have also
documented short pulses of nitrogen following rewetting (86,87).

The evolution of plants to nutrient heterogeneity can be considered in terms
of evolution to predictable and unpredictable patches. Highly predictable spa-
tial and temporal patterns of nutrient heterogeneity include the typically higher
nutrients at the soil surface or temporal flushes of nutrients in the springtime in
temperate, boreal, and arctic climates. When nutrient-enriched patches are pre-
dictable, plants may have evolved specific physiological and morphological root
characteristics to capitalize on the nutrient heterogeneity. For example, tundra
graminoids have a strong photoperiod response to root elongation, presumably
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to establish sufficient root length to capitalize on nutrients released when the
soil temperature increases in the spring (88). The evolution of root architecture
can also be strongly influenced by predictable and stable nutrient spatial patterns
in the soil. Nutrient distribution and root distribution in the soil are often highly
correlated, with both root length density and nutrient concentrations declining
exponentially with soil depth (8).

Evidence that predictable patterns in the vertical distribution of nutrients
(and nonlimiting water conditions) can influence the evolution of root architec-
ture is illustrated by genotypic variation among crop root systems. Crops such
as common bean (89) and lettuce (90), which have been selected for high yields
under minimal drought stress, tend to grow a higher proportion of their total
root system near the soil surface than less nutrient-efficient cultivars or wild
species, even under uniform nutrient distribution. The more shallow growth can
be caused by many factors, including more lateral root initiation near the soil
surface (lettuce, 90; bean, 91) and a shallower angle of lateral root emergence
(bean, 89).

Although roots clearly have evolved to predictable patterns of nutrient
availability, most research has concentrated on the highly plastic responses of
roots to unpredictable spatial and temporal patterns of nutrient availability. Under
nutrient-limiting conditions, roots commonly proliferate in zones of ammonium,
nitrate, phosphate, and magnesium enrichment but not potassium (1,19,92–94).
In maize (95) and subterranean clover (Trifolium subterraneum) (93), roots may
proliferate to localized K enrichment, but only when the other half of the root
system is growing in solution completely devoid of K. When even a minimal
concentration of K is provided in the unenriched solution, little root proliferation
occurs in the enriched solution. Because soil is never completely devoid of K,
it is unlikely that root proliferation will occur in response to heterogeneity in K
under field conditions.

Many studies have shown that uptake rate per unit root mass or length
is often higher for roots in nutrient-rich patches than those in uniformly rich
or uniformly poor soil or solution (75% of the cases reviewed by Robinson
(19). Higher specific rates of uptake may be a function of both higher nutrient
concentrations in the patch and higher uptake capacity (i.e., Vmax) of the roots
in the patch. Only a few studies have specifically examined the nutrient uptake
kinetics of roots in patches. Compared to roots in unenriched soil, roots grow-
ing in nutrient-enriched patches may exhibit elevated nutrient uptake capacity,
as shown in some cold desert species (12,18,22). Roots in enriched patches
have been shown to increase nutrient uptake capacity for phosphate (12,18)
and ammonium (18, but see 22). Enhanced uptake kinetics for potassium re-
sulted only from the addition of NO4NO3, not from the addition of KOH (18).
These studies were conducted in soils high in K, but typically deficient in N
and P. To our knowledge, the effects of nutrient heterogeneity on nitrate uptake
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kinetics have not been examined, although there is indirect evidence of en-
hanced uptake capacity (e.g., 7,96). Plasticity in uptake kinetics may contribute
substantially to nutrient acquisition. The easiest way to examine the potential
advantages afforded by enhanced uptake kinetics for nutrient acquisition from
patches is by mechanistic modeling with soil solute transport models. Using the
Barber–Cushman model for example, Jackson and Caldwell (84) evaluated the
importance of soil heterogeneity and root plasticity for nitrate and phosphate
uptake of a cold desert tussock grass, based on previously measured plant and
soil parameters. Plasticity in root proliferation and uptake kinetics accounted for
up to 75% of nitrate and over 50% of phosphate acquired from enriched patches.
Using an actual area of soil in the field to parameterize soil nutrient heterogene-
ity, they showed that plant acquisition of P was 28% higher with plasticity than
without, while nitrate acquisition was 61% higher with plasticity. Enhanced up-
take kinetics and root proliferation contributed equally to phosphate acquisition
from enriched patches, whereas increased uptake capacity accounted for nearly
all the nitrate acquisition because it has greater mobility than phosphate. Nutri-
ent acquisition from enriched patches was often greater than the magnitude of
the difference in the nutrient concentrations of the patch and background soil.
In threefold P-enriched patches, simulated P acquisition was three to four times
higher in the patch than in the bulk soil; for the twelvefold N-enriched patches,
N acquisition was 7–20 times greater in the patch than in the bulk soil.

Plant variation in plastic responses to nutrient heterogeneity has been ex-
amined in both an ecological and agronomic context. One prevailing hypothesis
associated with plant species variation is that species that have evolved in more
stressful environments are less plastic in relation to the growth of their tissue and
exhibit a more conservative strategy in response to nutrient heterogeneity than
those plants originating from fertile environments (97,98). Original comparisons
dealt with the stability of the root/shoot ratio but then were extended to nutrient
foraging of patches. Grime and colleagues have argued that rapid-growing plants
tend to exhibit high morphological plasticity with low foraging precision of nu-
trient heterogeneity, whereas slow-growing species exhibit higher precision (root
proliferation only in the patch and not elsewhere) and the tendency for phys-
iological (i.e., increased uptake capacity) rather than morphological shifts in
response to nutrient heterogeneity (see reviews in 8,98). More recent experi-
ments with grasses have tended not to support these theories. Fransen et al. (99)
compared five grass species of different potential growth rate that occur in habi-
tats widely divergent in nutrient availability. Although faster-growing species
produced significantly more root length density in patches than slow-growing
species in this study, the proportion of total root length in patches was not
clearly related to potential growth rate of the species. Moreover, a species of
intermediate growth rate (Anthoxanthum odoratum) exhibited the greatest ben-
efit to nutrient heterogeneity in terms of whole-plant biomass, N content, and
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P content, apparently because of the physiological plasticity of its roots in the
nutrient-rich patches. Hodge et al. (100) also did not find species differences
in the fraction of total roots in the enriched patch compared to control patches
among five co-occurring grasses that differ in potential growth rate. The fast-
growing species also exhibited precision of root growth in the enriched-patches
similar to that of slow-growing species. There were also no species differences in
N extraction among the patches or enhancement of plant growth due to nutrient
heterogeneity (species × patch interaction). Lastly, Larigauderie and Richards
(101) found seven cool-desert grasses that differ in productivity and competitive
ability to exhibit very similar responses to nutrient heterogeneity. Thus, at least
among grasses, there has been a general lack of a relationship between potential
growth rate and root responses to nutrient heterogeneity. Indeed, Grime (98) pro-
vides evidence that the inverse relationship of dominance to the precision of root
proliferation is much higher in dicots than grasses. Broader species comparisons
are needed to fully evaluate the linkage of potential growth rate of a species with
root responses to nutrient heterogeneity. Other factors, such as plant phenology
(102) and specific root length (8,48), may be equally important in describing
variation in species responses to spatial and temporal nutrient heterogeneity.

V. MECHANISMS CONTROLLING ROOT PROLIFERATION
INTO ENRICHED SOILS

It is still not clear what mechanisms could be responsible for the localized
proliferation of roots in soils with high water and nutrient availability. This
plasticity may be related to changes in carbohydrate allocation between root
and shoot (103) or between different sectors of the root system (2) or may
take the form of changes in the architecture of fine roots (104). Root plastic
responses may divert more carbon from shoots to roots for new root production
within the rich patches. There may be a diversion of resources from roots in
poor to those in rich patches, leading to a reduction in growth in the former.
Split-root experiments (3,105) suggest that the latter typically occurs, and a
detailed series of experiments on pea (Pisum sativum) specifically to test this
proposition has recently confirmed that (106). However, tracing the movement
of 14C-labeled assimilates to the half-root system in drying soil in Picea has
proved that more assimilates in fact have moved into the roots in dry soil than
in wet soils. The rapid proliferation of roots in resource enrichment zones and
the superior competitive ability for mineral nutrients exhibited by fast-growing
species on fertile soils depends critically upon high rates of root dry matter
production and high specific absorption rates and is not the result of greater
flexibility in dry matter allocation between parts of the root system located in
rich and poor sectors (6).
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Increased production of roots in nutrient-enriched zones may also be re-
lated to substrate availability. Compared to slower-growing roots, rapidly grow-
ing roots would use substrates at a higher rate and their concentrations within
these roots would be relatively low. As a result, these roots grown in nutrient-
enriched zones could be expected to be better sinks for substrates, thus growing
faster than roots in poor soil. Granato and Raper (105) demonstrated that lo-
calized uptake and reduction of nitrate by root apices contribute to proliferation
of roots within zones of nitrate enrichment. The capacity for in situ nitrate re-
duction in the basal tissues of the roots with addition of nitrate enhanced the
reduced nitrogen supplied for elongation of lateral root branches.

The alternative to carbohydrate or substrate diversion is a role for specific
signals such as hormones that control root growth. For example, blocking the
growth of taproots of Quercus robur seedlings, thus inducing a change in their
hormone balance, caused thickening of the apices of the lateral primordia (107).
Gersani and Sachs (106) reported that enhancement of lateral development at
one part of the root system was accompanied by a reduction in the other parts.
They assumed that root proliferation is mediated by the hormonal balance of the
various regions of the root. However, Sattelmacher and Thoms (108), and Bing-
ham, Blackwood, and Stevenson (109) dispute the auxin theory. They suggested
that proliferation of lateral roots in response to localized soil conditions, such as
nutrient patches, may be regulated by sugar, either directly through some form of
signal transudation mechanisms or indirectly through an effect on metabolism.
Auxins are known to induce the initiation of new roots and to reach the roots pri-
marily from the shoots (110,111). Where environmental conditions, such as the
availability of water and nutrients, allow for rapid root initiation, the root may
become the preferred sink for these auxins. The response to auxin distribution
could be rapid, preceding rather than following overt development, and it could
be relatively specific to the development of new root apices (111,112). In the
case of cytokinins, they are known to be formed in developing root apices and
to inhibit the formation of additional apices on the same plant (111). The sensi-
tivity to cytokinins could be modified by local environmental conditions. Thus,
it appears that known hormones are likely candidates for the role of integrating
the local effects of the environment.

VI. COSTS ASSOCIATED WITH ROOT
PLASTIC RESPONSES

Studies concerning plant exploitation of soil heterogeneity have primarily fo-
cused on the morphological and physiological plasticity associated with rapid
resource acquisition. However, as in most plant responses, there are trade-offs
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associated with rapid resource acquisition that should be considered. There is
increasing evidence that there can be a considerable energy investment in patch
exploitation. Root foraging can be accommodated by enhanced root growth
(4,7), uptake kinetics (12,18), and mycorrhizal activity (13). All of these pro-
cesses may require substantial inputs of current photosynthate (108,113,114).
Indirect evidence that root foraging in patches is energetically taxing on the
plant comes from shading experiments in the cold desert. For example, Cui and
Caldwell (115) examined the effects of partial shading on nitrate and phosphate
(P) acquisition from soil patches in Artemisia tridentata and Agropyron deser-
torum seedlings growing in 60-L pots in the field. The shading was designed
to simulate the kind of light competition that can occur in shrub-steppe vege-
tation in the early springtime when nutrient acquisition is very important and
when the sun is at a low solar angle. Patches were created using polyethylene
wicks such that the enriched soil represented a soil column only about 2 cm in
diameter. Shading reduced acquisition of nitrate and P for both species in both
nutrient distribution treatments. Presumably because of its mobility, shading re-
duced nitrate uptake similarly in the patchy and uniform nutrient treatments.
For acquisition of immobile P, however, the effects of shading were much more
pronounced in the patchy than the uniform treatment for either plant species.
For example, unshaded Artemisia seedlings acquired 54% more P than shaded
plants in the uniform nutrient treatment and 185% more in the patchy nutrient
treatment. If shading only affected plant nutrient demand, then one would ex-
pect that shading would diminish P uptake similarly in the uniform and patchy
nutrient distributions. Consequently, the data suggest that plants require substan-
tial amounts of energy for root foraging for spatially heterogeneous immobile
nutrients such as P.

Root proliferation in nutrient-rich patches is typically accomplished by
increasing lateral branching, not increasing root elongation (92,101,116). Root
lateral initiation is fundamentally linked to plant energy status. Bingham et al.
(109,117) found that whenever an increase in lateral root primordia was ob-
served, it was associated with increased soluble sugars (glucose, sucrose, and
low molecular mass fructans). Separate experiments associated with partial ni-
trate supply, root pruning, or exogenously applied glucose all yielded similar
results. For example, seminal roots fed glucose (50 mM) exhibited an increase
in primordia within 15 hours. The investigators concluded that lateral root pro-
liferation in response to soil heterogeneity was signaled by an increase in sugar
content in the parent root, rather the material cotransported with sucrose in the
phloem, because glucose-fed roots had reduced 14C-photosynthate compared to
roots not fed glucose. Thus, physiological studies suggest that conditions that
reduce plant energy status can directly affect the potential to initiate new lateral
roots.
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Field investigations support this view. Bilbrough and Caldwell (11) found
that in mature Agropyron desertorum plants, root relative growth rates (RGR)
in N-enriched patches were reduced by more than 50% by short-term shading
treatments, while root RGR in unenriched soil was unaffected by shading. The
investigators found that roots had higher SRL in the enriched than unenriched
patches, primarily because of increased production and length of higher-order
laterals as a result of greater lateral initiation. Shading reduced initiation of
lateral roots.

Other investigators have also found that roots in patches have higher SRL
than those in unenriched soil (11,101,118–120). When dry weight is used as an
estimator of cost, this would suggest that construction of root length is cheaper
for growth in patches than for growth in unfertile soil. Moreover, species that
tend to produce fine roots of high SRL may have greater capacity for root
proliferation in resource-rich patches than those that tend to produce fine roots
of lower SRL (8,94,101,119).

Enhanced nutrient uptake kinetics associated with root foraging in fer-
tile patches also can require substantial inputs of energy. Normally, plants with
roots deficient in a particular nutrient have higher uptake capacity of that nu-
trient (e.g., Vmax) than roots of nutrient-sufficient plants (121). This pattern is
consistent with the energetics associated with moving nutrients along an electro-
chemical gradient and the energy required to maintain an adequate proton-motive
force through the action of the plasma membrane H+-ATPase (122). However,
root P concentrations and nutrient uptake kinetics were higher for roots in the
high-P patches than those in relatively low-P soil (22). Roots in ammonium-rich
patches also can exhibit enhanced ammonium uptake capacity as compared with
roots in unenriched patches, although in this study root N concentrations were
not reported (18). The apparent pattern of roots in nutrient-rich patches having
enhanced nutrient uptake capacity despite having higher nutrient concentrations
suggests that roots in the rich patches require more energy for active uptake of
a nutrient at a given nutrient concentration in the soil solution. This additional
energy required for enhanced phosphate uptake capacity is not likely to be too
large, considering the small amounts of respiration associated with P uptake
(123); however, if the same pattern is true for ammonium and nitrate, then the
energy requirements for enhanced uptake capacity may be appreciable.

Field studies provide additional evidence that plants with reduced energy
reserves have less potential to enhance nutrient uptake in fertile patches. Un-
shaded Agropyron desertorum plants selectively increased P uptake capacity of
roots in enriched patches by 73%, while shading eliminated any enhancement
of uptake kinetics (22). Shade-induced reductions in P uptake capacity were
linked to root total nonstructural carbohydrates (TNC) in only the first year of
the two-year study, although shading substantially reduced shoot TNC in both
years.
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The efficiency of root proliferation and enhanced uptake kinetics into
patches can be examined from an economic perspective. Although the bene-
fits may be high in terms of enhanced nutrient inflows, the previous discussion
clearly indicates that the energetic costs of root proliferation may also be high.
Similar calculations can be made using P as the sole currency for cost and
benefit. We can illustrate the costs of root proliferation by calculating the pay-
back time for new root growth in a nutrient-rich patch using a solute transport
model previously described (124). For example, assuming a root P concentration
of 0.1% and a moderately rich patch (0.5 mM P in soil solution), simulation
modeling of Volkamer lemon seedlings (parameter values and model described
in 125) indicates that it would take about three days for the root to pay back
the P investment of just that individual root. However, this calculation does not
include the other plant parts (leaves, stem, and taproot) that must support the
function of the fine roots but also depend on the fine roots for P acquisition.
If we use the fine root/whole plant P content ratio of these seedlings, which
is about 7:1 (126), to estimate plant support of the fine root system, then it
would take approximately 21 days to pay back the whole-plant P investment
in fine-root production in that patch. If P concentrations in the patch diminish,
then the payback time would be even longer. Thus, it may take several weeks
or more for new roots in P-rich patches to pay back the plant P investment.

As illustrated in the preceding example, several factors may influence the
advantages of patch exploitation. In terms of the patches, potential nutrient gain
will be based on patch duration, patch contrast with the bulk soil, and patch size
(82). Plant factors influencing benefit include changes of root physiology with
root age and the longevity of the roots in the patch. Data on fine-root persistence
in patches is sparse and inconsistent. From a root efficiency perspective, plants
should retain roots in patches longer than those in the less-fertile bulk soil as long
as root efficiency (the ratio of nutrient uptake to the costs of root maintenance and
root construction) is higher for roots in the fertile patches. In mixed hardwoods,
roots that proliferated in response to additions of water or water and nutrients
lived longer than roots in unamended patches of soil (8,127). On the other hand,
localized water and nutrient addition diminished root life span in a pot study
using four old-field herbaceous species (128).

One factor that may potentially explain the mixed results associated with
root survivorship in patches is root herbivory and root parasitism. When roots
proliferate, there may be a dense population of young fine roots very close
together. Young roots are often very vulnerable to attack by soil organisms.
For example, the root-rot fungus, Phytophthora nicotianae, more readily infects
young citrus roots (129). Root-knot nematodes (Meloidogyne spp.) normally in-
fect rapidly growing roots by entering behind the root cap and Belonolamus and
Longidorid nematodes feed on root tips (L. W. Duncan, personal communica-
tion). Older roots and roots in a "resting" state are typically much more resistant
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to infection. Moreover, because organisms often have restricted mobility in soil,
close proximity of young roots should greatly facilitate foraging of root-feeding
organisms. To our knowledge, however, no one has directly examined the po-
tential interactions of root proliferation with root herbivory parasitism.

Up to now, we have only focused on the efficiency of patch exploitation.
We argued that a plant might not directly benefit by patch exploitation if the
photosynthate and mineral nutrient capital expended on roots proliferating in
patches is not satisfied by a corresponding increase in mineral nutrient acquisi-
tion. But plants that are most fit are not necessarily those that acquire resources
efficiently. When a plant has competing neighbors, it may be a more advanta-
geous strategy to acquire resources rapidly, albeit inefficiently, so as to deprive
neighbors of these resources (5). The benefits of rapid resource exploitation in
a competitive context may better explain the apparent large-energy expenditures
on root foraging of nutrient patches than resource acquisition efficiency.

VII. SUMMARY

In natural conditions, water and nutrient availability in the soil is often hetero-
geneous. Plants can exploit available resources by increasing root growth and/or
physiological activity in enriched microsites or horizons of the soil profile. Root
plastic responses enable plants growing in heterogeneous environments to use
limiting resources in ways that maximize the efficiency of water and nutrient
acquisition.

Root responses to soil heterogeneity can be separated into phenotypic/
morphological and physiological responses. Morphological responses include
shifts in lateral root initiation, elongation, and angle of growth, as well as
changes in root diameter, root hairs, and mycorrhizal colonization. Physiological
responses include shifts in water and nutrient uptake kinetics and root exudation.
The type and magnitude of plant responses to nutrient heterogeneity depend on
plant species, characteristics of the patches, such as contrast, duration, size, and
predictability.

Although many studies of root responses to soil heterogeneity have been
conducted, most have been done with isolated plants in pots under quite con-
trolled conditions. Some of the root responses to water and nutrient heterogeneity
observed under controlled conditions may be considerably dampened when con-
sidered in the context of other environmental stresses acting on an individual
in the community. Thus, most generalizations concern potential plant responses.
We still have relatively little understanding of the magnitude of plant responses
to water and nutrient heterogeneity in a field context and their importance to
plant growth, yield, or fitness.
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Acidic and Alkaline Soil Constraints
on Plant Mineral Nutrition

Ralph B. Clark and Virupax C. Baligar
Appalachian Farming Systems Research Center, Agricultural Research
Service, U.S. Department of Agriculture, Beaver, West Virginia

I. INTRODUCTION

Soils throughout the world are diverse, and plants grown on them invariably
encounter many mineral stress problems. The nature of mineral stress problems
that plants encounter may depend on the many soil chemical [e.g., acidity and
alkalinity (pH), sodicity and salinity, elemental deficiencies and toxicities, or-
ganic matter] and physical (e.g., moisture, temperature, bulk density, texture)
properties. Each of these factors has specific influences on the type and severity
of mineral stresses that plants encounter. Discussing the importance that each of
these factors has for plant mineral nutrition in various types of soil and ecosys-
tems is beyond the scope of this article. Fortunately, some of these soil factors
and their influence on mineral nutrition have been discussed in other articles in
this book and in other articles of the earlier book in this series (1). This review
discusses acidic and alkaline soil constraints affecting plant mineral nutrition of
plants.

II. ACIDIC SOIL CONSTRAINTS

Factors that contribute to soil acidity are parent materials low in weatherable
minerals, excess precipitation over evaporation, leaching and runoff water losses,
leaf fall before winter under forest cover, accumulation of organic matter, at-
mospheric deposition of nitrogen (N) and sulfur (S), intensive crop production
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removing large amounts of cations, addition of acid-forming N fertilizers, N2
fixation by legumes, and time involved with each of these factors (2). Since
acidic soils are prevalent throughout the world (Fig. 1), many inherent mineral
nutritional problems appear with plants grown in these soils. However, some
regions of the world have more serious problems than others because of certain
soil properties and amount and severity of acidity in soils of different regions.

The distribution and extent of potential problems for acidic soils in various
regions of the world are listed in Table 1. Acidic soils make up 26%, or 37.8
million square kilometers, of the global ice-free surface land area (3). Acidic
subsurface soils make up slightly less area than surface soils but consist of
20%, or 29.2 million square kilometers, of the global ice-free land (Table 1).
The region with highest amounts of moderately to high surface soil acidity (pH
<5.5) is South America, with over half of the soils being classified in these
categories. About 31% of North American and about 43% of European surface
soils are moderately to highly acidic. Some soil orders are commonly associated
with acidity [e.g., Oxisols, Ultisols, Alfisols, Andepts (Inceptisols) (2)], and these
soils have the potential to impose fairly severe mineral deficiencies/toxicities on
plants (Table 2).

The main chemical constraints limiting plant growth in acidic mineral
soils are high available hydrogen (H), aluminum (Al), and manganese (Mn)
concentrations (H, Al, and Mn toxicities), decreased basic cation concentrations,
and reduced plant acquisition/availability of these cationic nutrients [magnesium
(Mg), calcium (Ca), and potassium (K) deficiencies], decreased phosphorus (P)
and molybdenum (Mo) solubilities (P and Mo deficiencies), inhibited root growth
(mineral nutrient and water deficiencies and elemental toxicities), and increased
leaching (mineral nutrient deficiencies) (7–9). Some soils may impose not just
one but several of these constraints on plants at the same time, and interactions
among one or more of these factors may occur simultaneously. The importance
of each chemical constraint and/or interaction depends on such factors as soil
pH and organic matter, soil type and horizon, concentration and species of nu-
trient/element, parent material, soil physical properties, plant species/genotype,
and climatic conditions.

Mineral deficiency and toxicity constraints related to soil pH commonly
follow these general patterns: (a) soils with slight acidity (pH 5.5 to 6.5) do not
normally impose many problems to plant growth when adequate quantities of
essential mineral nutrients are available, but these soils are relatively prone to
acidification from improper management and/or environmental pollution [e.g.,
from application of high ammonium (NH+

4 -N) fertilizer and deposition of atmos-
pheric sulfur dioxide (SO2) and nitrogen oxides (NOx)]; (b) soils with moderate
acidity (pH 4.5 to 5.5) commonly impose basic cation (Mg, Ca, and K) and
P deficiencies and Al toxicity on plants; (c) soils with high acidity (pH 3.5 to
4.5) usually impose extensive and often severe Mg, Ca, K, and/or P deficiencies
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Table 1 Distribution of Acidic Soils with Percentages in Different Regions of the World

South North South and
Class of Acidity America America Africa East Asia Europe Global

Surface acidity
Total area (106 km2) 11.80 5.97 8.81 6.87 1.98 37.77
Total area (%) 66.1 31.2 28.7 19.7 42.8 25.9

Slight (pH 5.5–6.5) 13.7 10.8 14.0 4.9 0.7 8.6
Moderate (pH 4.5–5.5) 24.8 15.7 10.7 5.5 11.5 10.6
High (pH 3.5–4.5) 20.4 4.7 3.9 9.1 28.2 6.7
Extreme (pH <3.5) 7.2 0.0 0.1 0.2 2.3 0.1

Subsoil acidity
Total area (106 km2) 8.97 4.86 6.00 5.38 1.26 29.18
Total area (%) 50.2 25.4 19.6 15.4 27.2 20.0

Slight (pH 5.5–6.5) 6.8 5.9 6.1 2.2 0.04 4.0
Moderate (pH 4.5–5.5) 23.3 14.8 9.5 4.3 25.1 9.5
High (pH 3.5–4.5) 20.1 4.7 3.9 8.6 2.0 6.5
Extreme (pH <3) 0.01 0.0 0.1 0.2 0.0 0.1

SOURCE: From Ref. 3.

with dominant Al and sometimes Mn toxicities on plants; and (d) soils with
extreme acidity (pH <3.5) are usually acid sulfate soils containing pyrite that
is oxidized to sulfuric acid from high H [iron (Fe) toxicity], contain few avail-
able essential mineral nutrients, and are usually highly toxic to plants (3,9–10).
The general method to alleviate mineral stress constraints for plants grown in
acidic soils has been addition of limestone to raise soil pH and ameliorate H,
Al, and Mn toxicities (11) and addition of fertilizers to provide adequate nu-
trients to sustain/maintain optimal plant growth (12–19). Besides N, which is
the most limiting mineral nutrient to many plants grown in any soil, the pri-
mary mineral nutrients limiting plant growth in acidic soils are P, Mg, Ca, and
Mo (9,10). General descriptions of plant deficiency/toxicity symptoms for many
common mineral elements found in soils have been described (5,20–21) and are
summarized in Tables 3 and 4.

A. Toxicities

1. Hydrogen

Acidic means relatively high H+ concentrations, and most detrimental effects
at low pH (<5.0 to 5.5) or high H+ concentration are indirect because high
H+ increases solubility of toxic elements like Al, Mn, and Fe, decreases sol-
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Table 2 Potential Elemental Deficiencies/Toxicities Associated with Major Soil
Groups

Elemental Problem
Soil Order Soil Group Deficiency Toxicity

Andisols (Andepts) Andosol P, Ca, Mg, B, Mo Al
Ultisols Acrisol N, P, Ca, most others Al, Mn, Fe
Ultisols/Alfisols Nitosol P Mn
Spodosols (Podsols) Podsol N, P, K, Ca, micronutrients Al
Oxisols Ferralsol P, Ca, Mg, Mo Al, Mn, Fe
Histosols Histosol Cu, Si
Entisols (Psamments) Arensol K, Zn, Fe, Cu, Mn
Entisols (Fluvents) Fluvisol Al, Mn, Fe
Mollisols (Aqu), Inceptisols, Gleysol Mn Fe, Mo

Entisols, etc.
(poorly drained)

Mollisols (Borolls) Chernozem Zn, Mn, Fe
Mollisols (Ustolls) Kastanozem K, P, Mn, Cu, Zn Na
Mollisols (Aridis) (Udolls) Phaeozem Mo
Mollisols (Rendolls) Rendzina P, Zn, Fe, Mn

(shallow)
Vertisols Vertisol N, P, Fe S
Aridisols Xerosol Mg, K, P, Fe, Zn Na
Alfisols/Arid Entisols Yermosol Mg, K, P, Fe, Zn, Co, I Na, Se
Alfisols/Ultisols (Albic) Planasol Most nutrients Al

(poorly drained)
Alfisols/Aridisols/Mollisols Solonetz K, N, P, Zn, Cu, Mn, Fe Na

(Natric) (high alkali)
Aridisols (high salt) Solonchak B, Na, Cl

SOURCES: Modified from Refs. 4–6 and personal communication from S. W. Buol, North Carolina
State University, Raleigh) and H. Eswaran (USDA, NRCS, Washington, DC).

ubility of P and Mo, and decreases availability of Ca, Mg, and K (7,8,10,24).
However, some direct effects of H+ toxicity may occur (10,21,24). High H+
concentrations reduce nodulation of leguminous plant roots and survival, ac-
tivity, and multiplication of rhizobia and other beneficial microorganisms in
acidic soil (24,25). Root infection with nodulating bacterial species appears to
require higher pH (lower H+ concentration) than survival of the bacteria in-
volved (26,27). In addition, high H+ concentrations may inhibit root growth
(21,28,29), increase plant requirement for higher Ca (30), and decrease the ca-
pacity of roots to retain cationic nutrients like Ca (31), Mg (29,32,33), Mn (34),
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Table 3 Average Concentration (Avg. Conc.) of Minerals in Dry Plant Matter and
General Description of Mineral Deficiency Symptoms on Plantsa

Avg.
Element Conc. Symptoms

N 14 g kg−1 Nitrogen concentrates in actively growing organs/cells
and transports readily from older to newer developing
tissues and fruiting bodies. Pale yellow symptoms start
near tips and margins of older leaves and expand fairly
uniformly over the entirety of leaves. Leaves become
uniformly yellow and tips and margins may turn
straw-colored and die with severe symptoms. Cereals
commonly tiller less and growth is stunted. With
severe deficiency, root hair lengths often increase and
roots have less branching.

P 1.9 g kg−1 Phosphorus is mobile and concentrates in growing organs;
it transports readily from older to newer developing
tissues and fruiting bodies. Purple-red-orange
coloration intensifies near tips and margins of older
leaves and expands inward to commonly cover entire
leaves. Newer tissue may be dark green. Leaves may
turn straw-colored and die, starting at tips and margins
over time. Cereals commonly tiller less and growth is
stunted. Roots may turn reddish and roots and root
hairs may be longer when symptoms are severe.

K 9.8 g kg−1 Potassium is mobile and transports readily from older to
newer leaves and developing fruit bodies. Starting near
leaf tips and margins of older leaves, bronze and
yellowish brown color develops with brown necrotic
specks; these symptoms readily move inward, so that
leaves become uniformly colored. Growth may be
stunted. Root mass, volume, and length are often
reduced, and formation of first- and second-order
laterals are often low or suspended.

Mg 1.9 g kg−1 Magnesium is mobile and transports readily from older to
newer leaves and developing fruit bodies. Interveinal
tissue of older leaves often becomes light in color and
later turns brown to give streaking patterns, which
progress from tips toward middle and may cover the
entire leaf. Associated with the streaking is progressive
dark reddish-orange-purple color with necrotic spots.
Roots are commonly short, become dark red in color,
and have reduced biomass.
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Table 3 (Continued)

Avg.
Element Conc. Symptoms

Ca 5.0 g kg−1 Calcium is immobile and symptoms appear first in newer
emerging and forming tissues. Leaf tips die, become
tightly curled (sword-like), usually bend over, and are
commonly sticky or gummy to the touch (leaves often
exhibit a ladder-like effect from ends sticking
together). Leaf margins often become whitish or
speckly yellow and brittle; they commonly tear with
serrated breaks. Lower leaves often remain dark in
color compared to normal leaves. Roots become short,
stubby, and dense; they are dark brown in color and
root tips sometimes become translucent and die.

S 1.0 g kg−1 Sulfur is relatively immobile and first symptoms are
usually found in newly emerging leaves. Leaves
become light yellow and uniformly light in color.
Symptoms resemble N deficiency, but the color is
usually not as deep yellow as in N deficient leaves.
Roots remain relatively normal.

Fe 112 µg kg−1 Iron is immobile and newly developing leaves turn yellow
(chlorosis) in interveinal tissue, with veins remaining
green to form streaks on long leaf (monocotyledonous)
plants and web-like patterns on broad-leaf
(dicotyledonous) plants. This is commonly known as
Fe chlorosis. Leaves turn deep yellow over part
(progressing from tip and margins to center or base of
leaf) of entire leaf and leaf may turn straw-brown
(dead) in severe cases of deficiency. Root elongation is
often inhibited and apical roots may become enlarged.

Mn 55 µg kg−1 Manganese is somewhat mobile and symptoms first
appear in lower or older leaves. Interveinal tissue
becomes lighter in color and eventually forms dark
brown-purplish streaks on long-leaf
(monocotyledonous) plants and ‘‘Christmas tree’’
designs on broad-leaf plants. Veins and some tissue
near veins usually remain green. Roots normally turn
darker in color, main axes often have reduced length,
and lateral roots do not usually form.

(continued)
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Table 3 (Continued)

Avg.
Element Conc. Symptoms

Zn 20 µg kg−1 Zinc is relatively immobile and symptoms normally
appear first in newly emerging leaves, with center of
leaves near base becoming faded or bleached (patches)
whitish-yellow. Often wide, irregular, whitish-yellow
streaks form on long-leaf plants. Leaf margins often
turn reddish. Leaves are often smaller and stems
shorter; broad-leaf plants may exhibit rosette-type leaf
bunches where leaves are emerging on ends of stems.
Cereal and grass leaves may turn rust color, curl, and
die. Roots remain relatively normal.

Cu 6 µg kg−1 Copper is not readily retranslocated and symptoms appear
first in newly emerging leaves characterized by
yellowing with bronzing, particularly near leaf tips.
Leaf tips often curl (sword-like) and cereal and grass
leaves bend over, similar to Ca deficiency. Roots
remain relatively normal.

B 22 µg kg−1 Boron-deficiency symptoms normally form first on newly
emerging tissue as brittle petioles and dark green
and/or bronze, brittle, crinkled leaves. Stems may be
hollow, cracked, and decayed. Roots cease elongating,
becoming stubby or bushy in appearance.

Mo 0.10 µg kg−1 Molybdenum-deficiency symptoms appear first in older
leaves and may be present in newly emerging tissues as
mottled, puffed, and curled bleached or lighter-colored
leaves. Cereals exhibit tip die back and curling similar
to Ca deficiency. Roots remain relatively normal.

aValues for average mineral concentrations in dry matter are for field crops providing optimal
growth (20). These values would likely be different for many plants, and interested readers are
referred to books/articles with reported mineral nutrient values in various plant tissues (e.g.,
22–23). Additional information and descriptions of deficiency symptoms on shoots and roots
are provided by Clark (5), Fageria et al. (20), and Baligar et al. (21).

zinc (Zn) (35), and copper (Cu) (36). Detrimental effects of high H+ concen-
trations have also been associated with impaired net extrusion of H+ by plasma
membrane–bound ATPase activity and decreased loading of polyvalent cations
(e.g., Ca2+, Mg2+, Mn2+, and Zn2+) into the apoplasm of root cortical cells
(10). Apoplastic loading of these nutrients enhances uptake of cations into the
symplasm.
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Table 4 General Description of Mineral Toxicity Symptoms on Plantsa

Element Symptoms

N-NH+
4 High N-NH+

4 [NH4NO3] may produce blackened tips on older leaves,
with some necrosis. Cereals often exhibit lighter-color leaves with dark
red lesions, especially near margins, over most of the leaf. Roots appear
relatively normal.

N-NO−
3 High N-NO−

3 [Ca(NO3)2] can produce marginal burn of older leaves
followed by interveinal collapse. Cereals often exhibit lighter-color
leaves with red and yellowish-brown color and necrosis near margins.
Roots may decrease in size, especially secondary branches.

P Excess P [KH2PO4] often causes leaves to be lighter in color and to have
dark red lesions, necrotic spots, and/or ‘‘red-speckling.’’ Tip dieback
and interveinal yellowing similar to Fe deficiency may also appear.
Roots appear relatively normal.

K High K [KCl] may induce other symptoms of nutrient deficiency (e.g.,
Mg, Mn, Zn, Fe) and induce ‘‘firing’’ and browning of tips, which
progresses uniformly toward the leaf base. Leaves often exhibit wilting
or ‘‘dampening off’’ effects and have shriveled, brown (dead)
symptoms. Symptoms from K2SO4 normally involve less severe burning
than KCl, but with more reddening. Roots usually appear darker than
normal.

Mg High Mg [MgCl2] may induce K deficiency and leaves often become
lighter in color, with tips being affected more extensively than the bases
of leaves. Marginal tissue may turn brown and die. Roots commonly
become dark and slimy.

Ca High Ca [CaCl2] may turn leaves blackish-brown with red streaks or red
spots along veins; wilting or ‘‘dampening off’’ symptoms may be
enhanced. Leaf symptoms from excess Ca as CaSO4 were less severe
than for CaCl2, but more reddening appeared. Roots became dark and
were slimy.

S Excess S [Na2SO4] symptoms on leaves are often not distinguishable from
excess N-NH+

4 , cause reduced-size leaves, and sometimes interveinal
yellowing and leaf burning. Roots may turn darker red and become
stubby and slimy.

Fe Excess Fe is a common problem for plants grown in flooded acidic soils;
it may induce P, K, and Zn deficiencies. Often bronzing or
blackish-straw color extends from leaf margins toward the midrib. Roots
may be dark red and slimy.

(continued)
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Table 4 (Continued)

Element Symptoms

Mn High Mn may cause leaves to be dark green with extensive small
reddish-purple specks before turning bronze-yellow, especially in
interveinal tissue. Chlorophyll distribution is often uneven. Margins of
leaf tips may turn light brown and die. Upper leaves of some plants
may exhibit Fe-deficiency symptoms. Main roots are generally stunted,
with increased number and density of laterals.

Zn Excess Zn may enhance Fe deficiency, leading to light-colored leaves with
necrotic lesions in interveinal tissue uniformly over leaf and sometimes
‘‘dampening off’’ near tips. Lateral roots may be dense and compact.

Cu High Cu may induce Fe deficiency, seen as light-colored leaves with red
streaks along margins. Roots are often short or barbed (like wire) and
laterals may be enhanced.

B High B may induce some interveinal necrosis; severe cases turn leaf
margins straw-colored (dead) with distinct boundaries between dead and
dark green tissue. Roots appear relatively normal.

Mo Excess Mo–induced symptoms may be similar to P deficiency (red bands
along leaf margins); roots often show no abnormal symptoms.

Al Excess Al induces light-colored leaves; symptoms of Fe, P, Ca, and/or Mg
deficiency are common. Roots are affected extensively by not
elongating and becoming dark-colored, stubby (especially secondary
roots), coralloid, and brittle.

Na/Cl Excess NaCl may reduce leaf size and cause lighter color, with leaf tips
and margin burning or blackish straw color and distinct boundaries
between dead and light green color. Symptoms are more severe near
tips and margins than toward midribs. Roots appear relatively normal.

aAdditional information and descriptions of toxicity symptoms are provided by Clark (5),
Fageria et al. (20), and Baligar et al. (21).

2. Aluminum

Aluminum toxicity is considered to be the foremost yield limiting factor for
plants grown in acidic soil (8,24). This malady is normally alleviated once soil
pH increases above 5.2 (3) to 5.5 (8,10,37). As soil pH decreases below 5.0 to
5.5, increasing proportions of cationic exchange sites on clay minerals become
occupied with Aln+ by replacing other cationic elements such as Mg2+, Ca2+,
and K+ (10,38,39). As such, increased percentage Al saturation of soil cation
exchange sites has been closely associated with decreased soil pH (40). Once
cationic nutrients have been replaced from exchange sites, they are vulnerable
to leaching, so that plant roots are often unable to obtain sufficient nutrients for
optimal growth. In addition, Aln+ becomes the primary exchangeable ion and
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roots are deprived of essential mineral nutrients because Al competes against
these nutrients; furthermore, Al imposes direct detrimental effects on roots (e.g.,
inhibits cell extension to reduce root length, and roots can no longer explore
large soil volumes to obtain needed nutrients and water to support plant growth).
Aluminum, one of the most plentiful elements in the earth’s crust and a major
constituent of clay mineral lattices, is not required for plant growth but restricts
root elongation and cell division (Fig. 2) and inhibits many plant metabolic
functions (8,10,37).

Phytotoxic effects of Al on plants depend not only on restricted essential
nutrient acquisition but also on other factors such as nature of Al species (Aln+)
(41), quantity and ratio of Aln+ and complexed Al (10), and ionic strength
of soil solutions (42) to determine degree of phytotoxic effect of AL. That is,
certain Aln+ are highly toxic [e.g., Al3+, AlOH2+, ‘Al13’], some are less toxic
[e.g., Al(OH)+2 , Al(OH)0

3], and some are nontoxic [e.g., Al(OH)−4 , AlF2+, AlF+
2 ,

AlSO+
4 ] to plants (41,43,44). Organic matter may also decrease Al toxicity in

acidic soil (45,46), and organic compounds common to organic matter (e.g.,
fulvic and humic acids) may ameliorate Al toxicity (47,48). In addition, organic
acids often found in organic materials or exuded by roots may ameliorate Al
toxicity (49–53), and the effectiveness of low-molecular-weight organic acids
followed a sequence of citric = oxalic > malic > succinic (52). Plants grown with
high and/or enhanced levels of other nutrients over Al are not as detrimentally
affected by Al as plants grown with low levels of nutrients (42). This may
be due in part to interactive effects some nutrients (e.g., P, Ca, and S) have
for inactivating Al. Roots are detrimentally affected more by Al toxicity than
are shoots, and Al-affected plants usually have stubby to coralloid roots with
enlarged diameters because of reduced root elongation/growth (8,24) (Fig. 2).
Because of shorter root systems, Al-affected plants commonly undergo not only
nutrient deficiencies, especially P, but also water stress (8,24).

3. Manganese

Manganese, like Al, also becomes more soluble as soil pH decreases below
∼5.0 to 5.5 (8–10), but Mn toxicity on plants is not usually as prevalent as that
of Al toxicity (8). This is likely because Mn in many soils, especially when
cultivated, is not at sufficient concentrations to induce plant toxicity compared
to Al. Nevertheless, Mn toxicity has been considered to be the second most
important growth-limiting factor after Al toxicity for plants grown in acidic soil
(8,24). Of the many soil properties that influence Mn solubility and activity
(e.g., high H+ concentration, organic matter, microbial activity, anaerobiosis),
redox potential is an important factor influencing detrimental Mn effects to plant
growth (10). Conditions common for Mn toxicity induction on plants are wetland
and/or anaerobic conditions where microbial activity for Mn reduction prevail
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Figure 2 Red clover roots grown with 0 (A) and 0.10 mM Al (B) in solution and
maize roots grown with 0.74, 0.37, 0.18, 0.09, and 0 mM Al (C) in solution.
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(8,10). Shoots are generally more susceptible to changes in growth compared to
roots when Mn toxicity occurs (8,24). However, sorghum [Sorghum bicolor (L.)
Moench] roots had greater changes and decreases at lower levels of Mn than did
shoots when plants were grown with different levels of Mn in nutrient solution
(54,55). In addition, sorghum tolerated relatively high Mn concentrations (∼6
mM in solution) before detrimental effects appeared. An example indicating that
Mn toxicity is not as prevalent as Al toxicity in many acidic soils was noted
in studies where bean (Phaseolus vulgaris L.), subterraneum clover (Trifolium
subterraneum L.), and switchgrass (Panicum virgatum L.) were grown in many
Appalachian soils (56,57). In each case, Al toxicity or some other factor was
more important than Mn toxicity for limiting plant growth, even though many of
the soils contained relatively high Mn (57). Extensive coverage of Mn chemistry
in soils and Mn effects on plants is provided by Graham et al. (58).

4. Iron

Iron toxicity (‘‘bronzing’’) is not commonly reported for most plants grown in
acidic soil but is common for rice (Oryza sativa L.) grown under wetland or
poorly drained conditions (10,59). This disorder is considered to be the second
most severe yield-limiting factor for plants grown under wet conditions (10).
Even though genotypes and/or plant species vary in Fe concentrations when
grown under wet/anaerobic conditions, plants normally accumulate relatively
high Fe before the disorder appears [∼300 to 700 mg kg−1 for rice and ∼1100
to 1600 mg kg−1 for dock/sorrel (Rumex)] (10). Activity of polyphenol oxidases
is commonly enhanced to form oxidized polyphenols, which appears to cause
the ‘‘bronzing’’/‘‘brown speckling’’ associated with Fe toxicity (and sometimes
with Mn toxicity) (60). In addition, Fe toxicity may be more severe when other
nutrients like P, K, and Zn are low (59).

5. Trace Elements

The trace elements cadmium (Cd), cobalt (Co), chromium (Cr), lead (Pb), and
nickel (Ni) are generally more mobile under acidic conditions, and increasing soil
pH decreases bioavailability of these cationic elements (61). If parent materials
of soils contain high concentrations of these elements or if soils are contaminated
with these elements [e.g., high levels of sewage sludge (biosolid)/amendment
applications and soils near or at smelter, mining, manufacturing, or disposal
sites], it should be recognized that plants could potentially accumulate sufficient
quantities of these elements to be of concern to animal/human consumption of
products from plants grown in these soils. The chemistry/interactions/properties
of arsenic (As) and selenium (Se) (anionic trace elements) are similar to those of
P (62) and P and S (63), respectively, so plant accumulation of these elements and
toxicity to plants might be of concern for plants grown under some conditions.
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B. Deficiencies

Mineral nutrient deficiencies are also prominent for plants grown in many acidic
soils of the world (Table 2). This is usually because acidic soils lack sufficient
quantities of essential mineral nutrients, and these nutrients are commonly un-
available for plant use (64).

1. Phosphorus

Phosphorus deficiency is common in nearly all acidic tropical soils (65,66).
Fixation or inactivation of P is common in acidic soils because of strong P
binding with relatively high Al and Fe oxides (sesquioxides) that often exist
at surfaces of layer-silicate clay particles in low pH soils (66). Factors such
as quantity and quality of clay minerals (exchange sites), colloid and Fe and
Al oxide contents, exchangeable Al, and organic matter influence P fixation. In
the decomposition of organic matter, organic acids (e.g., citric and oxalic) are
released, which partially dissolve Fe and Al oxides and release bound P into
soil solution (67). Organic acids can form stable metal ligand complexes in soil
solution to increase P availability. In addition, Ca added to soil as lime can bind
P, but not as strongly as Fe and Al oxides (67). As lime is dissolved by soil
acidity, Ca-P becomes readily available to plants. Added lime also increases soil
pH and inactivates free Fe and Al oxides to prevent P binding. Since P remains
relatively stationary in soil and does not readily move (68,69), roots must grow
to sites where P is located or other factor(s) must be present to make P available
and/or to supply P to roots. A major detrimental effect of Al is to reduce root
cell elongation, so Al-affected roots may not grow to sites where P (and other
essential mineral nutrients) may be plentiful and the immediate root rhizosphere
becomes depleted of these nutrients. Aluminum also interacts strongly with P
to reduce P availability (70). Response of sorghum grown in tropical acidic soil
with and without added P is shown in Figure 3.

Even with poor mobilization of P in soil and inability of roots to grow
to new sources of P, other processes associated with roots may be important
to make otherwise unavailable P available to roots. For example, P availability
near root surfaces may be influenced by root exudation of H+/hydroxyl ions
(OH−) and organic acids (e.g., citric and oxalic) and enhanced root phosphatase
activity (71). Other factors that may be just as or more important than root
excretions and enzyme activities are mycorrhizae (beneficial soil fungi) and/or
other microorganisms associated with roots (71–72). For instance, mycorrhizae
colonize/infect roots and enhance plant ability to acquire mineral nutrients, es-
pecially P (9,71–73). Enhanced mineral nutrient acquisition has been attributed
primarily to ability of mycorrhizal hyphae to grow away from roots to extend ef-
fective surface areas that roots have for obtaining nutrients. Mycorrhizal hyphae
also have the ability to transport nutrients fairly long distances and are smaller
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Figure 3 Response of sorghum to not adding (front) and adding (back) P to acidic
tropical soil.

in diameter than most roots, so they can make contact with soil particles that
roots per se would not otherwise contact. Some mycorrhiza are highly effective
in low-pH soils to enhance ability of plants to grow and survive (74,75), and
some species/isolates of mycorrhizae are more effective than others (76–79).
For example, certain mycorrhizal isolates enhanced plant acquisition of essen-
tial mineral nutrients, restricted plant acquisition of toxic elements (e.g., Al,
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Mn, and Fe), and enhanced growth of switchgrass considerably more than other
isolates when grown in pH 4 soil (78,79).

2. Calcium

Calcium deficiency per se is often difficult to identify in plants grown in acidic
soil, and factors other than low Ca may be involved, especially Ca-Al interac-
tions (8,10). Many studies have been conducted to provide evidence for absolute
Ca requirements of plants grown in acidic soils and to better understand factors
inducing Ca deficiency or elemental induced Ca deficiencies. In such studies,
evidence for Ca requirement in plants or induction of Ca deficiency was pro-
vided by enhanced root growth of many crop plants when acidic soil had been
treated with Ca sulfate (CaSO4) at pH values known to induce Al toxicity (i.e.,
pH 4.3 and 4.7) (80). Leucaena leucocephala growth was enhanced when Ca
carbonate (CaCO3) compared to strontium carbonate (SrCO3) was applied to
soil (81). The increase in growth occurred primarily because of increased soil
pH. Calcium deficiency was induced in barley (Hordeum vulgare L.) by raising
soil pH with Mg carbonate (MgCO3) (82), and Ca deficiency appeared in bean
when soil pH was 3.3 (83). In addition, CaSO4 decreased soil pH and enhanced
growth, MgCO3 eliminated exchangeable Al and induced Ca deficiency, and
Ca hydroxide [Ca(OH)2] raised soil pH, eliminated exchangeable Al, provided
Ca, and increased plant growth (84). Calcium deficiencies were also induced on
plants grown in subsoils to provide additional evidence for a Ca requirement
by plants grown in acidic soils (85–89). In many cases, Ca-Al interactions were
also apparent for plants grown in these various experiments. Apical meristem Ca
deficiencies have also been documented for soybeans [Glycine max (L.) Merr.]
and beans grown in acidic soil known to induce Al toxicity (90–91), and added
Ca reduced Al induced root growth inhibition in maize (Zea mays L.) (92). Even
though considerable evidence is available that plants require Ca when grown in
acidic soil, results have been inconsistent for an Al-induced Ca deficiency in
wheat (Triticum aestivum L.) (93), and Ca deficiency was not a factor for cow-
peas [Vigna unguiculata (L.) Walp.] grown with toxic levels of Al (94). Other
evidence indicating Ca requirements for plants grown in acidic soil were ob-
tained when soybeans and beans had reduced or delayed root nodulation with
low Ca (40,95,96), and Ca was required for nodulation of cowpeas grown in
solution culture with varied concentrations of Ca (97).

Calcium requirements in most plants are low (98,99), and Ca at relatively
high concentrations commonly found in plants may detoxify or exclude entry
of other toxic elements to provide protection against some stress factors like
drought and mechanical stress (8). Plants like peanuts (Arachis hypogaea L.),
tomatoes [Lycopersicon lycopersicon (L.) Karsten], and apple (Malus spp.) re-
quire relatively high concentrations of Ca for development of pegs and fruits
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(98). Aluminum has strong competing effects against Ca uptake into root cells
(9,10,100) and Al may block Ca2+ channels in root plasma membranes (101).
Because of the effective inhibitory effects that Al has on Ca uptake, Ca/Al ra-
tios appear to be more important than Ca concentrations per se for predicting
Al induced Ca deficiency (102).

3. Magnesium

Magnesium deficiency is also common for many plants grown in acidic soil
(8,98,103) and is accentuated even more when acidic soil is amended with high
levels of Ca products such as gypsum (CaSO4 · 2H2O) and calcitic limestone
(CaCO3) (104–108). Enhanced Mg deficiency in plants from added soil Ca
usually occurs because of Ca/Mg imbalances (104–107). Detrimental effects of
excess Ca on acidic soils have been referred to as ‘‘overliming stress’’ effects
(104,106,107). These effects relate not only to Mg deficiency and reduced Mg
availability or fixation but also to other nutrient deficiencies and imbalances
(e.g., reduced K absorption) (107). Ratios of Ca/Mg in soil greater than ∼30/1
imposed Mg deficiency on maize grown in acidic soil amended with CaCO3,
CaSO4, and gypsum-quality coal combustion products (105,109). Another prob-
lem that might arise with the addition of Ca to acidic soil may be displacement
of exchangeable Al into soil solution to enhance Al toxicity effects (109).

Acidic soils may reduce Mg absorption by roots and induce Mg deficiency
in plants because of strong Al interactions with Mg (10). Magnesium concen-
trations were reduced more than those of any other mineral nutrient when maize
was grown in nutrient solution with different levels of Al (110). Aluminum may
also inhibit root Mg absorption by blocking plasma membrane cation binding
sites (111). Added Mg to acidic soil may also alleviate Al toxicity problems on
plants, as was noted for forest plants (112,113) and for sorghum and soybean
plants grown in acidic soil and nutrient solutions (114,115). Like Ca, Mg/Al
ratios in plant matter appears to be a better parameter to predict Al toxicity than
Mg concentration itself (102).

4. Molybdenum

Available Mo in acidic soil is often at levels that are too low to support plant
growth (116–118). In acidic soils, Mo may be bound by Fe, Mn, and Al
(119,120). Molybdenum deficiency is often alleviated by increasing acidic soil
pH through liming (116,120). In addition, plants grown in acidic soil with either
added Mo or lime could produce similar plant yields (116,121). Molybdenum
deficiency has been reported for many crop plants, especially soybeans and al-
falfa (Medicago sativa L.), which are grown in eastern and southeastern acidic
soils of the United States (8,122). Seed contents of Mo have sometimes been
sufficient to keep plants from undergoing Mo deficiency (98).
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5. Other Mineral Elements

Even though P, Ca, Mg, and Mo deficiencies have most commonly been reported
for plants grown in acidic soil, plants may suffer other nutrient deficiencies
such as N, K, S, Zn, silicon (Si), and boron (B) in acidic soil when these
nutrients are at sufficiently low levels. Although K uptake—in contrast to that
of Ca and Mg—is not affected extensively in acidic soil by the presence of Al
(123,124), Al can restrict Ca and Mg uptake to increase K/Ca+Mg ratios and aid
in induction of Ca and/or Mg deficiency. Nitrogen deficiencies may occur in any
soil and are not particularly related to low soil pH, but microbial activity (e.g.,
ammonification, nitrification, denitrification, and N2 fixation) is normally lower
in soils at pH below 5 compared to those at higher pH (122). Adams and Martin
(125) summarized N availability relative to acidic soil conditions as follows:
(a) rate of organic N mineralization occurs over wide pH ranges but decreases
progressively below pH 6.0 to 6.5; (b) rate of nitrification is optimal at pH 6.6
to 8.0, and decreases progressively with decreasing soil pH and is negligible
below 4.5; (c) denitrification by microbes is optimal at pH 7.0 to 7.5, but much
lower below pH 5; (d) N2 fixation associated with root infection by Rhizobium
may occur over wide soil pH ranges, but some bacteria are more effective at
high compared to low pH and vice versa; (e) ammonia (NH3) volatilization
is accentuated above pH 7; and (f) plants preferably absorb NH+

4 -N at high
pH and nitrate (NO−

3 -N) at low pH. Sulfur is normally less available at lower
than at higher soil pH values (126,127) and has been related to high levels of
soluble Al and Fe oxides in low-pH soils (122). Increasing soil pH with lime
also enhances decomposition of organic matter to release organically bound S,
which is a dominant fraction of S in soils (122). In addition, progressively more
S became available with lime increment increases in an acidic subsoil horizon
than without added lime (128).

Another element that may be limiting to some plants grown in acidic soils
is Si (8,129–131). Although Si has not been proven to be essential to plant
growth according to the classic definition of essentiality established by Arnon
and Stout (132), Si accumulates in some plants at concentrations equivalent
of those of N and K (133) and provides plants with many beneficial effects
(130). Plants have generally been classified into three categories relative to Si
accumulation: (a) ‘‘wetland’’ grasses and ferns/allies [e.g., paddy-grown rice,
sugarcane (Saccharum officinarum L.), and horsetail (Equisetum arvense) with
100 to 150 g Si kg−1]; (b) ‘‘dryland’’ grasses, gymnosperms, and some specific
plants with 10 to 30 g Si kg−1; and (c) dicotyledonous plants with <10 g
Si kg−1 (134). Rice and sugar cane particularly have been studied relative to
needs for Si application to optimize production and quality of final product
(129,131). Silicon can interact with many essential mineral nutrients to enhance
and/or inhibit them under specific conditions (130). Some major and important
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benefits of Si are its ability to ameliorate plant abiotic stresses (e.g., keep stalks
erect to hold heavy weights and improve photosynthesis, delay leaf senescence,
withstand water and salt stresses), ameliorate and/or provide ability of plants to
withstand attacks by insects and/or disease organisms, and overcome Al, Mn,
and Fe toxicities (130,131). Even though most benefits from Si are considered to
be indirect effects, Si alleviation of mineral toxicities is of particular importance
to plants grown in acidic soils.

Zinc, B, Mo, and Fe deficiencies have been reported in highly weathered
Oxisols and Ultisols (135). Histosols consistently induce Cu deficiency on crop
plants that have high demand for Cu (135). Crop plants grown in Entisols of-
ten exhibit Zn, Mn, Cu, and Fe deficiency, primarily because these elements
are strongly bound onto clay or organic matter in these soils (135). Andisols
commonly have low levels of Mo and B as these soils have high anion-fixation
capacity, and plants grown in Oxisols often develop Mo and P deficiency (135).

III. ALKALINE SOIL CONSTRAINTS

Distinctions between acidic and alkaline soils are usually associated with dif-
ferences in amount of precipitation compared to evapotranspiration (5). If pre-
cipitation exceeds evapotranspiration in most years, soils usually are leached,
which leads to formation of acidic soils. If evapotranspiration exceeds precipita-
tion, soils are usually neutral to alkaline. General differences between acidic and
alkaline soils are boundaries between forests and prairies (136); in the United
States, these boundaries generally follow where maize and small grains are
grown as predominant crops.

Neutral to alkaline soils prevail in subhumid, semiarid, and arid climates
(5,10,137). These soils frequently contain fairly high soluble salts like K and
Na and may often contain sufficient amounts of Ca as CaCO3 to be termed
calcareous. Strongly alkaline soils may have high sodicity and be termed saline
or saline-sodic soils (137). For discussion here, soils with alkaline pH (>7.0)
have been referred to as alkaline, calcareous, saline, and/or saline-sodic.

Calcareous soils make up ∼30% of the earth’s surface, and CaCO3 lev-
els in these soils vary extensively (e.g., 5 to 95%) (138). Magnesium is often
abundant in calcareous soils and may even be high enough such as in serpentine
soils to interact with other elements and cause deficiencies. Alkaline soils com-
monly have abundant 2:1 layer clay minerals (montmorillonitic) compared to the
1:1 clay minerals (kaolinitic) so frequent in acidic soils, and 2:1 clay minerals
usually provide fairly high ion-exchange-capacity properties to soil. Alkaline
soils are also well distributed throughout the world (Fig. 4), and various min-
eral deficiency and toxicity problems are commonly associated with alkaline
soils (Mollisols, Vertisols, Aridisols, Table 2). Regions with the most land area
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with moderately high to high alkaline/saline risk are west-central and mideastern
Asia, northern Africa, and Australia (Fig. 4). Major mineral nutritional problems
associated with these soils are P, Fe, and Zn deficiencies, although Mn, Cu, and
B deficiencies and B and salt toxicities may occur in some (5,10).

A. Deficiencies

1. Phosphorus

Solubility of P decreases as soil pH increases above ∼6.5, especially as amount
of soil Ca increases (70). Phosphorus is made unavailable to plants because
of adsorption and precipitation reactions. Adsorption reactions of P generally
dominate when soil solutions contain low P and precipitation reactions dominate
when soil solutions contain high P (139). The usual adsorption reaction at low
solution P concentrations is onto CaCO3 particle surfaces (140,141), and various
kinds of Ca-P compounds are formed depending on fertilizer formulation when
P is added to soil at relatively high levels (142–144). The many compounds
formed when added P reacts with soil constituents have been summarized by
Sample et al. (69).

2. Iron

The foremost mineral stress problem for plants grown in calcareous soil is Fe
deficiency (10,138,145) (Fig. 5). It is not that Fe is limiting in these soils,
since mineral soils on average contain ∼2% Fe (40,000 kg ha−1), but that Fe is
essentially unavailable to plants. Plants remove minute quantities of Fe from soil
annually for growth (∼1 to 2 kg ha−1). Concentrations of Fe2+ and/or Fe3+ in
soil solution for well aerated high pH soils is ∼10−10 M, whereas concentrations
of available Fe near root surfaces needed for optimal plant growth is ∼10−6 to
10−5 M (146). Iron availability to plants is highly dependent on soil pH and
redox potential. For example, Fe3+ concentration in solution decreases from
10−8 to 10−20 M as pH increases from 4 to 8 (1000-fold change per unit
pH change) (146). Excess moisture in soil may reduce redox potentials and
enhance Fe solubility (147,148). High bicarbonate (HCO−

3 ) concentrations may
also decrease Fe availability in calcareous soils (149). In addition, enhanced Fe
deficiency often appears when soil aeration is poor from soil compaction, high
water content, and low soil temperatures (150).

Iron deficiency occurs frequently on plants grown in sandy, fine-textured
mucks and peat soils, where pH is higher than 6 (151). Dissolution and precipita-
tion of ferric oxide is the major factor controlling solubility of Fe in well-aerated
soils. Many soil microorganisms affect availability of Fe by (a) releasing inor-
ganic Fe ions during decomposition of organic matter, (b) immobilizing Fe by
incorporating it into microbial biomass, (c) oxidizing Fe to less available forms,
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Figure 5 Iron-deficient sorghum (upper) and grapes (lower). Note darker color
(greenness) and enhanced growth for some sorghum plants sprayed with Fe (upper
photo).
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(d) reducing oxidized forms of Fe under conditions of limited oxygen, and (e)
changing environmental conditions such as soil pH and oxidation potentials
(152).

Susceptibility of plant species and/or cultivars within species to Fe defi-
ciency often depends on plant root responses to Fe deficiency and/or HCO−

3 as
well as substances added to soil that may change pH near roots (rhizosphere)
to complex/chelate Fe (10,71). For example, the severity of Fe deficiency in
nongraminaceous species like soybeans, grapes (Vitis spp.), and apples corre-
lates well with HCO−

3 concentrations in soil (150,153–156), while gramina-
ceous species like sorghum, maize, and wheat do not (154,157). These plant
species also have different strategies with which to cope with Fe deficiency
(e.g., root ability to make Fe more available). Graminaceous species normally
have Strategy II (enhanced root release of nonproteinogenic amino acids called
phytosiderophores) while nongraminaceous species have Strategy I (increased
reducing capacity of roots and enhanced root release of protons) mechanisms
for acquisition of Fe (10,71). Additional definitions and the importance of var-
ious Fe acquisition mechanisms by different plant species are summarized in
Marschner (71).

Rhizosphere soil pH can also influence availability of Fe to plants (71,158).
Application of NH+

4 -N versus NO−
3 -N (159) and K chloride (KCl)/K2SO4 versus

KNO3/K phosphate (KnHnPO4) (160) to soil tends to decrease root rhizosphere
soil pH and enhance Fe solubility. This occurs because roots excrete H+ when
NH+

4 -N is absorbed to reduce rhizosphere soil pH. On the other hand, roots ex-
crete OH− when NO−

3 -N is absorbed to raise rhizosphere soil pH and decrease Fe
availability. Roots of some plant species also have greater ability to decrease or
enhance rhizosphere pH than others (71). Organic compound excretion by roots
(e.g., malic, citric, and phenolic acids and phytosiderophores) can also complex
or chelate Fe and enhance its availability to plants (71). These strategies for
Fe acquisition provide many plants with a greater ability to resist Fe deficiency
and otherwise tolerate Fe-deficiency conditions. Organic substances released into
soil from decomposing organic matter (e.g., fulvic and humic acidic) may also
be effective complexing agents of Fe and subsequently enhance its solubility
(161,162).

Iron interacts with several elements to enhance Fe deficiency. For example,
high soil P may decrease Fe availability (163,164). Enhanced organic acids and
excreted compounds by roots not only enhance Fe but also P availability, and
enhanced P availability from organic compounds may interact with Fe to restrict
Fe availability. Some plant species like cotton (Gossypium hirsutum L.) and sugar
beet (Beta vulgaris L. subsp. vulgaris) with Zn deficiency also have enhanced
Fe uptake (165–167), and Mn in the growth medium can interact with Fe to
decrease its availability (168). Other studies have reported that K (169) and Mo
(170) in the growth medium may interact with Fe to reduce its availability.
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3. Zinc and Manganese

The availability of Zn and Mn, like that of Fe, decreases with increasing soil pH
in neutral and alkaline ranges (10,71). Decreases in Zn and Mn concentrations
in plant tissue with increasing soil pH may be more extensive than those of
other nutrients that might be limiting (e.g., P and Fe) for plants grown in the
same soil (171). Zinc deficiency in cereals has been considered to be one of
the foremost mineral stress disorders these plants will encounter when grown in
calcareous soil (172) (Fig. 6).

Decreased availability of Zn to plants grown in calcareous soil has been
attributed largely to Zn adsorption by soil constituents (173) and to precipita-
tion of Zn compounds (67). Zinc can be adsorbed by Al, Fe, and Mn hydrous
oxides (174–176), but the nature of Zn precipitates is not well known (158).
Zinc adsorption onto soil components increased ∼10-fold when soil pH was in-
creased from 5.5 to 6.5 and solution-Zn concentration was 0.1 M, but it increased
∼45-fold when solution-Zn concentration was <10−7 M (175). Even though the
amount of Zn needed by plants is relatively low, roots need to grow to or toward
sources of Zn in soil, Zn must diffuse to roots, and/or root-microorganism asso-
ciations must supply adequate Zn to plants. Relative to the latter, mycorrhizae
were important in providing Zn to plants. For example, 50 and 25% of total Zn

Figure 6 Zinc-deficient wheat. Note darker color (greenness) and enhanced growth
when Zn was added to soil (+Zn in photo).
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was provided to white clover (Trifolium repens L.) and maize, respectively, by
mycorrhizal hyphae (177,178). Root excretion of H+ or other means for reduc-
ing rhizosphere pH (e.g., NH+

4 -N fertilizer) were more effective in enhancing
Zn acquisition than root excretion of Zn chelating compounds (173). Zinc mo-
bility in soil with high pH was reduced compared to that in low-pH soil, and Zn
deficiency was more prevalent in higher- than in lower-pH soil (179). Although
Zn interacts extensively with elements like Cu, Fe, Mn, K, and N in both soils
or within plant tissue, the element that interacts most strongly with Zn is P, and
many examples of P-Zn interactions have been reported (158).

High-pH soil favored formation of insoluble oxide forms of Mn compared
to low pH soils, which favored formation of divalent water-soluble Mn (180).
Liming acidic soil also decreased Mn availability in soils (181). Applications
of acid-forming fertilizers often decrease soil pH and increase Mn availability
(182,183). Band applications of ammonium sulfate [(NH4)2SO4] enhanced and
urea decreased Mn acquisition by plants (183). Soil solution pH decreased from
8.1 to 7.3 with addition of (NH4)2SO4 and increased from 7.7 to 8.0 with
addition of urea (184); additions of different sources of N changed the quantity
of available Mn in soil. Addition of KCl also enhanced availability of soil Mn
(185). Roots may excrete organic substances and organic matter decomposition
may provide such substances, which can complex Mn and make it more available
to plants (186,187). Mycorrhizal infected roots normally decrease acquisition of
Mn by plants (188). However, availability of Mn may be enhanced in soils with
reducing conditions that exist during submergence (148). Iron and Mo interact
extensively with Mn to reduce Mn availability/acquisition, and both negative
and positive P-Mn and Zn-Mn interactions have been reported (158).

4. Copper

Copper may be the most immobile of all the micronutrients in soil (158). Ad-
sorption of Cu with soil constituents normally increases as soil pH increases
(189), but Cu acquisition by plants has not related well with soil pH (190,191).
Although reduced availability of Cu has been associated with high organic mat-
ter in soil (192), complexed Cu from organic compounds in organic matter (or
microbial breakdown of organic matter) and root excretions normally enhanced
Cu availability (193–196). Copper acquisition by wheat grown in a large number
of soils was not affected when organic C was <12 g kg−1 soil, but it increased
when organic C was 12 to 64 g kg−1 (197). Mycorrhizal colonization with roots
and mycorrhizal hyphae associated with roots greatly enhanced Cu acquisition
(60% of total) for white clover (178) and provided ∼25% of the total for maize
(177). Inappropriate growth media levels (usually high) of Zn, P, and N may
decrease Cu availability to plants and induce Cu deficiency (158).
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5. Boron and Molybdenum

Boron deficiency may occur on plants grown at high pH, since B availability
decreases at high (pH ≥7.5) compared to low pH (198,199). Liming and/or rais-
ing soil pH often decreases B acquisition by plants, which has been attributed
primarily to presence of Ca but also to presence of Mg, K, Na, and N (200).
In addition, B deficiency appears to be dependent on plant species as well as
on many soil factors (200–203). Plants relatively sensitive to B deficiency are
alfalfa, apples, beets (Beta vulgaris L.), celery (Apium graveolens L.), clover
(Trifolium spp.), peanuts, cotton, and Cruciferae spp. (203). Even though high
soil pH enhances Mo availability and liming of soils often alleviates Mo defi-
ciency (116,120,204), Mo deficiency may be enhanced by reducing soil pH with
applications of acidifying fertilizers (NH+

4 -N materials) (205,206) and S (207).

B. Toxicities and Excess Salts

Plant toxicities from mineral nutrients essential to growth are relatively rare
for plants grown in alkaline and calcareous soils, but some may occur under
some conditions. Most of the conditions associated with elemental toxicities
concern the amount of water in or added to soil. When water is limiting or
evaporation exceeds water input, elements may accumulate at high levels in soil
and plant toxicities may be induced. High salts added with irrigation water may
accumulate in soil and be detrimental to growth. Salts in deeper soil profiles
that are commonly immobilized may rise to the surface via capillary action
when water is percolated and/or poor water management practices are used. As
such, salts may accumulate in surface soil to reduce growth. The most common
problems in alkaline or salt-affected soils are B, Na, and Cl toxicities (10,137).

1. Boron

Boron is essential to plant growth and has a narrow range between sufficiency
and toxicity compared to other essential mineral nutrients (208). Boron toxicity
may appear on some plants grown in particular soils or under certain conditions.
For example, B toxicity normally appears on plants grown in arid and semiarid
soils (209,210) but may occur in plants grown in acidic to neutral soils if suffi-
cient B is present. Boron readily leaches from soil if sufficient water is available
for percolation and will accumulate similar to other soluble salts when water is
insufficient to induce potential toxicity. Certain regions of the world such as the
western U.S. states, especially California (211), and many soils in southern and
western Australia (212) and Israel (213) have been recognized for B-toxicity
problems. Conditions conducive for B toxicity in plants are for those grown
in soils that contain naturally high B (214), use of irrigation water with high
B (215), and overfertilization/application with minerals/substances high in B
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(216). Although plant species/cultivars differ in concentrations of B in tissue for
induction of toxicity (201), B toxicity generally occurs when B concentrations
in tissue exceed ∼150 to 200 mg kg−1 (201,217).

2. Sodium and Chlorine

Many soils commonly accumulate high concentrations of soluble salts (saline,
sodic, saline-sodic), which usually induce ‘‘salt toxicity’’ in plants (218). Soils
are normally considered to be saline when electrical conductivity of saturated
soil pastes exceed ∼4 dS m−1 at 25◦C (equivalent to ∼40 mM NaCl L−1) and
the sodium adsorption ratio (SAR) is ∼13 to 15 [SAR = Na ÷ (Ca + Mg)/21/2]
(137,218). When soils have SAR ratios >13 to 15, they are usually considered
to be either sodic or saline-sodic, depending on salt accumulation. The pH of
saline and saline-sodic soils may not be high (usually <8.5), while the pH of
sodic soils may become quite high (usually >8.5). Saline soils may be nonsodic
(nonalkaline) and may contain sufficient soluble salts to impair the productivity
of many plants. It has been estimated that ∼33% of irrigated land world-wide
has been affected by salinity (10). Problems of salt-affected soil have arisen with
many turfgrass (golf courses, sports fields, and lawns) sites because the sites are
located near seacoasts, because of increasing use of effluent water for irrigation,
and because of water intrusion and storm surge events (219). Distribution of
salt-affected soils throughout the world is extensive as noted in Figure 4 and
Table 5.

Table 5 Percent Distribution of Salt-Affected Soils in Various
Regions of the World

Percent of Total Salt-Affected
Region Soils in Each Region

Total area (106 km2) 9.523
Percent of area salt-affected

North America 1.6
Mexico and Central America 0.2
South America 13.6
Africa 8.4
South Asia 8.9
North and Central Asia 22.2
Southeast Asia 2.1
Australasia 37.5
Europe 5.3

SOURCES: Adapted from Refs. 137, 220, and 221.
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Chlorine is an essential nutrient for most plants (222,223), and Na is es-
sential to some plants (224). Deficiencies of these elements are hard to induce
in plants because of their ubiquitous nature in the environment. These elements
are normally associated with toxicities, especially in salt-affected soils. Major
problems for plants grown in salt-affected soils are ion toxicity associated with
excess accumulation of Na and/or Cl (and sometimes SO4) and imbalanced nu-
trition from reduced uptake and/or translocation of essential nutrients, especially
Ca (10). Water deficit (drought stress) can also be a common problem for plants
grown in salt-affected soils. Except among some graminaceous plant species, Cl
toxicity appears to be more widespread than Na toxicity unless Ca is low and
soil aeration is poor (10). Many plants have the capability to exclude entry of Na
into tissues or restrict its internal transport to sensitive tissues. Thus, Na toxicity
may not appear even though plants may have been grown in relatively high salt
conditions. However, plants grown in poorly aerated soils (e.g., waterlogged) do
not appear to have the ability to restrict Na (225) and Cl (226) acquisition, so
that toxicity symptoms will commonly appear. An important mechanism for salt
toxicity has been associated with accumulation of salts in the apoplasm of leaves
to enhance leaf dehydration and turgor loss leading to death (223,227,228). For
example, rice grown in 50 mM NaCl solutions had 10-fold increases in Na+ in
leaf apoplasm to cause dehydration of cells (229), and differences in sensitivity
of peas (Pisum sativum L.) and spinach (Spinacia oleracea L.) to salt toxicity
were assessed as differences in regulation of leaf apoplastic Na+ and Cl− (230).
In addition, toxicity of peas to NaCl was associated with higher generation of
highly detrimental superoxide (O−

2 ) radicals (231).
Chlorine instead of Na toxicity was associated with some plants, like

grape and citris (Citrus spp.), grown in relatively low NaCl solutions (232,233)
and in deciduous and coniferous trees grown in or exposed to relatively high
NaCl (234,235). Many leguminous plant species such as peanuts, beans, and
soybeans have also been reported to be sensitive to Cl (236–238). Some plants
have also been observed to be sensitive to SO4 compared to Cl (236,239), and
reduced growth of sorghum was noted to be from reduced uptake of K and Mg
when this plant was grown with high SO4 (239). Chloride may reduce NO−

3 -
N uptake to some extent (240), and reduced uptake of Mn and induced Mn
deficiency were associated with high salinity in barley (241). Plants grown with
high salt contents have also had reduced P uptake (242,243) and induced P
deficiency (244), enhanced P uptake (P toxicity) (245), and high demand for K
(246).

Improved plant tolerance to high salt and/or amelioration of high salt
effects has been well documented when Ca has been added to salt-affected soils
or high-salt growth conditions (10,137). Examples of this have been found when
increased Ca added to high NaCl solutions for growth of bean and citrus species
decreased Na in leaves (247,248). In addition, soil amelioration of coastal saline-
sodic soils with gypsum (CaSO4) decreased leaf rolling and bleaching of rice
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leaves (249), Ca amendments overcame Ca deficiency of wheat and barley grown
in saline soil (250), added Ca decreased lettuce (Lactuca sativa L.) tipburn and
tomato blossom-end rot in plants grown in saline soil (251), and an eightfold
increase in salinity to Brassica plants did not affect fresh weight but enhanced
tipburn from 0 to 80% (252). In the latter case, the disorder was overcome by
increasing overnight humidity, which was associated with enhanced Ca transport
in plants (252,253). By adding Na to solutions containing low Ca, uptake of
Ca was also decreased and Ca deficiency induced (254). These disorders may
be associated with Na+ displacement of Ca2+ on binding sites of plasm and
intracellular membranes (255,256) and transmission of salinity signals from roots
to shoots (Ca2+ homeostasis) (257,258).

IV. CONCLUSION

Both acidic and alkaline soils can impose relatively severe mineral nutritional
problems on plants. Overcoming these constraints may be expensive. The nor-
mal method has been by fertilizing soils to replenish availability of nutrients
to overcome deficiencies and by amending soils to alleviate toxicity factors.
These practices are good in many cases, especially when relatively inexpen-
sive resources are available. Alternatives to expensive resources may be to use
germplasm with high adaptability to mineral nutritional deficiency/toxicity con-
straints. Considerable germplasm with improved ability to grow and produce
under many of these mineral constraints has been identified and developed (259–
265). By growing adaptable germplasm in soils with chemical constraints, agri-
culturists could be helped to meet many desired plant productivity goals with
limited fertilizer/amendment inputs. Other approaches for overcoming mineral
nutrient deficiency/toxicity constraints might be to take advantage of soil mi-
croorganisms such as mycorrhiza and beneficial bacteria/fungi and amendments
of organic matter and organic-inorganic mixtures containing valuable nutrients
and materials that will alleviate mineral nutritional problems. It is important to
understand and recognize that many kinds of mineral stress problems can occur
on plants in acidic and alkaline soils. Once these problems have been identi-
fied, means for alleviating such mineral stress constraints can be incorporated
and more effective management strategies can be used to improve plant yield
potentials.
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6
Plant Stress Symptomatology

Robert E. Wilkinson, R. R. Duncan, J. G. Latimer,
and C. Berry
The University of Georgia, Griffin, Georgia

P. A. Thomas
The University of Georgia, Athens, Georgia

Biological research is a practice of conducting experiments wherein a single
component is altered. Any changes in growth, for example, are, ipso facto, due
to the one factor that was altered. Unfortunately, sometimes multiple uncon-
trolled factors are changed without recognition by the researcher. This can lead
to confusion, which leads to much research, discussion, and dissension. The
attached reports are an attempt to explain a presumed pesticide problem.

Without access to the plant species originally exposed to deleterious con-
ditions, we chose a sorghum cultivar [Sorghum bicolor (L.) Moench. cv GP-10]
that experience has shown to be responsive to every stress we have utilized
previously. By varying the culture medium (± organic matter), temperature,
and fertilizer, it has been shown that the fungicide is relatively nontoxic even
when applied at 5× registered application rates. But the type of mineral nutrient
fertilizer was determinative. The plant responses were identical to the symp-
tomatology of plant growth in acid soils. These symptoms were totally reversed
by the addition of magnesium (Mg2+) to the culture medium. This reversal is a
major diagnostic symptom for acid soils. Which factor was determinative? H+
or pesticide?

Excess H+ in the rooting media (pH ≤4.3) induces an acid-soil stress,
with decreased magnesium and increased manganese and aluminum availability.
The aluminum is toxic at virtually any soil pH. But, the quantity of aluminum
(Al3+) in the soil is extremely low at pH ≥5.0. Additionally, when fertilizers
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containing ammonium (NH+
4 ) are utilized, the NH+

4 is exchanged through the
root plasma membrane for H+. This exchange results in an acid soil.

Thus, the cataloging of plant symptoms to a supposed pesticide influence
[stubby (3-in.) black roots, chlorotic leaves with necrotic spots] must include
the responses to changed cultural conditions. Response to other stress-produced
symptoms are often indistinguishable. And in this case, acid soil–induced symp-
tomatology was determinative.

I. TEMPERATURE AND FERTILIZATION INFLUENCE ON
SORGHUM BICOLOR RESPONSE TO BENLATE DF
AND WP

A. Introduction

Benomyl[(methyl-1-butylcarbamoyl)-2-benzimidazolecarbamate]—or Benlate—
is a systemic, soil-applied fungicide that has been used extensively in the green-
house, container-grown, ornamental horticulture industry (1). Recently, extensive
losses to that greenhouse, container-grown, ornamental horticulture industry have
occurred, which have been putatively explained as being due to contamination
of Benlate DF (dry flowable) with a herbicide, plant-growth regulator, or other
foreign substance(s), or the Benlate DF itself (1). After extensive experimenta-
tion, the producers of Benlate DF stipulated that (a) they did not know what had
caused the problem and (b) the problem was not due to contaminants in Benlate
DF (1). Additionally, the symptoms of the damaged plants (i.e., chlorotic to
necrotic foliage and shortened, black roots) could not be reproduced by Ben-
late applications in the same cultivars and in greenhouses in which the original
problem developed (1). These symptoms were present in isolated greenhouses
and were not generally prevalent throughout the industry.

Two methods of benomyl application were registered. One was a foliage
spray of approximately 1 to 1 1

2 lb Benlate DF, which is a 50% benomyl a.i. mate-
rial, in 200 to 500 gal water per acre. The second technique for use in ornamental
container-grown crops in greenhouses was a soil drench at 1 lb Benlate DF per
100 gal water applied as 1 to 2 pints/ft2 (2). The latter application technique
utilizes a 600-mg L−1 benomyl a.i. solution at ∼2 pt/ft2 which approximates
54.5 lb of benomyl a.i. per acre (A). Since the water solubility of benomyl is
3.8 mg/L (3) and 1 mg/L applied to the soil at 40 gal/A is approximately equiv-
alent to 1 lb/A in the top 3 in. of soil, a considerable surplus of benomyl would
be applied in the 60 mg/L. The benomyl T1/2 in water approximates 7 hr (4),
so that a single drench application would result in undissolved benomyl in the
container for over 56 hr. The undissolved benomyl would be absorbed to the
potting mix or any other adsorbent material in the rooting container. The major
benomyl degradation products are methyl-1H-benzimidazolecarbamate (MBC)
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+ n-butyl isocyanate (BIC) (4). The latter degrades to n-butylamine + CO2 with
a T1/2 of 7 min (4).

Presumably, the growers would use a commercially available fertilizer
(CF). Two major fertilizers were extant and labeled analyses indicated that they
were virtually identical in chemical composition.

Benlate DF is not registered for use on sorghum [Sorghum bicolor (L.)
Moench.].

Sorghum [Sorghum bicolor (L.) Moench. cv GP-10] was chosen as an
assay plant because it has been shown to respond readily to chemical or envi-
ronmental stress. Additionally, sand culture was chosen to permit the deletion of
any confounding factors due to benomyl adsorption to soil and/or other potting
medium characteristics.

Therefore, we evaluated a CF and Hoagland-and-Arnon complete mineral
nutrient solution on GP-10 sorghum grown at 38 and 32◦C as well as ± Benlate
DF and Benlate WP (wettable powder).

B. Methods and Materials

1. Experiment 1

At 38◦C, ten GP-10 sorghum seeds were planted 1 cm deep in ‘‘white quartz
flintshot’’ sand contained in 10-oz plastic cups (nestable, 9 cm diam; top, 13 cm
deep). Fertilization was 100 mL/pot/week of Hoagland-and-Arnon complete
mineral nutrient solution (H&A) (5) or 500 mg/L (approximately 2 heaping
tablespoons/gal deionized water). Pots were harvested at 1, 2, 3, and 4 weeks
after planting (WAP) for shoot length (cm) above the sand and shoot and root
fresh weight (FW) (g/plant). Five replications were used for each sampling date.
Plants were watered daily with 100 mL deionized water.

2. Experiment 2

Grown in white quartz flintshot sand at 38◦C using CF (100 mL/week of 50
mg/L) fertilizer. Benlate DF and WP (100 mL of 1200 mg/L) were applied at
week 1, week 1 and 2, or week 1, 2, and 3. Plants were harvested at 4 WAP for
shoot length (cm), and root and shoot FW (g/plant).

3. Experiment 3

Identical to Experiment 2 except that the plants were grown at 32◦C.

4. Experiment 4

Identical to Experiment 2 except that the plants were grown at 32◦C and fertilized
with H&A weekly.
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5. Experiment 5

At 32◦C, plants were grown in sand culture (as above) and fertilized weekly with
100 ml/pot/week with (a) CF (500 mg/L), (b) CF (1000 mg/L), (c) H&A (pH
5.3), or (d) H&A (pH 3.5). After 4 weeks, plants were harvested for (a) number
of plants/pot, (b) shoot length (cm), (c) shoot fresh weight (g/pot), (d) root fresh
weight (g/pot), (e) shoot dry weight (mg/pot), and (f) root dry weight (mg/pot).

All data were subjected to analysis of variance on a randomized complete
block design. Standard errors per treatment are presented.

C. Results

1. Experiment 1

H&A induced greater shoot (cm) growth than CF for shoot FW (g/plant) and
root FW (g/plant) (Table 1) at all levels of weeks of exposure except for root
FW (g/plant) and root FW (g/plant) (Table 1) at all levels of weeks of exposure
except for root FW (g/plant) after 1 week’s growth. The commercial fertilizer
(500 mg/L) pH was 4.0, while that of H&A was about 5.3. The CF was low
in Mg, and deficient in Ca; the other ions were less concentrated than in H&A
(Table 2). In H&A, the nitrogen was nitrate (NO−

3 ). In the CF, the nitrogen
(20% of total weight) was supplied as ammonia (3.96%), NO−

3 (5.61%), and
urea (10.43%).

Table 1 Growth Parameters of Sorghuma

Shoot Root

Nutrients Week cm g FW/plant g FW/plant

H&A 1 35.0eb 321.6d 593.0f
2 50.8c 948.3b 1030.3cd
3 57.8b 1222.9b 1227.3b
4 62.6a 1565.0a 1557.1a

CF 1 26.6g 202.0e 610.1f
2 35.6de 453.2c 870.8e
3 38.0d 541.8c 1024.9de
4 31.4f 452.2e 890.2e

aSorghum bicolor (L.) Moench. cv GP-10; growth for 4 weeks at 38◦C
and fertilized with 100 mL/pot of Hoagland-and-Arnon (H&A) complete
mineral nutrient solution or commercial fertilizer (CF). Each value is the
average of five replications.

bValues in a column followed by the same letter are not significantly different
as determined by the mean standard errors.
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Table 2 Comparison of Plant Nutrients in
Commercial Fertilizer (500 mg/L) and
Hoagland-and-Arnon (H&A) Complete Mineral
Nutrient Solution (100 mL/pot/week)

Milligrams per pot
per Week

Mineral nutrient H&A CF

Nitrogen 21.0 10
Calcium 20.0 0
Phosphate 9.5 10
Potassium 23.4 10
Sulfate 19.2 0.025
Cu 0.02 0.0018
Magnesium 4.9 0.025
Boron 0.05 0.0034
Fe 0.137 0.025
Mn 0.05 0.0125
Mo 0.0013 0.00045
Zn 0.0005 0.00125

2. Experiment 2

When the plants were grown at 38◦C and fertilized with 100 mL of 500 mg/L
CF weekly, shoot length (cm) was slightly but significantly decreased by weekly
massively excess applications of Benlate DF and WP (5.3 and 25.1%, respec-
tively) (Table 3). Shoot FW (g/plant) was not significantly decreased by Benlate
DF but root FW (g/plant) was decreased by a single massively excess applica-
tion of Benlate DF (27%); multiple applications were more deleterious than a
single application.

3. Experiment 3

Excessive application rates of Benlate DF did not induce a significant decrease
in any growth parameter when the plants were grown at 32◦C and fertilized with
CF (Table 4). Multiple applications of Benlate WP did induce decreased growth
in all three parameters.

4. Experiment 4

When plants were grown at 32◦C and fertilized with H&A, massively excess
application rates of Benlate DF induced significantly decreased shoot length
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Table 3 Growth of Sorghum bicolor (L.) Moench. cv
GP-10 After 4 Weeks at 38◦C in Sand Culture Fertilized
with 100 mL/Pot/Week of 500 mg/L Commercial Fertilizera

Shoot
Root

Length, Fresh weight, fresh weight,
Treatment cm g/plant g/plant

0 26.7ab 0.66ab 1.27a
1 DF 25.5b 0.67a 0.93b
2 DF 25.3b 0.65ab 0.54d
3 DF 25.3b 0.72a 0.65c
1 WP 22.0c 0.67a 0.73c
2 WP 22.1c 0.51bc 0.51de
3 WP 20.0c 0.45c 0.49e

aValues are the average of five replications.
bValues in a column followed by the same letter are not significantly
different as determined by the mean standard errors.

Table 4 Growth of Sorghum bicolor (L.) Moench. cv
GP-10 After 4 Weeks at 32◦C in Sand Culture Fertilized
with 100 mL/Pot/Week of 500 mg/L CFa

Shoot
Root

Length, Fresh weight, fresh weight,
Treatment cm g/plant g/plant

0 24.8abb 0.19ab 0.44a
1 DF 23.0b 0.22ab 0.45a
2 DF 28.4a 0.26a 0.40ab
3 DF 24.0b 0.24a 0.38ab
1 WP 17.6c 0.17b 0.34ab
2 WP 14.4d 0.07c 0.18c
3 WP 14.4d 0.09c 0.28b

aValues are the average of five replications.
bValues in a column followed by the same letter are not significantly
different as determined by the mean standard errors.
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Table 5 Growth of Sorghum bicolor (L.) Moench. cv GP-10
at 32◦C for 4 Weeks and Fertilized with 100 mL/Pot/Week of
Hoagland-and-Arnon Complete Mineral Nutrient Solutiona

Shoot
Root

Length, Fresh weight, fresh weight,
Treatment cm g/plant g/plant

0 50.8ab 1.02a 10.26a
1 DF 33.8c 0.60b 4.73d
2 DF 35.0bc 0.54b 4.93c
3 DF 35.0bc 0.58b 5.45b
1 WP 32.8c 0.51bc 4.27f
2 WP 33.2c 0.47c 3.96g
3 WP 36.6b 0.52bc 4.59e

aValues are the average of five replications.
bValues in a column followed by the same letter are not significantly
different as determined by the mean standard errors.

(cm), shoot FW (g/plant), and root FW (g/plant) (Table 5). Benlate WP induced
equivalent or greater significantly decreased growth parameter responses.

5. Experiment 5

Number of plants/pot was decreased by 1000 mg/pot CF (Table 6). Shoot length
(cm) was significantly greater in H&A than in CF. Shoot FW (mg/plant) was
greatest in H&A (pH 5.3), decreased at H&A (pH 3.5), significantly decreased at
CF 1000 mg/L, and least in CF 500 mg/L. Root FW (mg/plant) was equivalent in
plants grown in CF (1000 mg/L) and H&A (pH 5.3), decreased in H&A (pH 3.5),
and least in CF (500 mg/L). Shoot DW (mg/plant) and root DW (mg/plant) were
greatest in H&A without any pH influence, decreased at CF (1000 mg/L), and
least at CF (500 mg/L). Total plant FW (g/plant) was greatest in H&A (pH 5.3),
significantly decreased in H&A (pH 3.5), which was equivalent to CF (1000
mg/L), and least in CF (500 mg/L). Total DW (mg/plant) was greatest in H&A
(pH 5.3) significantly decreased in H&A (pH 3.5), which was equivalent to CF
(1000 mg/L), and least in CF (500 mg/L).

D. Discussion

Sorghum responds readily to nutrient deficiencies. Plant growth under acid soil
stress (pH ≤4.5) has been studied extensively with sorghum (6–9). These re-
sponses to levels of mineral nutrient fertilization and acid soil stress are demon-
strated in Table 6. Because CF (500 mg/L) supplies approximately one-half as
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Table 6 Influence of Fertilizer Concentration and pH on the Growth of Sorghum
[Sorghum bicolor (L.) Moench. cv GP-101] After 4 Weeks in Sand Culturea

CFb H&Ac pH

500 1000 5.3 3.5

Number of plants 8.0ad 5.8b 8.2a 7.8a
Height (cm) 31.2b 33.0b 52.0a 53.4a
Shoot FW (mg/plant) 513d 850c 1814a 1376b
Root FW (mg/plant) 1244c 2056a 2095a 1508b
Shoot DW (mg/plant) 91.4c 132.4b 281.1a 266.6a
Root DW (mg/plant) 139.1c 176.0b 261.9a 308.3a
Total FW (gm/plant) 1.76c 2.91b 3.91a 2.90b
Total DW (gm/plant) 231c 308b 543a 575a

aEach value is the average of five replications.
bCF = commercial fertilizer supplied at 100 mL/pot/week at 500 or 1000 mg/L.
cH&A = Hoagland-and-Arnon complete mineral nutrient solution at pH 5.3 or 3.5 supplied at
100 mL/pot/week.

dValues on a line followed by the same letter are not significantly different as determined by
the mean standard errors.

much total N to the plants as is present in the H&A, a direct comparison of H&A
(pH 5.3) and CF (1000 mg/L) (pH 3.5) shows that the CF is incomplete and does
not permit plant growth at the same rate as does the H&A (pH 5.3). The differ-
ences due to pH in the CF (500 or 1000 mg/L) (pH 4.0 and 3.5, respectively) and
H&A (pH 3.5) show that even under acid-soil–stress conditions the mineral ion
incomplete CF does not permit optimum growth. The influence of acid soil stress
is shown by the decreased shoot FW (mg/plant), root FW (mg/plant), and total
plant FW (g/plant) in plants grown in H&A (pH 3.5) compared to plants grown
in H&A (pH 5.3) (Table 6). The differences between plants grown with CF 500
and 1000 mg/L are, primarily, a total N supply response (Table 6). Inadequate
supply of Ca2+ and Mg2+ exacerbates the problem. CF (1000 mg/L) and H&A
(pH 3.5) had equivalent N fertilization, yet growth in the H&A (pH 3.5) was
significantly greater than with CF (1000 mg/L) in all growth parameters except
root FW (mg/plant) and total plant FW (g/plant). Thus, two basic interacting
parameters are demonstrated. These are (a) the supply of a complete mineral
nutrient fertilization regime to the plants and (b) the pH of the solution applied.
Both of these parameters have a long history of deleterious influences on plant
growth. And these parameters are inextricably interactive (6–12).

The differences in growth of sorghum exposed to H&A or CF is totally
explicable on the basis of a combination of several factors: (a) low pH in CF,
(b) low concentration of required mineral nutrients in the CF in comparison
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to H&A, (c) low Mg in the CF, (d) absence of Ca in the CF, and (e) the
form of nitrogen applied in the CF. In sorghum as in other plants, given equal
water status, low mineral nutrition equals low growth. Calcium is not supplied
by the CF and calcium has been shown to be requisite (10) and to act as
a cytosolic second messenger (10), so that deficiency or excess of Ca in the
cytosol results in leaky plasma membranes that are visualized by black roots
caused by the induction of polyphenol oxidase activity. Additionally, NH+

4 and
Mg2+ concentrations are highly correlated in sorghum grown under acid soil
stress (11,12). Low Mg2+ fertility results in severe stress (11,12). Thus, these
data demonstrate the influence of a multiple stress syndrome (Table 1).

If sufficient water is available, high temperature induces a high evapotran-
spiration. When the stoma were induced to open by one herbicide, increased
water utilization resulted (13,14). This increased water uptake resulted in the
absorption of residues of a second herbicide to the extent that the residues of
the second herbicide became deleterious or lethal in the presence of the first
herbicide, but those residues of the second herbicide were not deleterious when
the plants were not exposed to the first herbicide (13,14). Or, under high water-
utilization conditions (i.e., high temperature) more of whatever was present in
the rooting medium was absorbed by roots and translocated to the shoots in the
evapotranspiration stream (13,14). Thus, at 38◦C, Benlate DF influenced shoot
length (cm), shoot FW (g/plant), and root FW (g/plant) (Table 3). But at 32◦C,
Benlate DF did not influence plant growth in any of the three plant growth
measurements (Table 4). Growth at 32◦C was less than at 38◦C (Tables 3 and
4). This is explicable as a response to total mineral nutrient supply differences
at 38◦ and 32◦C as influenced by total water evapotranspiration.

This concept is corroborated by the greater growth of the untreated plants
fertilized by H&A in comparison to those growth with CF (Tables 4 and 5).
Additionally, greater growth with H&A resulted in more root uptake of materials
in the rooting medium and massively excess application rates of Benlate DF and
WP induced decreased growth in all three growth parameters (Table 5).

Benomyl water solubility (3.8 mg/L) is low. The individual Benlate DF
and WP applications utilized herein equaled 60 mg/pot. Benomyl degradation
T1/2 is reported to be about 7 hr. Or, undegraded benomyl was present for at
least 7 T1/2, and those plants with a high evapotranspiration were constantly
exposed to benomyl concentrations greater than the benomyl water solubility
for >49 hr. Plants absorb benomyl (15). And those plants were subjected to
nutrient imbalance when exposed to the CF. Therefore, root plasma membranes
(PM) were exposed to conditions that resulted in leaky PM, which resulted in
black roots that do not function selectively. Therefore, high temperature and
fertility imbalances have been demonstrated to be a multistress syndrome where
massively excessive applications of Benlate DF and WP can marginally influence
plant growth.
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II. INFLUENCE OF ADSORPTIVE SURFACE ON THE
RESPONSE OF SORGHUM TO BENLATE DF AND
BENLATE WP

A. Introduction

The systemic, soil-applied fungicide benomyl (methyl-1-butylcarbamol)-2-ben-
zimidazolecarbamate) has been utilized extensively in the greenhouse-lathhouse,
container-grown, ornamental horticulture industry where losses have occurred
which were postulated by the growers as being due to contamination in Benlate

Figure 1 Root fresh weight (g/plant) of Sorghum bicolor (L.) Moench. cv GP-10
grown 4 weeks at 32◦C, fertilized with commercial fertilizer (CF) (100 mL/pot) (500
mg/L), ± Benlate DF or Benlate WP (100 mL/pot) (0, 1, 2, and 3 applications) (600
mg benomyl a.i./L), ± 3 cm granular charcoal on the sand surface. Each value is the
average of five replications. Bars with the same letter are not significantly different as
separated by the mean standard errors.
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DF (dry flowable) (1). The producer of Benlate DF has been unable to docu-
ment contamination of the Benlate DF by any herbicide, plant-growth regulator,
or other substance (2). The response of plants to massively excessive rates of
Benlate DF has been shown, in sand culture, to be influenced by the temperature
at which the plants were grown and the fertilizer utilized (see Sec. I, above).

A Benlate DF drench application presents benomyl at concentrations which
would require >56 hr to degrade (see Sec. I). The previously presented data were
from plants grown in sand culture without any source of adsorptive surface other
than the plant roots (see Sec. I). Therefore, the question of presence or absence
of an adsorptive surface in the treated pots arose. Could an adsorptive surface
prevent the development of deleterious conditions in the root zone? And how
would changes in ambient temperature or fertilization influence the response of
plants to excessive Benlate DF or WP?

Figure 2 Shoot length (cm) of Sorghum bicolor (L.) Moench. cv GP-10 grown 4
weeks at 32◦C, fertilized with commercial fertilizer (CF) (100 mL/pot) (500 mg/L), ±
Benlate DF or Benlate WP (100 mL/pot) (0, 1, 2, and 3 applications) (600 mg benomyl
a.i./L), ± 3 cm granular charcoal on the sand surface. Each value is the average of five
replications. Bars with the same letter are not significantly different as separated by
the mean standard error.
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B. Methods and Materials

Ten sorghum [Sorghum bicolor (L.) Moench. cv GP-10] seeds were planted
1 cm deep in ‘‘white quartz flintshot’’ sand. Plants were grown at 32◦C. Five
replications were utilized. Fertilization was by 100 mL per pot per week of
Hoagland-and-Arnon (H&A) complete mineral nutrient solution (3) or 100 mL
per pot per week of 500 mg/L commercial fertilizer (CF). Daily water applica-
tions utilized deionized water. Benlate DF or WP was applied at 100 mL per
pot per week of 600 mg benomyl a.i. (0, 1, 2, and 3 applications). In addition,
a duplicate set of pots were utilized in which 3 cm of granular charcoal was
added to the top of the plant containers. Plants were grown for 4 weeks and
harvested for number of plants per pot, shoot length (cm), shoot fresh weight
(FW) (g/plant), and root FW (g/plant). Elemental contents were analyzed by

Figure 3 Shoot fresh weight (g/plant) of Sorghum bicolor (L.) Moench. cv GP-10
grown 4 weeks at 32◦C, fertilized with commercial fertilizer (CF) (100 mL/pot) (500
mg/L), ± Benlate DF or Benlate WP (100 mL/pot) (0, 1, 2, and 3 applications) (600
mg benomyl a.i./L), ± 3 cm granular charcoal on the sand surface. Each value is the
average of five replications. Bars with the same letter are not significantly different as
separated by the mean standard errors.
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Table 7 Root Mineral Nutrient Content of Sorghum bicolor (L.)
Moench. cv GP-10 Plants Grown for 4 Weeks at 32◦C in Sand Culture
and Fertilized Weekly with 100 mL/Pot of 500 mg/L Commercial
Fertilizer ± Charcoal 3 cm Deepa

Element (µg/g DW)

Sulfur Phosphorus
Benlate
applications +b − + −
0 2702abc 484g 2326de 4060ab
DF 1 1733c 459g 1053g 3558bc

2 2899ab 582f 2074def 4192ab
3 3070a 756de 1696ef 4584a

WP 1 2182bc 779c 1525f 4450a
2 2648ab 699e 1541ef 2662d
3 3394a 757d 2086de 2893cd

Manganese Iron

+b − + −
0 58b 29de 517bc 396d
DF 1 36cd 20f 812a 346d

2 51bc 23ef 665a 219f
3 73a 28e 825a 149g

WP 1 56b 24ef 690a 139g
2 48bc 14g 612ab 219f
3 51bc 11h 428cd 238e

Magnesium Copper

+b − + −
0 420de 808ab 5.7de 8.2b
DF 1 263f 641c 3.0f 7.4bcd

2 435de 807ab 8.1bc 10.2ab
3 533d 776b 6.9cd 10.1ab

WP 1 364e 854ab 4.8e 10.8a
2 462de 907a 6.0cde 5.4de
3 469d 882a 6.7cd 7.0cd
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Table 7 (Continued)

Element (µg/g DW)

Calcium Aluminum
Benlate
applications +b − + −
0 812bc 1086a 625d 1016cd
DF 1 540e 821bc 2483bcd 2916abc

2 804bc 1008ab 530d 2041bcd
3 897bc 1105a 519d 6483ab

WP 1 797c 1077a 650cd 8835a
2 742cd 603de 515d 6004ab
3 864bc 833bc 579d 5766ab

Zinc Boron

+b − + −
0 15.1e 17.6de 15.1ef 17.7def
DF 1 15.4e 14.8e 15.3ef 14.9ef

2 1.4g 16.2de 14.0f 16.2def
3 1.4g 42.8c 1.4h 43.1c

WP 1 19.9de 82.8a 19.6cd 80.6a
2 10.2e 27.9cd 10.0f 27.6d
3 2.1f 51.9b 1.9g 52.3b

aEach value is the average of five replications.
b+, with charcoal (3 cm); −, without charcoal.
cValues within an element followed by the same letter are not significantly different
as determined by the mean standard errors.

procedures utilizing perchloric acid digestion and atomic absorption spectrome-
try (4). Data were subjected to analysis of variance on a randomized complete
block design and means were separated by standard errors.

C. Results

In GP-10 sorghum grown in sand culture at 32◦C and fertilized with CF, exces-
sive Benlate DF or WP did not significantly decrease root FW (g/plant) (Fig. 1),
shoot length (Fig. 2), or shoot fresh weight (g/plant) (Fig. 3). But when a char-
coal adsorptive layer was present, growth was significantly greater at all levels
of treatment.
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Table 8 Shoot Mineral Nutrient Content (µg/g DW) of Sorghum bicolor
(L.) Moench. cv GP-10 Shoots Growth 4 Weeks at 32◦C in Sand Culture
Fertilized Weekly with 100 mL/Pot of 500 mg/L Commercial Fertilizer ±
Charcoala

Element (µg/g DW)

Sulfur Phosphorus
Benlate
applications +b − + −
0 2167abcc 427f 6788bc 7687b
DF 1 2038abc 509e 6372c 7896b

2 2496a 529e 8257ab 7961b
3 1653c 500e 5674cd 6402c

WF 1 1863bc 763d 6459c 8735a
2 2099abc 725d 5962cd 5102de
3 2200ab 731d 6767bc 5041e

Manganese Iron

+b − + −
0 128a 54b 112b 121ab
DF 1 142a 45c 128a 92bcd

2 128a 47bc 118ab 79cd
3 129a 42c 120ab 49e

WF 1 134a 48bc 106b 68d
2 128a 15d 115b 100bc
3 123a 4e 94bcd 90bcd

Magnesium Copper

+b − + −
0 1541ab 1649a 5.6bc 6.2b
DF 1 1597ab 1551ab 4.9bcd 5.2bcd

2 1697a 1386d 7.2ab 7.0ab
3 1681a 1401cd 5.5bc 6.0b

WF 1 1667a 1582ab 4.1d 8.1a
2 1707a 1381e 5.7bc 5.2bcd
3 1667a 1462bc 6.4b 4.7cd
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Table 8 (Continued)

Element (µg/g DW)

Calcium Aluminum
Benlate
applications +b − + −
0 1527e 3932a 85f 1002de
DF 1 1610e 3207ab 87f 2123cd

2 1584e 2783b 71f 420e
3 1555e 2292cd 25g 2524bcd

WF 1 1527e 2250e 28g 3892bc
2 1624e 710f 94f 5519b
3 1681e 926f 31g 19151a

Zinc Boron

+b − + −
0 19.8bc 16.9bc 19.6b 16.9bc
DF 1 19.3bc 19.2bc 19.1bc 19.3bc

2 9.9f 14.9cde 10.1d 14.9bcd
3 2.1h 37.4b 2.3d 16.2bcd

WF 1 12.2ef 16.7c 12.2cd 16.7bc
2 12.6c-f 72.7a 12.5bcd 72.7a
3 1.6i 8.9g 1.6d 10.2d

aEach value is the average of five replications.
b+, with charcoal (3 cm); −, without charcoal.
cValues within an element followed by the same letter are not significantly different as
determined by the mean standard errors.

Mineral nutrient contents of shoots and roots ± charcoal in the incomplete
mineral nutrient fertilizer (CF) showed low magnesium (Mg) and calcium (Ca)
(Tables 7 and 8). But the shoot aluminum (Al) content was ≥82× in shoots
without charcoal than in shoots grown with a charcoal adsorptive surface.

Sorghum (GP-10) grown at 32◦C in sand culture without charcoal showed
a significant decrease in root FW (g/plant) (Figs. 3 and 4) when fertilized with
H&A or CF and exposed to massively excessive application rates of Benlate DF
or WP. In the presence of charcoal, Benlate DF at one or two weekly treatments
did not influence root FW. Similar responses were observed in shoot length (cm)
(Fig. 5) and shoot FW (g/plant) (Fig. 6). Shoot growth was significantly greater
when charcoal was present.
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Figure 4 Root fresh weight (g/plant) of Sorghum bicolor (L.) Moench. cv GP-10
grown 4 weeks at 32◦C, fertilized with Hoaglands-and-Arnon complete nutrient solu-
tion (100 mL/pot) (500 mg/L), ± Benlate DF or Benlate WP (100 mL/pot) (0, 1, 2,
and 3 applications) (600 mg benomyl a.i./L), ± 3 cm granular charcoal on the sand
surface. Each value is the average of five replications. Bars with the same letter are
not significantly different as separated by the mean standard errors.

Mineral nutrient content of the roots from plants fertilized with H&A was
not significantly different between ± charcoal for any ion except for Ca which
was about 4× greater in roots grown without the charcoal adsorptive surface in
the pots (Tables 9 and 10). In pots without charcoal, root Al content was about
the same as in the pots with charcoal. Similar responses were found in shoots
except that Ca content was not different between ± charcoal treatments, Al was
>10× higher in minus treatments without charcoal and manganese (Mn) was
higher in the presence of charcoal.

D. Discussion

The major observation from these experiments is that the presence of an adsorp-
tive surface in the rooting medium greatly ameliorates the influence of massively
excessive Benlate DF, Benlate WP, and fertilizer type (Figs. 1 through 6). This
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Figure 5 Shoot length (cm) of Sorghum bicolor (L.) Moench. cv GP-10 grown 4
weeks at 32◦C, fertilized with Hoaglands-and-Arnon complete nutrient solution (100
mL/pot) (500 mg/L), ± Benlate DF or Benlate WP (100 mL/pot) (0, 1, 2, and 3 appli-
cations) (600 mg benomyl a.i./L), ± 3 cm granular charcoal on the sand surface. Each
value is the average of five replications. Bars with the same letter are not significantly
different as separated by the mean standard errors.

is explicable on the basis of a removal by the charcoal (or other adsorptive sur-
face) of immediate root exposure to some substance (4) and the maintenance of
conditions without acid soil stress in the root zone (pH ≥ 5.0). The influences of
soil type on benomyl uptake have been known for at least two decades (5–11).
Presence of MBC (the major benomyl degradation product) in leaves of elm
seedlings, as amended by planting substrates, was sand > silt loam soil > silt
loam + perlite, and peat. Peat moss added to sand reduced benomyl uptake and
benomyl was adsorbed to soil but not sand (5–9).

In soils fertilized with ammonium-nitrogen (NH+
4 −N), roots induce an

increased hydrogen (H+) ion efflux with a resultant decrease in soil pH (10).
The interaction of Mg deficiency in the presence of low soil pH induced Al
stress has been shown to be highly cultivar-dependent (11). At soil pH 4.8,
Al decreased Mg absorption without major root damage, but the Al induced



198 Wilkinson et al.

Figure 6 Shoot fresh weight (g/plant) of Sorghum bicolor (L.) Moench. cv GP-
10 grown 4 weeks at 32◦C, fertilized with Hoaglands-and-Arnon complete nutrient
solution (100 mL/pot) (500 mg/L), ± Benlate DF or Benlate WP (100 mL/pot) (0, 1,
2, and 3 applications) (600 mg benomyl a.i./L), ± 3 cm granular charcoal on the sand
surface. Each value is the average of five replications. Bars with the same letter are
not significantly different as separated by the mean standard errors.

Mg deficiency accounted for the growth reaction. Chlorophyll contains Mg, and
Mg-deficient plants become chlorotic.

Benlate DF did not consistently influence plant growth (Figs. 1 through 3)
except when growth was very active with a balanced fertilizer (Figs. 4 through
6). But, when charcoal was present, excessive Benlate DF applications were not
a serious detriment to plant growth (Figs. 1 through 6).

Nutrient contents were not seriously imbalanced except for the shoot Al
contents (Tables 1 through 4). And Al contents were greater in the shoots grown
in CF than in shoots grown in H&A (Tables 2 and 4). The pH of the CF (500
mg/L) was about 4.0. Plant response to pH indicates that this is the equivalent of
an imposed acid soil stress, which is highly deleterious to plant growth (12–21).
The major problems in acid soils are associated with excess concentrations of
H+, Mn2+, and Al3+ (22–24). Excess Mn2+ was not supplied in the CF but
Al3+ was available in the sand, which would be extracted and become soluble at
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Table 9 Root Mineral Nutrient Content (µg/g DW) of Sorghum bicolor
(L.) Moench. cv GP-10 from Plants Grown 4 Weeks at 32◦C, Fertilized
Weekly with 100 mL/Pot of Hoagland-and-Arnon Complete Mineral
Nutrient Solution ± Charcoal and Treated with Benlate DF or WP
(100 mL/Pot of 600 mg a.i./L)a

Element (µg/g DW)

Sulfur Phosphorus
Benlate
applications +b − + −
0 4886abc 2657c 1492b-e 979f
DF 1 4774ab 1914d 1585bcd 1215de

2 4395ab 1663e 1402cde 1129ef
3 5218a 2416c 1439cde 1688abc

WF 1 4959ab 1983d 1614bc 1685abc
2 5309a 2724c 1865ab 1954a
3 4123b 2358c 1449b-e 1597bc

Zinc Manganese

+b − + −
0 120ab 67de 106b 12f
DF 1 88c 60e 113ab 15e

2 124ab 62e 110ab 16e
3 176a 72de 121ab 23d

WF 1 144a 28f 141a 22d
2 106bc 31f 108b 24d
3 80cd 25f 66c 23d

Iron Magnesium

+b − + −
0 390b 559a 1363h 2475cd
DF 1 396b 351b 1570gh 2752bc

2 577a 353b 1722fg 2169de
3 311bc 365b 1719fg 3154ab

WF 1 396b 227cd 1891ef 3143ab
2 289bcd 188bcd 2221de 3368a
3 361b 174d 1744efg 3105ab

(continued)
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Table 9 (Continued)

Element (µg/g DW)

Calcium Aluminum
Benlate
applications +b − + −
0 2375g 6280d 475efg 1856a
DF 1 2525fg 7565c 439g 1009ab

2 2529fg 9428b 468ef 446fg
3 2417g 9670ab 483efg 489efg

WF 1 2769ef 11614a 595c 520ef
2 3155e 12371a 452fg 758b
3 2502fg 9120bc 535d 693b

Zinc Boron

+b − + −
0 5.9a 5.3ab 14.6c 38.8a
DF 1 5.2ab 3.9b 3.5c 29.3ab

2 4.8ab 3.7b 3.1c 21.6abc
3 5.6a 5.6a 2.8cd 17.2bc

WP 1 5.5a 4.1b 2.8cd 9.1c
2 4.5ab 5.2ab 2.9cd 16.5bc
3 3.6b 5.0ab 2.1d 17.1bc

aEach value is the average of five replications.
b+, with charcoal (3 cm); −, without charcoal.
cValues within an element followed by the same letter are not significantly different
as determined by the mean standard errors.

low pH (25–27). Therefore, these data are explicable as a charcoal modification
of the substances available to the roots, so that nutrient imbalance could not
create deleterious growing conditions.

The basic problem is the presentation of acid soil stress to the roots.
Excess H+ (low pH) inhibits root growth in length and the roots turn brown
black (13). The color is indicative of high polyphenol oxidase activity when
root parenchyma plasma membranes have been disrupted (28). Injured roots are
not selective in what is absorbed. The low pH assures that a high concentration
of Al will be available in the soil solution (16,25–27), and availability of Al
to the roots is, in turn, highly toxic to the roots and shoots (10,11,22,25–29).
Therefore one of the problems in this multistress syndrome is the induction
of acid soil stress, which presents excess Al3+ to the roots, which in turn is
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Table 10 Shoot Mineral Nutrient Content (µg/g DW) of Sorghum
bicolor (L.) Moench. cv GP-10 from Plants Grown 4 Weeks at 32◦C,
Fertilized Weekly with 100 mL/Pot of Hoagland-and-Arnon Complete
Mineral Nutrient Solution ± Charcoal, and Treated with Benlate DF
or WP (600 mg a.i./L)a

Element (µg/g DW)

Sulfur Phosphorus
Benlate
applications +b − + −
0 2727cdc 2029e 2881b 1861c
DF 1 2960abc 3369a 3958a 3592a

2 3126abc 3194ab 3377ab 3684a
3 2872bcd 3149abc 3208ab 3345ab

WF 1 2464cd 2389de 3077ab 3227ab
2 2924bc 2916bc 3534a 3538a
3 3239ab 2631cd 3297ab 3051b

Zinc Manganese

+b − + −
0 70a 40b 200bc 30f
DF 1 73a 34b 273a 42e

2 72a 35b 219ab 43de
3 76a 35b 238ab 50d

WF 1 54a 21c 193c 35ef
2 62a 23c 209bc 37e
3 65a 19c 191c 37e

Iron Magnesium

+b − + −
0 85a 98a 3776d 2476e
DF 1 116a 198a 5113ab 3803d

2 105a 141a 5007abc 3811d
3 95a 77a 5044abc 4017d

WF 1 79a 64b 4548bc 3694d
2 83a 84a 5175a 3937d
3 213a 57b 4443c 3988d

(continued)



202 Wilkinson et al.

Table 10 (Continued)

Element (µg/g DW)

Calcium Aluminum
Benlate
applications +b − + −
0 4460de 3665f 24c 1203a
DF 1 5527abc 4738cd 14c 442ab

2 5090bcd 4259e 13c 657ab
3 4638de 5304abc 26c 640ab

WF 1 4479de 6073a 14c 222ab
2 4758cd 5769ab 106c 36c
3 4498de 5123a-d 14c 20c

Copper Boron

+b − + −
0 6.4ab 3.6d 2.8e 31.9a
DF 1 7.3a 5.3bc 4.7d 49.5a

2 6.6ab 5.5bc 3.1e 11.9c
3 7.0ab 6.2ab 2.5e 4.4de

WP 1 5.7abc 5.3bc 3.1e 0.7f
2 5.6bc 5.5bc 2.5e 13.7bc
3 5.0c 5.4bc 2.6e 4.2de

aEach value is the average of five replications.
b+, with charcoal (3 cm); −, without charcoal.
cValues within an element followed by the same letter are not significantly different
as determined by the mean standard errors.

highly toxic to the roots and shoots. A second problem associated with acid
soil stress is the excess Mn2+ availability (22–24). Manganese is a requisite
ion used as a cofactor in gibberellic acid (GA) biosynthesis (12). Yet different
sorghum cultivars respond totally differently to Mn2+ concentrations (18), and
while one cultivar is highly susceptible at low Mn2+ concentration and does
not grow or dies, another cultivar is almost totally resistant to a high Mn2+
concentration (18). Additionally, high Mn2+ concentrations at the root surface
have been shown to induce high indoleacetic acid (IAA) oxidase activity (28),
which induces massively decreased root growth and is reversed by the addition
of exogenous IAA supply (13). Therefore, the induction of an acid soil stress
by repeated applications of fertilizer (pH 4.0) must be considered as a seriously
detrimental influence on plant growth.
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The overall damage to container-grown plants in the presence of massively
excessive rates of Benlate DF has been shown to be a multistress syndrome in
which synergistic responses to high temperature, fertilizer imbalance, low pH,
and composition of the potting root medium are present. Reduction of any stress:
growth of plants at decreased temperatures (40◦C), balanced fertilizer at neutral
pH, type of fertilizers, or presence of a highly adsorptive potting medium results
in a greatly diminished plant response to this multistress syndrome. Comparison
of Benlate-untreated plants ± charcoal indicates the degree of response of plants
to this highly deleterious multistress syndrome.
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III. REVERSAL BY MAGNESIUM OF SUPPOSED BENLATE
DF–INDUCED GROWTH RESPONSES

A. Introduction

Benlate DF [dry flowable formulation of (methyl-1-butylcarbamoyl)-2-benzimi-
dazole carbamate] has been putatively implicated in growth inhibitions in the
container-grown, ornamental horticultural industry (1). Researchers have been
unable to document this to be a response to any contaminant in the Benlate
DF (2).

Using a sorghum cultivar [Sorghum bicolor (L) Moench. cv GP-10] that is
highly responsive to stress, plant growth was responsive to the type of fertilizer
applied in sand culture, temperature, and presence of an adsorptive surface in
the rooting medium (see Secs. I and II of this chapter). A commercial fertilizer
(CF) commonly utilized in this industry has a pH 4.0 at 500 mg/L and pH 3.5 at
1000 mg/L; applications of fertilizer solution at this pH induces acid soil stress
(3–15). Additionally, application of ammonium-nitrogen (NH+

4 −N) fertilizers
induced an excess hydrogen (H+) ion efflux by the roots, resulting in a low soil
pH (16). Growth parameters and mineral element analyses showed inhibitions of
shoot length (cm), root fresh weight (FW) (g/plant), and shoot FW (g/plant) when
plants were fertilized with NH+

4 -based fertilizers that were highly correlated
with the quantity of aluminum (Al) (µg/g DW) in the foliage (see Sec. II of this
chapter).

Recently, Al toxicity was shown to be highly correlated to the type of N
supplied in the fertilizer (15–19). In the presence of nitrate-nitrogen (NO−

3 −N),
Al slightly decreased root elongation; but, when NH+

4 −N was present, the highly
deleterious responses were correlated with magnesium (Mg2+) deficiency (15–
19) and resulted in root impairment. Sorghum cultivars varied in their responses
to Al (1,6–8,19).

Since the CF supplies a low concentration of Mg2+ and utilizes, partially,
a NH+

4 form of N, it is possible that the addition of extra Mg2+ might reverse
these problems.

B. Methods and Materials

Ten sorghum (cv GP-10) seeds were planted 1 cm deep in ‘‘white quartz
flintshot’’ sand contained in 10-oz nestable plastic cups (9-cm-diam top, 13 cm
deep). The pots were treated with 100 mL/pot Benlate DF (600 mg/L) weekly.
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Weekly commercial fertilizer applications (500 mg/L) of 100 mL/pot were made.
Water status was maintained at field capacity daily using deionized water. Mag-
nesium sulfate (100 mL of 0, 10, 20, 40, 80, 160, or 320 mg/L) was added
weekly. After 4 weeks of growth at 32◦C, plants were harvested for root fresh
weight (FW) (g/plant), shoot length (cm), and shoot FW (g/plant).

Mineral contents were analyzed by published procedures utilizing per-
chloric acid digestion and atomic absorption spectrometry (8). Five replications
were utilized and data were subjected to analysis of variance on a randomized
complete block design. Means were separated by standard errors.

C. Results

Addition of MgSO4 (20 mg/L) induced significantly increased growth of plants
exposed to excessive Benlate DF to growth levels equivalent to the untreated
control pots (Figs. 7, 8, and 9). Addition of MgSO4 >20 mg/L induced pro-
gressively decreased growth.

Figure 7 Shoot length (cm) of Sorghum bicolor (L.) Moench. cv GP-10 after 4 weeks
of growth at 32◦C, fertilized with commercial fertilizer (100 mL/pot/week) (500 mg
CF/L), + Benlate DF (100 mL/pot/week) (600 mg/L). �, � = ± MgSO4 (0, 10, 20, 40,
80, 160, or 320 mg/L). Each point is the average of five replications. Points followed
by the same letter are not significantly different as determined by least significant
differences.
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Figure 8 Shoot fresh weight (g/plant) of Sorghum bicolor (L.) Moench. cv GP-10 af-
ter 4 weeks of growth at 32◦C, fertilized with commercial fertilizer (100 mL/pot/week)
(500 mg CF/L), + Benlate DF (100 mL/pot/week) (600 mg/L). �, � = ± MgSO4

(0, 10, 20, 40, 80, 160, or 320 mg/L). Each point is the average of five replications.
Points followed by the same letter are not significantly different as determined by least
significant differences.

Root mineral ion content increased (i.e., S, P, Mn, Mg, and Cu) as the
concentration of Mg mg/L increased when Benlate DF was absent (Table 11).
In the presence of excessive rates of Benlate DF, S, Fe, and Mg mineral ion
contents increased as Mg fertilization increased. In shoots, Mg induced signifi-
cantly increased mineral ion contents (± Benlate DF in S, P, Zn, Mn, Fe, Mg,
Al, and Cu) (Table 2). Calcium (Ca) content decreased (± DF).

D. Discussion

Growth at 32◦C without MgSO4 and in the presence of Benlate DF was equiv-
alent to similar treatments published previously (see Secs. I and II above). In-
fluence of excessive application rates of Benlate DF in the presence of an acid
soil stress–inducing incomplete mineral ion fertilization regime is shown by the
decreased root FW (g/plant), shoot length (cm), and shoot FW (g/plant) (Figs. 7,
8, and 9). Reversal of the postulated Benlate DF influence by the addition of
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Figure 9 Root fresh weight (g/plant) of Sorghum bicolor (L.) Moench. cv GP-10 after
4 weeks of growth at 32◦C, fertilized with commercial fertilizer (100 mL/pot/week)
(500 mg CF/L), + Benlate DF (100 mL/pot/week) (600 mg/L). �, � = ± MgSO4

(0, 10, 20, 40, 80, 160, or 320 mg/L). Each point is the average of five replications.
Points followed by the same letter are not significantly different as determined by least
significant differences.

20 mL/L (Figs. 7, 8, and 9) indicates an influence of the fungicide on either (a)
ion uptake by roots, (b) modification of the low CF Mg2+ content to a more
balanced fertilizer ratio, or (c) deactivation of the NH+

4 influence on acid soil
stress.

Addition of MgSO4 to the soil solution altered the root ion content (Ta-
ble 11). This is in accordance with previously published data (see Secs. I and
II above) (15,17–19) showing that roots absorb whatever is available in the soil
solution (9). But variations occur. Calcium contents (± DF) decreased. There-
fore, the addition of MgSO4 (± Benlate DF) decreased Ca uptake. Since (a) Ca
concentration in the CF was very low initially (Sec. I above), (b) Ca concentra-
tion plays an important metabolic role as a cytosolic secondary messenger with
normal concentrations near 10−6 µM on a DW basis (20), and (c) the Ca con-
centrations shown in Table 11 are a bit high so that internal metabolism would
be disrupted, a decrease in Ca content would be expected to be beneficial.
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Table 11 Root Mineral Element Content (µg/g Dry Weight) of
Sorghum bicolor (L.) Moench. cv GP-10 Exposed to Benlate DF
(1200 mg/L) Weekly and Fertilized (100 mL/Pot of 500 mg/L)
Commercial Fertilizer Weekly; Magnesium Sulfate Was Added Weeklya

Element (µg/g DW)

Sulfur Phosphorus
Magnesium
sulfate
concentrations
(mg/L) − +b − +

0 2675de2 2362def 3976b 4689b
10 2378de 1706f 3806b 4185b
20 2868de 3081cd 3469bc 5199b
40 4212bc 2397de 4198b 3591bc
80 4676b 2015ef 4298b 3310c

160 4379bc 2955d 3805bc 4265b
320 7167a 4792b 7937a 4063b

Zinc Manganese

− + − +
0 252a 136bc 47bc 37d

10 191a 128bc 41cd 47bc
20 169abc 187ab 36d 67a
40 197a 128bc 36d 41cd
80 184abc 66d 37d 41cd

160 116c 50d 40cd 41cd
320 137bc 66d 80a 45c

Iron Magnesium

− + − +
0 626bc 292d 1092f 1071f

10 578c 327d 1231f 1112f
20 603bc 484c 1301ef 1883de
40 567c 537c 2519cd 1619e
80 601bc 336d 2912c 1835e

160 694b 330d 3022bc 3120bc
320 457cd 1253a 5537a 3936b

(continued)
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Table 11 (Continued)

Element (µg/g DW)

Calcium Aluminum
Magnesium
sulfate
concentrations
(mg/L) − + − +

0 1638a 1079b 742a 356e
10 1162b 850bc 782a 342e
20 1301b 1100b 631bc 542bcd
40 924bc 747cd 645b 512cd
80 868bc 638de 671ab 330e

160 700d 714cd 734ab 626bcd
320 578e 616de 540cd 405de

Copper

− +
0 16.5bc 12.9cde

10 17.5bc 9.5ef
20 17.1bc 14.3bcd
40 18.3b 10.3de
80 22.7a 7.8g

160 17.8b 8.0fg
320 27.1a 11.5de

aEach value is the average of five replications at 4 weeks after planting and growth
at 32◦C.

b+, Benlate DF treatment weekly; −, 0 Benlate DF.
cValues within an element followed by the same letter are not significantly different
as determined by the mean standard errors.

Similar responses were observed in shoots (Table 12) except that Al con-
tents were significantly increased as Mg concentration increased and ± Benlate
DF did not alter this response (Table 12).

These data, then, demonstrate a growth-inhibitory response of plants to a
CF that was reversed by the addition of 20 mg/L MgSO4. This is indicative of
mineral fertilizer imbalance as well as the imposition of acid soil stress onto the
plants.

Aluminum hexahydrate (Al[OH]3+
6 hereafter called Al3+) solubility is very

low at cytosolic pH (i.e., ∼pH 6.0) (21–24). But Al3+ attaches to enzymes that
normally utilize Mg2+ as a cofactor and the Al3+ dissociates from those en-
zymes so slowly that 1 µM Al3+ effectively competes for action sites with
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Table 12 Shoot Mineral Element Content (µg/g Dry Weight) of Sorghum
bicolor (L.) Moench. cv GP-10 Exposed to 100 mL/Pot Benlate DF
(1200 mg/L) Weekly and Fertilized with (100 mL/Pot of 500 mg/L)
Commercial Fertilizer Weekly; Magnesium Sulfate Was Added Weeklya

Element (µg/g DW)

Sulfur Phosphorus
Magnesium
sulfate
concentrations
(mg/L) − +b − +

0 1412hc 2179g 7147bcd 8515bc
10 1630h 1523h 6169d 6862cd
20 2248g 2366fg 6554d 7071bcd
40 3839d 3088ef 6993cd 8814b
80 5325c 3458def 8204bc 8652bc

160 7150b 3461de 8701b 6890cd
320 8443a 4626c 12351a 8366bc

Zinc Manganese

− + − +
0 44b 35b 57c 62bc

10 33bc 22d 54cd 46e
20 33bc 23d 54cd 51cd
40 33bc 33bc 48de 75b
80 37b 31bcd 55c 70bc

160 42b 26d 82b 57c
320 81a 28cd 196a 61bc

Iron Magnesium

− + − +
0 71cd 63de 1272h 2164fg

10 61de 54e 2006g 1943g
20 62de 56e 3033e 2548f
40 63de 75cd 4273d 5059c
80 75cd 83bcd 5870c 5690c

160 85bc 75cd 7249b 5436c
320 135a 94b 10248a 7572b

(continued)
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Table 12 (Continued)

Element (µg/g DW)

Calcium Aluminum
Magnesium
sulfate
concentrations
(mg/L) − + − +

0 2487a 1520bcd 67b 35bc
10 1895b 992ef 36bc 29c
20 1830b 1232cde 31bc 39b
40 1625bc 1150de 25c 42b
80 1146de 1016ef 25c 193ab

160 1089e 682g 25c 113b
320 803fg 556h 58b 231a

Copper

− +
0 8.1c 9.8b

10 7.2c 7.7c
20 8.2c 9.1bc
40 8.1c 11.0b
80 9.8b 11.9b

160 12.4ab 12.5ab
320 14.7a 9.1bc

aEach value is the average of five replications at 4 weeks after planting and growth
at 32◦C.

b+, Benlate DF treatment weekly; −, 0 Benlate DF.
cValues within an element followed by the same letter are not significantly different
as determined by the mean standard errors.

10 mM Mg2+ (21–23). These include the energy producing systems (i.e., Mg-
ATPase) as well as sterol synthesis and other enzyme systems utilize Mg2+ as
a cofactor. Sterols are requisite for membrane function and membranes become
leaky when the sterol quantity is deficient. Thus, Al3+ produces deleterious
results with Mg2+-containing enzymes and/or any oxygen rich (i.e., PO4) con-
taining component (21–23). Al3+ solubility is increased very markedly in soil
solutions pH ≤5.0 (21–23). Therefore, application of fertilizers at pH ≤5.0 is
equivalent to the application of an extremely toxic Al3+ solution (18,19).

Recently, acid soils (i.e., pH <4.5) have been shown to develop when NH+
4

is used as a N-fertilizer (16). This results in Al3+ toxicity, which induces Mg2+
deficiency (18,19). The CF utilized herein contains 3.96% NH+

4 −N, 5.61%
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NO−
3 −N, and 10.43% urea-N. The NH+

4 −N, per se, influences soil pH and
induces Al3+ toxicity and Mg2+ deficiency (16–19). The urea degrades (1 urea
→ 2 NH+

4 + CO2) (24,25) and further exacerbates the acid soil problem. Ad-
ditionally, urea, per se, is tolerated by plant leaves at <5 to 15 lb urea/100 gal
water (24). Application of the CF to foliage at 1000 mg/L water was equivalent
to ∼0.83 lb urea/100 gal water. But growers often utilize much higher fertilizer
rates, and this may induce deleterious results on the foliage due to the urea
(24–28) before it decomposes to NH+

4 −N and induces acid soil stress problems.
Thus, the deleterious responses of plants postulated to implicate Benlate

DF have been shown to be a multistress syndrome which includes (a) high
temperature (see Sec. I above), (b) low adsorptive surface within the treated
root region (see Sec. II above), (c) imbalanced mineral nutrition (herein), and
(d) acid soil stress (see Secs. I and II above). Since (a) cytosolic Ca2+ con-
centration is tightly controlled, (b) Mg2+ is requisite for chlorophyll and sterol
synthesis, (c) Mn2+ is requisite for carotenoid and gibberellin (GA) synthesis,
and (d) Zn+ is requisite to indoleacetic acid (IAA) synthesis, the data contained
herein explain the postulated Benlate DF influence as a multistress syndrome
that can be alleviated by removal of any of the individual stresses, most notably
Mg2+ deficiency. It is still possible that Benlate DF may influence mineral ion
uptake. If so, this factor might further confound the condition. But the chlorotic-
necrotic leaves, stunting, curled leaves, and blackened roots are all symptomatic
of plant growth under acid soil stress plus imbalanced fertilizer application. And
addition of MgSO4 (20 mg/L) reversed the syndrome.
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IV. INFLUENCE OF METHYL-BENZIMIDAZOLCARBAMATE
(MBC), BENOMYL, AND BENLATE DF FORMULATE
ON PLANT GROWTH

A. Introduction

Benomyl ([methyl-1-butylcarbamoyl]-2-benzimidazolecarbamate) is a systemic
fungicide that degrades, T1/2 = 7 hr, to methyl-1H-benzimidazolecarbamate
(MBC) (1). However, benomyl water solubility is only 3.8 µg/L (2), so that
excessive applications of benomyl could result in exposure to benomyl per se
for extended periods of time.

Benlate DF (dry flowable) is a 50% a.i. formulation of benomyl and was
shown to be an insignificant factor in deleterious plant responses to a multistress
syndrome that included the influence to high temperature, imbalanced fertilizers
including absence of calcium and deficient levels of magnesium, and lack of
adsorbent material in the rooting medium (see Secs. I to III above). The Benlate
DF factor was reversed by the addition of 20 mg Mg+/L into the fertilizer (3).
Since Benlate DF is composed of equal portions of benomyl and a complex
formulate, either portion might be the cause of the minor growth responses
documented to occur when massively excess applications of Benlate DF were
applied (see Secs. II and III above).

Thus, a question remaining was the response of plants to the long-lived
degradation product (MBC) of benomyl, benomyl per se, and the Benlate DF
Formulate.
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B. Methods and Materials

1. MBC Concentrations

Ten Sorghum bicolor (L.) Moench. cv GP-10 seeds were planted 1 cm deep in
‘‘white quartz flintshot’’ sand contained in 10 oz nestable plastic cups (9-cm
diam top, 13 cm deep), and the plants were grown for 4 weeks at 32◦C. Weekly
fertilization was 100 mL of Hoagland-and-Arnon complete mineral nutrient so-
lution (H&A) (3). Initial chemical treatments were MBC (0, 4.75, 9.5, 19.0, and
38.0 mg/L). At 4 weeks after planting (WAP), the plants were harvested for
root fresh weight (FW) (g/plant), shoot length (cm), and shoot FW (g/plant).
Five replications were utilized. Data were subjected to analysis of variance on
a randomized complete block design. Means were separated by standard errors.

2. Benomyl Concentrations

In sand culture at 32◦C (see above) sorghum (GP-10) was grown for 4 weeks
with weekly applications of H&A (100 mL/pot/week) + initial applications of
benomyl (0, 4.5, 9, 18, 36, or 72 mg/L). Five replications were utilized and data
were subjected to statistical analysis as described above.

3. Formulate Concentration

As in benomyl concentration study.

C. Results

1. MBC Concentrations

Root FW (g/plant) was not significantly decreased at any level of MBC concen-
tration (Table 13). Root FW was significantly increased at 38 mg/L MBC. Shoot
length (cm) was not significantly influenced by MBC. Shoot FW (g/plant) was
significantly increased by all MBC treatments.

2. Benomyl Concentrations

Massively excessive benomyl concentrations (72 mg/L) decreased shoot length
(cm) by 15%, shoot fresh weight (g/plant) by 22%, and root fresh weight
(g/plant) by 20% (Table 14).

3. Formulate Concentrations

Massively excessive applications (72 mg/L) of the formulate in Benlate DF
did not induce statistically significant changes in shoot length (cm) or root
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Table 13 Growth of Sorghum bicolor (L.) Moench. cv GP-10 After
4 Weeks at 32◦C with Weekly Treatments of 100 mL/Pot
Hoagland-and-Arnon Complete Mineral Nutrient Solution plus Initial
Applications of Methyl-1H-Benzimidazolecarbamate (MBC)a

MBC Shoot length Shoot fresh weight Root fresh weight
(mg/L) (cm) (g/plant) (g/plant)

0 49.2bb 1.18c 1.02c
4.75 52.0ab 1.69b 1.12b
9.50 53.8a 1.73b 1.23ab

19.00 54.2a 1.87a 1.27a
38.00 54.2a 1.87a 1.27a

aEach value is the average of five replications.
bValues in a column followed by the same letter are not significantly different as
determined by the mean standard errors.

fresh weight (g/plant) (Table 15). Shoot fresh weight (g/plant) was significantly
decreased (19%) by 72 mg/L Benlate DF formulate.

D. Discussion

A major benomyl degradation product, MBC, did not consistently induce sig-
nificantly decreased root FW (g/plant) shoot length (cm) or shoot FW (g/plant)
(Table 13).

Table 14 Growth of Sorghum bicolor (L.) Moench. cv GP-10 After 4
Weeks Growth at 32◦C and Weekly Fertilization with Hoagland-and-Arnon
Complete Mineral Nutrient Solution (100 mL/Pot) + Initial Applications
of Benomyla

Benomyl Shoot length Shoot fresh weight Root fresh weight
(mg/L) (cm) (g/plant) (g/plant)

0 62.2ab 2.08a 1.87a
4.5 61.0ab 1.69b 1.58b
9 58.2b 1.79b 1.79a

18 58.0b 1.61b 1.63a
36 52.4c 1.22c 1.05c
72 53.2c 1.62b 1.49b

aEach value is the average of five replications.
bValues in a column followed by the same letter are not significantly different as
determined by the mean standard errors.
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Table 15 Growth of Sorghum bicolor (L.) Moench. cv GP-10 After 4
Weeks Growth at 32◦C and Weekly Fertilization with Hoagland-and-Arnon
Complete Mineral Nutrient Solution (100 mL/Pot) and Single Initial
Applications of Benlate DF Formulatea

Formulate Shoot length Shoot fresh weight Root fresh weight
(mg/L) (cm) (g/plant) (g/plant)

0 56.0abb 1.72a 1.89a
4.5 51.2c 1.12c 1.27c
9 53.2bc 1.57ab 1.67ab

18 56.4a 1.53ab 1.82a
36 52.8c 1.66a 1.52b
72 53.2bc 1.40b 1.58ab

aEach value is the average of five replications.
bValues in a column followed by the same letter are not significantly different as
determined by the mean standard errors.

Evaluation of the active ingredient, benomyl, and the Benlate DF For-
mulate and plant growth did not reveal any consistent deleterious responses
except for a 15% decrease in shoot length in the presence of 72 mg/L benomyl
(Table 14) and a 19% decrease in shoot FW (g/plant) at 72 mg/L Formulate
(Table 15). These decreases in plant growth are relatively minor in comparison
to the major differences in growth that occurred between complete and incom-
plete mineral fertilizers or when organic adsorptive material was present in the
rooting medium.

Thus, in the multistress syndrome symptoms associated with the putative
‘‘Benlate DF problem,’’ the causative factors have been shown to be (a) applica-
tion of nutritionally imbalanced fertilizers, (b) low pH, (c) pots without sufficient
potting mix adsorptive surfaces, and (d) high temperature. Excessive applications
of Benlate DF can be marginally deleterious in the absence of any potting mix
adsorptive surface. But, this limited problem is more a response to temperature,
adsorptive surface, and pH than to the fungicide. The major benomyl degradation
product, MBC, did not induce consistent plant growth reductions.
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V. BENLATE DF INFLUENCE ON SORGHUM GROWTH

A. Introduction

Benlate DF is a 50% a.i. formulation of benomyl (methyl-1-[butylcarbamoyl]-
2-benzimidazolecarbamate) that has been reported to induce ‘‘cytokinin’’ type
responses in plants as well as inducing mild growth stimulations (1–9). The
growth stimulations induced by benomyl were reported to be highly correlated
with disease control.

The form of nitrogen (N) applied to plants has been reported to have
major influence on plant growth (10–12). Plants treated with ammonium-nitrogen
developed leaf chlorosis and necrosis (12) in high light intensity (11), but in
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low light intensity the plants were less affected (11). Ammonium was shown
to induce the development of acid-soil-stress in soils (12,13). The low soil pH
induced by NH+

4 −N caused an increased Al3(OH6)−3 (hereafter called Al3+)
availability in the soil (13–15) and Al3+ has been shown to be highly toxic to all
biological systems (14,15). Additionally, the Al3+ toxicity in acid soil stress was
demonstrated to be correlated with an induced magnesium (Mg2+) deficiency
(16,17) so that leaf and root growth were significantly impaired (13,16,17).

Symptoms of the putative Benlate DF damage to plants in the ornamental
container-grown horticulture industry (18) (i.e., stunted dark brown-black roots
and chlorotic-necrotic shoots) were shown to be totally reversed by the addition
of low concentrations of MgSO4 to the commercial fertilizer commonly utilized,
which has a very low Mg2+ content and is devoid of calcium (Ca2) (see Secs.
I and III above).

Previous studies in this laboratory on the putative Benlate DF damage
to greenhouse-grown plants utilized application rates of Benlate DF greatly in
excess of the registered legal application rates to ornamental crops (see Sec. II
above) (19,20). Therefore, questions arose as to (a) the influence of Benlate DF
on plant growth when the Benlate DF was applied at normal application rates
and (b) whether excessive concentrations of Benlate DF could induce injury to
plants.

B. Methods and Materials

Ten sorghum (cv GP-10) seeds/pot were planted 1 cm deep in sterile white
quartz flintshot sand contained in 10-oz nestable plastic cups (9-cm diam top,
13 cm deep). The pots were treated with Benlate DF (0, 1.12, 2.24, 4.48, 8.96,
17.92, 35.84, or 71.68 kg/ha) (0, 1, 2, 4, 8, 16, 32, or 64 lb/A) at the initial
watering. Fertilization was 100 mL/pot/week of (a) commercial fertilizer (CF)
(1000 mg/L), (b) CF + MgSO4 0.08 mL 1N MgSO4, (c) Hoagland-and-Arnon
complete mineral nutrient solution (H&A) (20), or (d) H&A + MgSO4 (0.08
mL 1N MgSO4/L). Maintenance of optimum pot water status utilized deionized
water as needed. After 4 weeks growth (greenhouse), plants were harvested for
root fresh weight (RFW) (g/plant), shoot length (cm), and shoot fresh weight
(SFW) (g/plant). All data were subjected to analysis of variance on a randomized
complete block design and data are presented utilizing the standard errors.

C. Results and Discussion

Basic data are shown in Figures 10 to 12. In all fertilizers, Benlate DF (2.24 to
17.92 kg/ha) (2 to 16 lb/A) induced equal to or greater growth than was found
in the Benlate DF-untreated plants. The legal registered foliar application rate
of Benlate DF to ornamental crops approximates 1.68 kg/ha (1.5 lb/A) (19).
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Figure 10 Shoot length (cm) of sorghum [Sorghum bicolor (L.) Moench. cv GP-10]
after 4 weeks of growth in sand and fertilization (100 mL/pot/week) with incomplete
commercial fertilizer (CF) (1000 mg/L) or Hoagland-and-Arnon (H&A) complete min-
eral nutrient solution ± 0.08 mL 1N MgSO4/L ± Benlate DF (2.24 kg/ha). Points with
the same letters are not significantly different as determined by standard errors of the
means.

Decreased growth induced by Benlate DF was observed at >35.84 kg/ha (32
lb/A) or the equivalent of 20× the legally registered Benlate DF application rate.

Influence of Benlate DF on plant growth is shown in Figures 10 to 12.
In plants fertilized with CF, shoot length (cm) (Fig. 10), shoot FW (g/plant)
(Fig. 11), and root FW (g/plant) (Fig. 12) were increased by Benlate DF (2.24
kg/ha) (2 lb/A). Addition of Mg2+ to CF did not further increase growth (Figs. 10
to 12) over that shown in the presence of Benlate DF (2.24 kg/ha) (2 lb/A).

The influence of Mg2+ availability in the fertilizer is shown in Figure 13.
There was a significant linear increase of shoot length with Mg2+ application.

The CF pH was <3.5 and is composed of NH+
4 −N (3.96%) and urea

(10.43%). Urea decomposes to 2 NH+
4 + CO2. Therefore, the CF created a

severe acid-soil-stress syndrome around the roots. This was alleviated by the
addition of Mg2+ (Figs. 10 to 13) or the addition of Benlate DF (<17.92 kg/ha)
(16 lb/A) (Figs. 10 to 12). These Benlate DF–induced growth increases were in
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Figure 11 Shoot fresh weight (g/plant) of sorghum [Sorghum bicolor (L.) Moench.
cv GP-10] after 4 weeks of growth in sand and fertilization (100 mL/pot/week) with
incomplete commercial fertilizer (CF) (1000 mg/L) or Hoagland-and-Arnon (H&A)
complete mineral nutrient solution ± 0.08 mL 1N MgSO4/L ± Benlate DF (2.24
kg/ha). Points with the same letters are not significantly different as determined by
standard errors of the means.

sterile sand (initially) or in sufficient Benlate DF to prevent the establishment of
pathogens. Therefore, there is some totally unexplained response of the plants
to Benlate DF that strongly resembles an influence on mineral nutrient uptake.
Most likely candidates to explain this response are either Ca2+, Mg2+, or an
interaction between the two mineral elements. Magnesium (1 mM) induced a de-
creased 45Ca2+ absorption by sorghum root tips (1 cm) (21) while NH+

4 induced
an increased 45Ca2+ absorption (22). Similarly, Benlate DF (2 ppmw) induced
a decreased 45Ca2+ absorption by sorghum root tips (1 cm) (unpublished data).
Since Ca2+ acts as a second messenger in controlling cytoplasmic metabolism
(23), any modification of Ca2+ influx through the root plasma membrane (PM)
would create problems to the root. Roots normally absorb far more Ca2+ than is
requisite, and Ca2+ efflux through the PM is effected by the PM Ca2+ ATPases.
Alteration of that system would result in excess Ca2+ in the roots and induce
major metabolic problems.
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Figure 12 Root fresh weight (g/plant) of sorghum [Sorghum bicolor (L.) Moench.
cv GP-10] after 4 weeks of growth in sand and fertilization (100 mL/pot/week) with
incomplete commercial fertilizer (CF) (1000 mg/L) or Hoagland-and-Arnon (H&A)
complete mineral nutrient solution ± 0.08 mL 1N MgSO4/L ± Benlate DF (2.24
kg/ha). Points with the same letters are not significantly different as determined by
standard errors of the means.

Roots of plants grown in CF (0 Benlate DF) were approximately 4 cm
long (severely stunted) and dark brown. Shoots from those plants were stunted,
chlorotic, and necrotic. Addition of Mg2+ resulted in white healthy roots and
nonchlorotic shoots. But these CF + Mg2+ (0 Benlate DF) plants were inter-
mediate to the plants treated with H&A (0 Benlate) whose roots were white
and had grown to the bottom of the pot and then formed a mat. Root growth is
shown in Figure 12.

Since (a) low pH and Al3+ inhibit root elongation (24,25) and 45Ca2+ ab-
sorption (26,27), (b) the putative Benlate DF damage morphological symptoms
have been duplicated in cultures without Benlate DF, (c) the CF produces acid
soil stress problems, (d) these problems are reversed by Mg2+ which fits the
acid-soil-stress syndrome, and (e) Benlate DF (1.12–17.92 kg/ha) (1-16 lb/A)
has been shown to partially reverse the symptoms of the acid soil stress syn-
drome, the putative damage by Benlate DF has been completely explained by



224 Wilkinson et al.

Figure 13 Linear regression of sorghum [Sorghum bicolor (L.) Moench. cv GP-
10] shoot length (cm) with Mg2+ concentration. (Length = 28.38 + 0.818 Mg2+
concentration) (R2 = 0.745) (significance 0.01%).

an acid soil stress imposed on the plants by the utilization of a mineral ion
incomplete fertilizer which imposes a deleterious pH (<4.0) onto the plants.
This situation is further exacerbated by the presence of NH+

4 and urea in the CF
which induces even lower pH in the soil with associated increased acid soil stress
problems.

Finally, what is the influence of quantity of CF applied to plants? Using
H&A as a standard, CF at 1000, 2000, 3000, and 4000 mg/L were planted (10
seeds/pot) (five replications). After 3 weeks, numbers of emerged plants were
greatest in the H&A and decreased in CF at any level (Table 16). Numbers of
emerged plants remaining alive after 3 weeks was substantially decreased by CF
and was essentially zero (0) at CF >2000 mg/L (Table 16). Shoot length was
essentially a pattern of growth. In H&A complete mineral nutrient solution, the
plants thrived. In CF 1000 mg/L, the plants were chlorotic and necrotic and did
not thrive. At CF >2000 mg/L, the plants were chlorotic and necrotic and did
not thrive. At CF >2000 mg/L, the plants (when alive) were at the size that
could be supported by the nutrients in the seed. Then they died. This is a typical
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Table 16 Emergence, Survival, and Growth of 3-Week-Old
Sorghum [Sorghum bicolor (L.) Moench. cv GP-10] Exposed to
Hoagland-and-Arnon (H&A) Complete Mineral Nutrient Solution
or Incomplete Commercial Fertilizer (CF) at 1000, 2000, 3000,
or 4000 mg/L (100 mL/Pot/Week)a

Emerged Alive Alive Shoot
No. No. (% of length

Fertilizer (%) (%) germinated) (cm)

H&A 33ab 31a
(66) (62) 94 35.6a

CF 1000 29b 13b
(58) (26) 45 16.0b

CF 2000 23c 1c
(46) (2) 4 7.0c

CF 3000 25bc 1c
(50) (2) 4 7.0c

CF 4000 27bc 0c
(54) (0) 0 −d

aInitial plantings were 10 seeds per pot with five replications.
bValues in a column followed by the same letter are not significantly
different at the 5% level.

pattern of acid soil stress. GP-10 is a sorghum selection that has high tolerance
to acid soil stress and grows fairly well at soil pH >4.2. Below that soil pH,
the GP-10 fails to thrive. In other studies with the sorghum cultivar TAM428,
at pH <4.8 this cultivar germinates and grows to about 7 cm, then becomes
static, and subsequently dies (28). This pattern has been shown to be a response
to another characteristic of acid soil stress [i.e., excess manganese (Mn2+)], in
that isoprenoid biosynthesis is inhibited by excess Mn2+ in TAM428 but not
in cultivars tolerant to acid soil stress (29). Since acid soils present excess H+,
Mn2+, and Al3+ to plants (30–32), complete isolation of causes of deleterious
plant responses to the syndrome of acid soil stress cannot be absolutely certain.
But in the responses of GP-10 sorghum to CF and/or Benlate DF, two major
factors are evident. First, the responses of these plants were very typical of
responses to Al3+ toxicity–induced Mg2+ deficiencies and were reversed by the
addition of Mg2+ (10) (Figs. 10 to 13). Second, with Benlate DF <10×, the
legal registered application rate was not deleterious to plant growth (Figs. 10
to 12) and the responses to CF without added Mg2+ were reversed (Figs. 10
to 12).
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VI. INFLUENCE OF BENOMYL, BENLATE DF, AND
BENLATE WP ON THE CALCIUM (45Ca2+) UPTAKE BY
ROOTS OF SORGHUM AND MAIZE SEEDLINGS

A. Introduction

Benomyl [(methyl-1 butylcarbamoyl)-2-benzimidazolecarbamate] is a systemic
fungicide that has been reported to induce various plant-growth regulatory re-
sponses (1–10). The water solubility of benomyl is approximately 3.8 mg/L at
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20◦C (11). Yet, a drench application utilizes 2 pt/ft2 of a 1 lb/100 gal solution
(12). Since 1 lb = 453.6 g, 1 gal = 3.785 L; 1 qt = 946.25 mL:

1 lb Benlate DF

100 gal H2O
× 0.5 a.i. benomyl

1 Benlate
× 1 gal

3.7851 L
× 453.6 g

lb

= 599.2 mg benomyl

L H2O

If 2 pt are applied per square foot,

0.5992 g

L
× 1 qt

ft2
× 43560 ft2

acre
× 0.94625 L

qt
× lb

453.6 g

= 54.46 lb benomyl

acre

The original 1 lb/100 gal water is 600 mg/L benomyl. Obviously, this con-
centration of benomyl far exceeds the water solubility of benomyl. Thus, an
undissolved reservoir of benomyl is present in the system. Since benomyl T1/2
in water exceeds 7 hr (11), a drench application results in the adsorption of
benomyl to any surface available. As the benomyl in the soil solution is ab-
sorbed into the plant or degraded, the benomyl concentration will be maintained
at saturation by benomyl desorption from the potting media and/or root surface
into the soil solution and become available to the plant. Thus, a single beno-
myl drench application of 600 mg/L would be sufficient to maintain a constant
benomyl-saturated soil solution for >6 days.

Benomyl degrades to NBC + BIC (methyl-2-benzimidazolecarbamate +
n-butyl isocyanate) (13). The latter degradation product further degrades to n-
butylamine and carbon dioxide with a T1/2 of 7 min (14). But, BIC is an alkyl
isocyanate and n-alkyl isocyanates are powerful active-site directors of serine
proteases (i.e., trypsin and chymotrypsin) (15,16). Thus BIC will react instanta-
neously and irreversibly with the -OH group of serine, or fatty alcohol. Serine
and threonine are requisite protein components (i.e., DNA, RNA, enzymes), and
BIC has been reported to be a strong cutinase inhibitor (17), which was sug-
gested as a possible protective mode of action of the fungicide benomyl because
fungi that have a cutinase and penetrate into the host through the cuticle had a
decreased infestation in benomyl-treated leaves (17).

Phosphatidylserine (PS) is a requisite membrane lipid, has a serine func-
tional group, and is a constituent with a negative charge. Neutralization of the
membrane negative charge by the positive charges on ruthenium red (18,19) re-
sulted in decreased 45Ca2+ absorption by sorghum roots, which was explicable
as an inhibition of H+-ATPase, Ca2+-ATPase, and cation channels. Therefore,
because BIC binds to serine and has a strong cationic charge, benomyl (and/or
degradation products) might modify Ca2+ uptake by roots.
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Calcium is a major metabolic ‘‘second messenger’’ in plants (20) whose
cytosolic concentration is very closely regulated. Modification of Ca2+ influx or
efflux could have major implications to plant growth.

Therefore, the influence of benomyl, two formulated benomyl products
(i.e., DF and WP formulations), and the combined formulate for Benlate DF
were evaluated for their influence on root absorption of 45Ca2+ in sorghum and
maize.

B. Methods and Materials

Untreated sorghum (GP-10, Funk G522DR) or maize (B73 × LH132) seeds
(25/pot) were planted in sterile white quartz flintshot sand in 8 × 8 × 8 cm
pots and watered with deionized water. After 3 or 4 days, when the roots had
elongated to about 6 cm, plants were washed from the sand. Ten seedlings were
taped to a 1.25-cm diameter rigid plastic pipe and 1-cm root tips were immersed
in 1N ammonium chloride (NH4Cl) for 5 min to dissolve the root cap mucigel
(21). The plants were transferred to 10 × 10 cm polyethylene refrigerator car-
tons containing 100 mL of 0.01M sodium acetate (NaAc) (pH 5.5) plus 0.1 µCi
45Ca2+ (11.16 mCi/mg Ca2+) plus the fungicide treatments (benomyl, inert for-
mulation of Benlate DF, Benlate DF, or Benlate WP). After 1 hr, the roots were
removed from the treatment solution, the 1-cm tips were excised and washed
with 0.01M ethylenediaminetetracetic acid (EDTA) and inserted into scintillation
vials. After the addition of scintillation fluid (Scintiverse BD, Fisher Chemical
Co., Pittsburgh, PA), the vials were placed in the dark (>4 hr) to allow fluores-
cence to decay, and the 45Ca2+ was assayed by liquid scintillation spectrometer
(Beckman LS 5801) for 20 min or 1% accuracy. Background counts/min (CPM)
were subtracted from each assay and actual disintegrations/min (DPM) were
calculated by dividing DPM by the LS counter efficiency. Because it is im-
possible to deliver exactly the same 45Ca2+ DPM in the treatment solutions, a
1-mL aliquot was taken of each treatment solution, and the DPM in the roots
was adjusted to the equivalent of a 106 DPM exposure. Data from each set
of treatments were subjected to analysis of variance and standard errors were
calculated. Fungicides and Benlate DF formulate concentrations were 0, 0.2, 2,
20, or 200 mg/L.

C. Results and Discussion

Benomyl induced a slight, nonsignificant increase in 45Ca2+ absorption at beno-
myl concentrations below the water-solubility level of 3.8 mg/L (Fig. 14). At
concentrations greater than its water solubility, benomyl induced slight but sta-
tistically significant decreased 45Ca2+ absorption by root tips of both sorghum
and maize.
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Figure 14 Influence of Benomyl, Benlate DF formulate, Benlate DF, and Benlate WP
on 45Ca2+ absorption by 1-cm root tips of sorghum [Sorghum bicolor (L.) Moench.
cv GP10 and Funk G522DR) and maize (Zea mays L. cv B73 × LH132) in 1 hr.
Points within a compound and cultivar followed by the same letter are not significantly
different at the 5% level as determined by the least-significant-difference test.

Many organic pesticides are rather insoluble in water, but the delivery
system of choice utilizes water as a diluent. Therefore, various surfactants are
added to the mixture to hold the active compound dissolved or suspended in the
diluent during application. The complex Benlate DF formulate (2 and 20 mg/L)
induced significantly decreased 45Ca2+ uptake in root tips of sorghum and maize
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(Fig. 14). But at 200 mg/L formulate, 45Ca2+ uptake was significantly increased
in both sorghum cultivars. The treatment solutions contained ∼2×106 DPM/mL.
If these surfactants functioned by PM disruption, the roots would have contained
45Ca2+ in concentrations equivalent to those of the treatment solution. These
root tips contained <1% of the 45Ca2+ DPM of equivalent volume treatment
solution (∼3000 DPM). Therefore, this response cannot be due to membrane
disruption. Rather, these data may be explicable as a partial influence on Ca2+
efflux. Differential responses by sorghum root PM of sorghum cultivars have
been reported previously (22–27).

In Funk G522DR, Benlate DF (0.2, 2, and 20 mg/L) induced nonsignif-
icantly increased 45Ca2+ adsorption but in all three cultivars the highest con-
centration (200 mg/L Benlate DF) induced significant increased accumulations
of 45Ca2+. These accumulations are explicable as an influence of Benlate DF
on the external surface of the PM, where Ca2+-ATPase mediated 45Ca2+ efflux
was decreased.

Benlate WP (0.2, 2, and 20 mg/L) significantly inhibited 45Ca2+ accu-
mulation in sorghum root tips, but 200 mg/L Benlate WP induced significantly
increased accumulations of 45Ca2+ in both sorghum cultivars and maize. These
differences in response between maize and sorghum are similar to genetically de-
termined differences between sorghum cultivars reported previously (19,21–27).

Membranes have different enzymes and capacities to move substances
through the membrane. One type of H+-ATPase is prevalent on tonoplasts while
a second type is prevalent on plasma membranes (28), but both types are present
in both membranes. Movement of ions (45Ca2+) through the plasma membrane
is determined by the quantity of enzymes (or channels) present, and this is
genetically determined (13,19,21–28).

These data show two basically different responses. At concentrations less
than the water solubility, benomyl does not influence 45Ca2+ absorption. Non-
solubilized benomyl is highly adsorptive, and the only surface in these high con-
centrations available for benomyl to become attached to was the root. Therefore,
adsorbed benomyl apparently induced 45Ca2+ accumulation. These evaluations
were conducted without any other adsorptive surface in the system.
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I. INTRODUCTION

Water is a limited natural resource in many arid and semiarid regions of the
southwestern United States as well as other parts of the nation. In populated
metropolitan areas, large quantities of sewage effluent are available for irriga-
tion of turf, and interest in this option grows annually. In some municipalities,
such as Tucson, Arizona, all new golf courses must use reclaimed water for
irrigation (City of Tucson Water Policy Resolution No. 15578). Given that un-
derground aquifer water table levels are decreasing, with a concomitant increase
in pumping costs, the use of effluent for turf irrigation is an attractive alter-
native to potable water supplies. Additionally, ever since PL 92-500 restricted
discharge of wastewater, several studies have shown that land application is the
lowest-cost alternative for improving water quality (1,2). At the same time, land
application of effluent reduces point source pollution that occurs when large
quantities of effluent are dumped into dry riverbeds.

The source of sewage effluent is sewage, which is processed at wastewater
treatment plants through primary, secondary, or tertiary treatment levels. Primary
treatment of raw sewage is a screening and settling process that removes organic
and inorganic solids. These processes remove large debris, such as rags or sticks,
and dense materials, such as sand or small stones. Other undissolved suspended
material is normally removed in a second settling tank called a primary clari-
fier. Here, suspended material gradually settles out into ‘‘raw sludge,’’ which
is removed and processed further. The remaining liquid in the settling tank is
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called primary effluent, which still contains large amounts of dissolved organic
materials. Such organic compounds can be removed by secondary treatment,
which is normally an aerobic digestion process. This digestion is accomplished
by bacteria that degrade the organics into less complex organics and, ultimately,
to carbon dioxide. Secondary treatment can remove up to 90% of the organic
matter in the primary effluent (3). Secondary effluent usually has not met health
criteria established for open access irrigation (Table 1). Secondary treated efflu-
ent can undergo further treatment, which might include additional filtration and
chlorination for disinfection purposes, and it is then called reclaimed water. Most
reclaimed water for irrigation meets health criteria established for open-access
irrigation.

Many studies in the United States and throughout the world have evaluated
the use of municipal effluents as an irrigation source. Effluent has been used
in the southwestern United States for irrigation of small grains (4), sorghum
(Sorghum bicolor L.) (5), wheat (Triticum aestivum L.) (6), and cotton (Gossyp-
ium hirsutum L.) (7). Municipal effluent is ideally suited for turf irrigation,
however, particularly in arid climates:

Table 1 Allowable Limits Established by the Arizona
Department of Environmental Quality for Wastewater Irrigation
of Turf and Landscaped Areasa

Access

Parameter Restricted Open

pH 4.5–9 4.5–9
Fecal coliform, CFUb 100 mL−1 200 25

single sample not to exceed 1000 75
Turbidity, NTU NS 5
Enteric virus, 40 L−1c NS 125
Entamoeba histolytica NS NS
Giardia lamblia NS NS
Ascaris lumbricoides NS ND
Common large tapeworm NS NS

aArizona Administrative Code (Title 18, Chapter 9, Article 7, Regu-
lation for the Reuse of Wastewater). ‘‘Restricted access’’ means that
access to reuse site by the general public is controlled. ‘‘Open access’’
means that access to reuse site by the general public is uncontrolled.

bCFU, colony-forming units; NTU, nephelometric turbidity unit; NS,
not significant; ND, not detectable.

cExpressed as PFU, plaque-forming units; MPN, most probable num-
bers; or immunofluorescent foci per liter.
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1. Many arid climates permit continuous growth of turf, which permits
year-round utilization of wastewater, which is also produced year-
round.

2. The high shoot and root density of turf grasses enables large volumes
of wastewater to be renovated with respect to removal of potential
groundwater pollutants.

3. Large volumes of irrigation water are necessary for the growth of turf,
which further increases the volume of effluent that can be renovated.

4. Plant nutrients, routinely found in wastewater, reduce the turf need
for commercial fertilizer.

5. Most expanses of irrigated turf are located adjacent to cities, where
effluent is produced, thereby minimizing transportation costs.

6. Potential health problems associated with the use of effluent on turf
are less than when effluent is used for irrigation of food crops.

Secondary effluents typically contain such elements as nitrogen (N), phos-
phorus (P), potassium (K), and other essential plant nutrients. Along with ben-
eficial nutrients, other potentially hazardous elements are present, which can be
deleterious to turf growth and soil quality and pose a potential threat to the
water quality of underground aquifers. In this chapter we evaluate the benefits
and hazards of effluent irrigation as well as public perceptions and acceptance
of effluent use on turf; we then describe management protocols that optimize
effluent use on turf.

II. PUBLIC ACCEPTANCE

A. Early Wastewater Reuse

Disposal of waste materials, including wastewaters, on soil has been practiced
for centuries. One of the earliest documented land disposal systems was initiated
in 1531 at Bunzland, Germany, where a sewage irrigation system continued in
operation for over 300 years (8). Many systems since that time have been in
operation throughout the world to utilize wastewater as a source of irrigation
water and plant nutrients.

During the late 1800s, George Rafter of the U.S. Geological Survey studied
and produced comprehensive reviews of wastewater disposal in the United States
and Europe. The majority of the 143 sewage treatments facilities studied were
land treatment systems at that time. Rafter concluded that wastewater could
be purified by percolation through soil and plant material given that the area’s
climate is sufficiently warm. He also stated that wastewater could be used on
crops if special management practices were employed.
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Land treatment of wastewaters became less popular in the United States
during the early 1900s. As interest again increased in the 1970s, it was met with
controversy and resistance. Jewell and Seabrook (8) identified some of the factors
for the decline of land treatment of wastes as pressure for alternative land uses,
resource overloading because of an incomplete technical understanding, and the
development of the germ theory (which mistakenly concluded that the use of
chlorine could be an effective disinfectant, allowing the ‘‘safe’’ discharge of
partially treated sewage into clean waterways).

As populations became more centralized in towns and cities, safe dis-
posal of wastes became a more technical problem. This discharge of wastes into
waterways during the 1970s produced unacceptable pollution levels in many
fresh waters of the United States. Federal legislation and ‘‘cleanup funds’’ for
polluted waters were established, beginning with the Clean Water Act of 1972
(P192-500). This act proposed a ‘‘zero discharge’’ of wastes into waterways
and encouraged a reuse and recovery philosophy. One way to satisfy all the
goals was to revitalize the concept and use of land application of wastes with
present-day technology.

B. Extent of Effluent Use on Turf

Effluent irrigation of turf, in particular golf courses, is now widely practiced
in many areas of the United States. It is especially prevalent in the southwest-
ern United States. As an example, the Arizona Department of Water Resources
(1999) (9) reports that over 50% of the irrigation water used by turf-related
facilities (golf courses, parks, schools, and cemeteries) in the Tucson metropoli-
tan area comes from wastewater. Groundwater is the primary water source and
Tucson’s central groundwater wellfield falls at a rate of about 1 m yr−1. The
use of wastewater irrigation on turf facilities is a means in which Tucson can
reduce groundwater depletion. Of the 7995 ha-m of effluent produced in the
Tucson area, only 17% or 1.353 ha-m was reused for turf or agricultural pur-
poses. About 6500 ha-m of wastewater is released into dry riverbeds. Therefore,
much more wastewater is available for irrigation. Seventy-one turf facilities in
the Tucson area used a total of about 2448 ha-m of water in 1995. Golf courses
accounted for 22% of this total. Effluent use was about 701 ha-m for golf courses
in 1995, 127 ha-m for parks, and 11 ha-m for cemeteries. Schoolyards, on the
other hand, used no effluent; they irrigated with 90 ha-m of groundwater, us-
ing no wastewater at all. Approximately 62 km north of Tucson is the Phoenix
metropolitan area. Here, turf-related facilities account for over 50% of all in-
dustrial water use, and golf courses account for two-thirds of this amount. Only
6.8% of turf-related irrigation water comes from effluent, with the balance com-
ing from groundwater (50.2%), surface water (35.7%), and Colorado River water
(6.1%). For the Phoenix area, turf-related water use has ranged from a total of
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9779 ha-m in 1992 to 11,931 ha-m in 1989. Golf course use peaked in 1994 at
8096 ha-m.

Since effluent is now being disposed of on high-use recreational areas, it
is clear that public involvement and attitudes must be considered in the decision-
making process. In recent years, the public has become increasingly aware of
water pollution and environmental concerns. It is important to inform the public
that land application of wastewater should decrease potable water demands and
reduce water pollution after application through a soil-turf filter.

A 1979 survey of 140 California residents indicated that more than 90%
of the respondents had favorable attitudes toward the use of reclaimed water for
irrigation of golf courses, parks, schoolyards, and common areas around resi-
dential buildings (10). The study included resident recommendations regarding
future uses for reclaimed water at Irvine. Approximately 56% of the respondents
recommended continuation of existing uses of the reclaimed water, and 5% rec-
ommended expansion of the existing uses. Only 5% recommended eliminating
existing uses, and 25% recommended adding new types of uses (10). This sur-
vey was conducted in a community that utilized wastewater and had a relatively
high level of public awareness of successful application.

Other surveys conducted to determine public attitudes toward reclaimed
water use indicated that participant response is increasingly negative as the pro-
posed use of reclaimed water is more closely associated with personal contact.
Younger, more affluent, more highly educated respondents who had personally
considered the use of reclaimed water had the most favorable attitudes. Accep-
tance of effluent use was related to respondents who believed that there was
a water supply shortage, that modern technology was capable of successfully
treating wastewater, that public health officials would approve certain uses of
reclaimed water, and that using reclaimed water would benefit the economy.
Variables that correlated with rejection of wastewater use were aversion to un-
cleanliness, aversion to human waste, odors associated with application and
storage, and concern with potential health hazards (11). In addition, many golf
course superintendents are concerned over their perceived specialized manage-
ment needs for turf irrigated with effluent.

III. BENEFITS OF EFFLUENT

A. Water Source

Since it is 99% water, one of the major benefits of effluent is that it is a relatively
low-cost water source that reduces the use of potable water for irrigation of turf.
Its utility as a water source for irrigation of turf in the Southwest has been well
documented (12–14). As well as water, effluent also contains many beneficial
plant nutrients that are essential for the growth of turf.
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Table 2 Range of Water Quality of Potable and
Secondary Effluent Irrigation Waters Used for
Irrigation of Bermudagrass in Tucson

Irrigation source

Constituent Potable Effluent

Na, mM 0.6–1.3 3.5–4.9
Ca + Mg, mM 0.6–0.9 1.0–1.5
PO4-P, mg L−1 <0.01 6.4–26.8
K, mM <0.01 0.2–0.4
NO3-N, mg L−1 1.0–5.0 1.0–7.5
NH4-N, mg L−1 0.0–1.5 0.0–28.6
pH 7.5–8.4 7.0–9.5
EC, dS m−1 0.1–0.2 0.7–0.9
SAR 0.7–1.6 3.2–4.1

Source: Adapted from Ref. 13.

B. Nutrients

Effluent routinely contains plant available nitrogen (N), phosphorus (P), potas-
sium (K), calcium (Ca), and magnesium (Mg) and lower concentrations of mi-
cronutrients (13). Nitrogen, as ammonium or nitrate, is often found at concen-
trations of 20 to 30 mg L−1 (15) and available phosphorus at levels of 6 to
25 mg L−1 (13,16). Potassium can be found at variable levels in effluent, with
typical values of 10 to 15 mg L−1 (3). The chemical composition of effluent
successfully used for bermudagrass irrigation in Tucson is shown in Table 2. At
the time of that study, the secondary wastewater in Tucson delivered 163 kg N
ha−1, 163 kg P, and 195 kg K in each ha-m. The water was shown to supply
bermudagrass turf with an ample supply of nutrients during the summer months,
when irrigation requirements were high (14).

All the preceding nutrients are beneficial to turf. Additionally, effluent
also contains dissolved organic carbon which can serve as a substrate for het-
erotrophic soil bacteria (17).

IV. HAZARDS OF EFFLUENT

A. Salinity

As with any other irrigation source, the salinity and sodicity hazards of waste-
water effluent can vary considerably. The degree of these hazards in wastewater
effluent depends primarily upon the quality of the influent. Wastewater reclama-
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tion results in increased salt concentrations (usually by about 200 to 400 mg l−1)
through evaporative losses in holding tanks and the addition of water softeners.
Because wastewater treatment processes are designed to remove bacteria and
organic waste materials and not salts, the turf manager should have a chemical
analysis performed to determine the wastewater characteristics as defined by the
U.S. Salinity Laboratory classification (Table 3) (18).

This information, combined with information on the turf species (salinity
tolerance and rooting depth) to be irrigated and the soil (textural class, bulk
density, and infiltration rate) will determine whether this water source is usable
and, if so, whether special management practices are required to use it.

Harivandi (3) reported that the effluent quality of six wastewater treatment
facilities in California had electrical conductivity (EC) values ranging from 1.02
to 1.44 dS m−1 and sodium adsorption ratios (SAR) of 3.4 to 5.7.

These waters could all be classified as having high salinity hazards but
low sodicity hazards (Table 2).

Gelt (19) stated that at the present time, Tucson and Phoenix treatment
plants are producing wastewaters containing acceptable levels of salts for all
uses. Effluent waters, such as those utilized in Hawaii (20) and Tucson, have
EC values <1 dS m−1, Na levels up to about 94 mg L−1, and SAR values of
3.2 to 4.1. These characteristics make them safe for use even on sensitive crops.
In addition, the turfgrasses that are normally used are fairly tolerant of salts
and Na.

Work initiated by Hayes et al. (13) and continued by Mancino and Pepper
(17) found a Tucson effluent source to increase turfgrass soil EC from 0.7 to
about 1.5 dS m−1 after 3.5 years. Similarly irrigated turf plots receiving potable
water had a final EC of 1.3 dS m−1. Therefore, the change in EC resulting from

Table 3 U.S. Department of Agriculture
Salinity and Sodicity Hazard Classifications
for Determination of Water Quality

Hazard

Salinity Sodicity
Category (dS m−1) (SARa)

Low ≤0.25 <10
Medium 0.25–0.75 10–18
High 0.75–2.25 18–26
Very High >2.25 >26

aSAR (sodium absorption rate) = Na+/[(Ca2+ +
Mg2+)/2]1/2
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the use of effluent was small. Once Tucson begins utilizing Colorado River
water, salinity levels of effluent will increase to about 1000 mg L−1 (EC =
1.6). This water will probably still be suitable for turf provided that good soil
drainage exists, but it will be less suitable for salt-sensitive landscape plants such
as Acacia longifolia, Cotoneaster horizontalis, Pinus halapensis, and Nandina
domestica. Colorado River water might actually improve the quality of effluent
wastewater in areas of Maricopa and Pinal County because it is better than
existing potable water sources.

Table 4 shows the range in chemical constituents of a potable water and
secondary effluent available for turf irrigation in Chandler, Arizona. A study
was conducted to investigate the influence of these waters on turf and soil
quality when precipitation rates are varied using a line-source irrigation system

Table 4 Range of Chemical Constituents in
Potable and Secondary Wastewater Used for
Irrigation at the Ocotillo Golf Course in Chandler,
Arizona, 1990–1992

Water source

Parameter Potable Effluent

pH 7.5–8.8 7.4–9.6
EC, dS m−1a

1.1–1.9 1.7–2.4
Na, mg L−1 127–258 267–397
Ca, mg L−1 40–151 35–63
Mg, mg L−1 17–46 7–31
K, mg L−1 7–10 15–22
PO4-P, mg L−1 <0.03–3.86 0.06–0.41
NO3-N, mg L−1 2–6 3–12
NH+

4 -N, mg L−1 <0.03–0.30 <0.03–0.67
SO−2

4 -S, mg−1 25–44 46–65
Cl−, mg L−1 205–404 360–552
CO−2

3 , mg L−1 0–12 0–62
HCO3− , mg L−1 81–190 34–95
SARb 2.5–8.6 9.7–15.2
Zn, mg L−1 <0.01–0.47 <0.01–0.09
Cu, mg L−1 <0.01–0.05 <0.01–0.06
Mn, mg L−1 <0.01–0.09 <0.01–0.03
Fe, mg L−1 <0.02–0.29 <0.02–0.35
B, mg L−1 <0.02–0.40 0.3–0.52

aElectrical conductivity.
bSodium absorption ratio.
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(21). This irrigation system had a high precipitation rate near the irrigation line
which then decreased linearly as one moved away from the line. Two lines were
established, one for wastewater and one for potable water. Turf nearest the lines
received 0.74 ha-m H2O y−1 and turf growing 15 m away received no water.
After 2 years of irrigation and regardless of water source, soil EC levels range
from 2 dS m−1 at the line to 6 dS m−1 where 0.12 ha-m y−1 of irrigation
was applied. The breakoff point for acceptable turf quality occurred where 0.43
ha-m y−1 effluent and 0.49 ha-m yr−1 of potable water is applied. Soil salinity
was about equal at both locations, with EC = 3 dS m−1. Soil Na+ levels
differed, however, with the potable and effluent irrigated soils approaching 500
and 1000 mg Na+ kg−1 at the breakoff points, respectively. Although ‘‘Midiron’’
bermudagrass appeared to be tolerating these salinity and sodium levels in the
soil, other grasses may not. Therefore it would be necessary for a turf manager
to select turfgrasses tolerant of saline conditions.

The salt tolerance of many turfgrasses has been improved over the last
two decades. Table 5 lists the estimated salinity tolerances of commonly used
turfgrasses. The turfgrass manager would be better served to select grasses more
tolerant of the expected soil salinity conditions to ensure turf of acceptable
quality under conditions of mechanical and foot traffic, low mowing heights,
pests, heat, drought, and cold stress.

In addition to proper turfgrass selection, the turf manager must also esti-
mate the amount of additional irrigation water that must be applied to maintain
acceptable soil salinity levels by moving salts beyond the root zone of the turf.
The determination of this leaching requirement (LR) (22) can be calculated as:

LR = ECw

5(ECe) − ECw

where ECw is the salinity level in dS m−1 of the irrigation water and ECe is
the average soil salinity (saturated paste extract) that is tolerated by the crop.
For example, perennial ryegrass, which is moderately salt tolerant, can tolerate
soil salinities of 6 dS m−1 (Table 5). If a wastewater of 1.5 dS m−1 is used for
irrigation, then the leaching requirement is:

1.5

5(6) − 1.5
= 0.05

Thus an additional 5% of irrigation water would be applied to prevent the
accumulation of salts in the root zone that would be beyond the tolerance of the
ryegrass. Because leaching requirements of greater than 15 to 20% can be im-
practical, consideration should be given to the selection of more tolerant grasses
and/or the use of this irrigation water on more permeable soils. Regardless of
water quality and soil type, internal soil drainage must be adequate for desirable
turf.
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Table 5 Soil Salinity Tolerance of Turfgrasses

Cool season Warm season

Sensitive (<3 dS m−1)

Annual bluegrass Centipedegrass
(Poa annua L.) [Eremochloa ophiuroides (Munro) Hackel]

Colonial bentgrass
(Agrostis tenuis Sibth.)

Kentucky bluegrass
(Poa pratensis L.)

Moderately Sensitive (3–6 dS m−1)

Annual ryegrass Bahiagrass
(Lolium multiflorum Lam.) (Paspalum notatum Fluegge)

Chewings fescue
(Festuca rubra L. spp. commutata Gaud.)

Creeping bentgrass
(Agrostis palustris Huds.)

Creeping red fescue
(Festuca rubra L. spp. rubra)

Hard fescue
(Festuca longifolia Thuill.)

Moderately Tolerant (6–10 dS m−1)

Creeping bentgrass cv. Seaside Blue grama
(Agrostis palustris Huds.) [Bouteloua gracilis (H.B.K.) Lag. ex steud]

Fairway wheatgrass Buffalograss
[Agropyron cristatum (L.) Caertn.] [Buchlöe dactyloides (Nutt) Engelm.]

Perennial ryegrass Zoysiagrass
(Lolium perenne L.) (Zoysia spp.)

Slender creeping red fescue cv. Dawson
(Festuca rubra L. spp. trichophylla)

Tall fescue
(Festuca arundinaceae Schreb.)

Western wheatgrass
(Agropyron smithii Rydb.)
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Table 5 (Continued)

Cool season Warm season

Tolerant (>10 dS m−1)

Alkaligrass Bermudagrass
(Puccinellia spp.) (Cynodon spp.)

Seashore paspalum
(Paspalum vaginatum Swartz.)

St. Augustinegrass
[Stenotaphrum secundatum (Walter) Kuntze]

Source: Adapted from Ref. 23.

B. Osmotic Effects, Nutrient Imbalances, and Specific
Ion Toxicities

A great deal of work has been done on the effects of saline water on turf growth
and physiology. This work was summarized recently by Harivandi et al. (23), and
it could be expected that as salinity levels increased, there would be an increase
in the osmotic stress placed upon the plant, with a concomitant increase in the
salt ion accumulation of the turf tissue. This would result in a decrease in turf
growth (particularly in the shoots), an increased root–shoot ratio, a potential for
nutrient imbalances (increased tissue levels of Na+, Ca2+, Cl−, and SO2−

4 , and
decreased K+, Mg2+, and NO3− ), and a reduction in seedling survival. However,
the salinity of effluent water often meets the standards set for irrigation waters
used even for sensitive crops (<700 mg L−1 of total dissolved solids, EC <1 dS
m−1, <175 mg Cl− L−1). As a result, many reports have discussed the possible
detriments of using effluent water to irrigate turf, but the data presented in the
scientific literature have shown effluent to be an excellent source of irrigation
water for turf (13,14,17).

As with any irrigation water, the primary concerns with specific toxicities
relate mainly to the ions Na+, B, and Cl−. All of these ions may be present
in higher concentrations in effluent than in the original water source because of
the use of water softeners, detergents, and bleaches.

The effects of sodium salts on turf growth have been studied in turfgrasses
growing under laboratory and greenhouse conditions (24–27), and differences
in NaCl tolerance have been shown to exist between species and also between
cultivars (24,25,27,28). In actuality it is difficult to find documentation of direct
Na+ toxicity occurring to turf under field conditions because high Na+ levels are
almost always associated with high saline and poor soil conditions. It is generally
assumed that the inability to grow good turf in soils containing high levels of
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Na+ results not from the direct toxicity of Na+ to the plant but rather from its
negative impact on the soil itself. Tests of high tolerances of plant species to
Na+ are usually conducted after first stabilizing soil structure (22). Such grasses
as bermudagrass, crested and fairway wheatgrass, tall fescue, annual ryegrass,
alkaligrass, saltgrass, Paspalum, and red fescue can tolerate the presence of Na+
in the soil at levels exceeding 15 ESP (exchangeable sodium percentage).

The influence of Na+ on soil structure occurs when enough Na+ is present
in the soil to displace the cations Ca2+ and Mg2+ from soil and organic matter
cation exchange sites. Sodium causes clay and organic matter aggregates to
deflocculate, resulting in a reduction of the number of soil macropores. The soil
then becomes impermeable to water and air. Plant growth is thus reduced. Soils
containing higher percentages of clay, particularly montmorillinite, and organic
matter are very susceptible to this problem. These soils generally show signs
of deterioration at ESP values of 10 to 20%; sandier soils may not decline in
physical quality until ESP > 30% (29).

The concentration of Na+ in an irrigation water must be related to the
concentration of divalent cations contained in that water, particularly Ca2+ and
Mg2+, before its influence on soil structure can be determined. Divalent cations
are more strongly attracted to cation exchange sites in the soil than monovalent
cations. Therefore irrigation waters high in Na+, but also high in Ca2+ and
Mg2+, may have no negative impact on soil quality. As a result, it is necessary
to determine the sodium adsorption ratio (SAR) of a water to access the potential
impact of Na+ on the soil (Table 3).

Like Na+, B can be higher in effluent water than potable water because
of the use of B (boron)-containing detergents. Also like Na+, B toxicity has
not been documented to occur on turf unless grown under experimental condi-
tions. Oertli et al. (30) found that ‘‘Seaside’’ creeping bentgrass, ‘‘Highland’’
colonial bentgrass, and ‘‘Alta’’ tall fescue were quite tolerant of B, even dur-
ing establishment. They also observed differences in B accumulation by turf
grasses: bermudagrass < zoysiagrass < Kentucky bluegrass < tall fescue <

perennial ryegrass < creeping bentgrass. Boron accumulation was highest in
leaf tips, which would be removed during routine mowing. In another study, the
application of B at 1.68 or 8.4 kg ha−1 had little if any effect on ‘‘Merion’’
Kentucky bluegrass turf grown in greenhouse pots and under low-maintenance
conditions (no N, P, or K applied) (31). In fact, B at the lower rate produced
sod with improved color and more root production. Boron injury was observed
at the higher B application rate, where plants were receiving 28 kg ha−1 10N-
6P-4K fertilizer every 3 months. Leaf tips were found to die between mowings.
In 1976, because of drought conditions, it was necessary for the Calistoga Golf
Course in Calistoga, California, to use a sewage effluent water for irrigation that
contains high levels of B (4 mg L−1) (32). This level of B in the water would
require it to be applied only to tolerant (4.0 to 6.0 mg L−1) or very tolerant (6.0
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to 15 mg L−1) crops. The B originated from swimming pools and spas receiving
their water from natural hot mineral springs. Concentrations of B in the loam
soil of ‘‘Seaside’’ creeping bentgrass putting greens reached 7.8 mg kg−1 and
levels in plant tissue accumulated to 78.2 mg kg−1. This was not enough to
cause injury to the turf, and a deterioration in putting green quality was not
reported. It is reported that crop toxicity symptoms occur when B reaches levels
of 250 to 300 mg kg−1 (dry wt) in leaf tissue (22). Under such field conditions,
the removal of leaf tips through more frequent mowing and the reduction of
fertility levels could help to reduce the accumulation of B in the leaves (30,31).

Chloride toxicity is the most common toxicity occurring from irrigation
water because it moves readily in the transpirational stream of plants (22). Toxic-
ity can also occur when chlorides are absorbed directly through the leaves. Crop
sensitivity may occur when Cl− levels in soil solution exceed 5 or 3.3 meq
L−1 in irrigation water, but turfgrasses have been classified as being relatively
tolerant to Cl− even though grasses readily accumulate Cl− (33,34). Chloride
accumulation in turfgrasses appears to be higher than SO2−

4 , accumulation, re-
gardless of the cation (Na+, K+, Ca2+, or Mg2+) (26). Chloride uptake by turf
is also reduced at higher pH values (33). Cordukes (33) also reported that total
germination of ‘‘Fylking’’ Kentucky bluegrass was not affected by Cl−, but time
to total germination was extended by about 5 days on premoistened filter paper.

Harivandi (3) reported that some effluent irrigation waters in California
contained from 2.8 to 5.2 meq Cl− L−1. However, effluent used for irrigation
in Chandler, Arizona, contains up to 14.3 meq L−1 (calculated from Table 4).
Chloride levels in plant tissue approached 1.5% on a dry-weight basis with no
apparent injury (21). Under greenhouse conditions, Cordukes and Parupes (34)
showed several turfgrasses to accumulate Cl− in response to Cl− level and time,
with tissue levels reaching up to 2.2% on a dry-weight basis, yet little impact
occurred in terms of total dry-weight production. Therefore Cl− probably has
more impact upon trees and shrubs planted in the landscape than on the turf
itself. The use of waters with alkaline pH values may also help to offset Cl−
uptake by the turf (34).

C. Nitrates

Although nitrates are a beneficial source of N for plant growth, excess nitrates in
soil pore water can pose a threat to human health. Specifically, high nitrates can
cause methemoglobinemia in newborn infants, a condition commonly referred
to as blue-baby syndrome, which can be fatal. Current U.S. Environmental Pro-
tection Agency (EPA) standards restrict concentrations of nitrate N to 10 mg
L−1 in water or leachate entering potable water systems.

Effluent usually contains 20 to 30 mg L−1 of N as the ammonium or
nitrate ion. Regardless of its initial form, once applied to turf and soil, all N is
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found as the nitrate ion, as a result of nitrification, within a matter of days. The
potential fate of such nitrates is uptake by turf, gaseous loss via denitrification,
or loss in solution via nitrate leaching. Anderson et al. (15) applied effluent to
turf growing on pure sand or on sand plus an organic amendment, referred to
as a ‘‘mix.’’ They found, on average, that the sand removed 33% of the ef-
fluent N by soil processes and 19% by turf uptake. The mix, with a slightly
higher cation exchange capacity, removed 37% by soil processes and 27% by
turf uptake. These data show that soil and turf can remove substantial amounts of
effluent N and that this removal increases with the increasing cation exchange
capacity of the soil. Regardless of soil type, however, significant amounts of
effluent nitrate are always available for leaching. Table 6 shows the concen-
trations of nitrate N in leachate percolating through the soil in the Anderson
et al. (15) study. Leachate nitrate concentrations increased with increased rate
of effluent application and were lower from the ‘‘mix’’ soil than from the sand.
The data also show that at normal consumptive use rates of effluent application
of 7.2 cm week−1, leachate nitrate concentrations met federal standards. Thus
most ‘‘normal’’ soils, which contain some silt and clay constituents, maintain
nitrate concentrations in leachate at acceptable levels with respect to human
health. Concern about nitrate leachate would be most warranted on sand-based
putting greens and athletic fields. However, these turf surfaces are small relative
to areas of turf on native soils. Leaching losses of nitrate N from sand-based
putting greens have been shown to be small (35).

Table 6 Concentrations of Nitrate
Nitrogen in Leachate Following Effluent
Irrigation of Turf

Leachate NO−
3 -N

(mg L−1)Rate of
application
(cm week−1) Sand Mixa

7.2 6.5 4.4
11.6 10.4 7.6
15.2 12.2 9.8
24.0 13.5 11.2
30.4 15.6 13.1
Mean 11.6 9.2

aSand and mix values significantly different
(p = 0.05).

Source: Adapted from Ref. 15.
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D. Nitrous Oxide Emissions from a Desert Region Turf
Soil Irrigated with Wastewater

In summer 1991, Guilbault (36) measured nitrous oxide (N2O) emissions from
an effluent-irrigated turf and the surrounding unirrigated desert soil at the Arthur
Pack regional golf course in Tucson, Arizona. Both sites were made up of a
loamy sand. The average N2O-N emission from three fairway sites was estimated
to be 40.2 ng m−2 s−1 over a 10-week measurement period. The mean flux from
the unirrigated Upland Sonoran desert location was 2.4 ng m−2 s−1. Periods of
large emissions from the turf were correlated with above-average soil mois-
ture levels, total organic carbon, and high soil temperatures. However, it is not
possible to say how much of the irrigated turf emission was due to wastewater ir-
rigation, because potable irrigated sites were not part of the study. Mancino et al.
(37) found denitrification losses from Kentucky bluegrass sod, based on average
N2O-N emissions, to be highest in warm, wet soils receiving potable water.
Mancino and Torello (38) also found turf soils to normally contain large pop-
ulations of denitrifying microbes. At the same golf facility used by Guilbault
(36), Mancino and Pepper (17) found no differences in the total aerobic bacterial
populations under wastewater or potable water irrigated turf. They also found
nitrate- and nitrite-reducing populations to be similar in the soil, regardless of
irrigation source (unpublished data).

E. Pathogens

Raw effluent almost always contains large numbers of bacterial and viral patho-
gens, including Salmonella, Shigella, enteroviruses, and hepatitis A virus. Nor-
mally, primary and secondary treatment and chlorination reduce the numbers
of pathogens dramatically, but most treated effluents are still likely to contain
some pathogens. Survival of pathogens decreases with increased temperatures
and exposure to ultraviolet (UV) radiation supplied via sunlight. Recently it was
demonstrated that a 99% inactivation of effluent-applied viruses on turf required
16 to 24 h exposure to the environment in the winter and only 8 to 10 h in the
summer, presumably as a result of the higher temperatures and increased UV
radiation (39). Similar effects on the survival of bacterial pathogens have been
observed (40). Thus, although most pathogen populations decrease rapidly after
application of effluent to turf, there is always a small potential for disease trans-
mission. This potential can be reduced by avoiding direct human contact with
effluent and ensuring the use of chlorinated effluents for turf irrigation, particu-
larly in areas with uncontrolled public access. Overall, despite extensive use of
effluent for turf irrigation over periods of many years, there are remarkably few
reports documenting illness or cause-and-effect cases of disease transmission
from the use of effluent.
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Despite this, it is still important for turf managers to reduce the likelihood
of direct contact of effluent with the public. For example, irrigation should oc-
cur at such times of day as to preclude direct contact of the spray with facility
users, irrigation spray should not reach privately owned premises or drinking
foundations, hose bibs should be posted with signs reading ‘‘Reclaimed Water,
Do Not Drink,’’ hose bibs discharging reclaimed water should be secured to
prevent use by the public, signs reading ‘‘Irrigation with Reclaimed Water’’
should be prominently displayed on the premises, and irrigation pipe should be
color-coded or otherwise marked to indicate nonpotable water (Arizona Admin-
istrative Code, Title 18, Chapter 9, Article 7).

F. Heavy Metals

Effluents usually contain trace amounts of micronutrients and heavy metals.
Normally the metal content of effluents is lower than that of sewage sludges
and tends to be beneficial to turf growth. Elements of concern include Cu, Zn,
Ni, and Cd, but most treated effluents have low concentrations of these metals
and do not pose a threat to growth (3).

The demand for using wastewater to irrigate amenity areas is an interna-
tional issue. For example, in Oman, about 10 million cubic meters of wastewater
is used annually to primarily irrigate amenity roadsides containing shrubs and
fruit trees (41). The fruit is often eaten by the passersby. Therefore, strict inter-
national guidelines are being followed to ensure that human and soil health are
protected. Soil and water samples collected from different sites in Oman that
had been irrigated for 4 to 8 years with industrial and domestic treated effluent
or potable groundwater showed no hazardous levels of Cu, Ni, lead (Pb), or Zn
(41). The authors attributed these findings to the stringent implementation of
regulations for wastewater reuse and discharge.

The effects of rangegrass irrigation with in situ uranium processing waste-
water from the Highland Uranium Project (Wyoming) was studied by Levy and
Kearney (42). Irrigation water was evaluated using guidelines from the U.S.
Salinity Laboratory (18), and selenium (Se), B, uranium (U), and radium (Ra)
were monitored for 6 years in the irrigated soil and rangegrasses. Salt accumu-
lation in the soil did not occur because of adequate managed leaching from the
root zone. Metal and anion concentrations in the grasses remained within nat-
urally occurring levels. Soil EC, pH, and SAR increased over time but did not
pose a serious plant and soil-management problem because adequate leaching
was maintained. Soil B and Ra also did not change. Although soil Se and U
accumulation did occur, phytotoxicity was not observed, and plant levels were
not considered to pose a threat to grazing animals.
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V. MANAGEMENT OF TURF UNDER
EFFLUENT IRRIGATION

A. Water Use Requirements

Beard (43) and Kneebone et al. (44) reviewed the water requirements of cool and
warm-season turf grasses. In general, water use and irrigation requirements vary
depending on the quality of turf desired, maintenance practices (i.e., mowing
height and frequency and fertilization practices), and the availability of water
to the plant. Irrigation water use requirements also depend upon the quality of
the irrigation water. When water quality is not an issue, the minimum water
requirements of warm-season grasses under arid conditions appear to be about
60% of reference evapotranspiration (ETo) as derived from the modified Penman
equation (45). Data for cool-season grasses is lacking. The data available are
derived mainly from arid and semiarid regions where evaporative demand is high
and/or outside of the normal regions of cool-season turf adaptation. It appears
that under such conditions, cool-season grasses may require 80% or more of ETo
to remain vigorous and esthetically appealing. These arid and semiarid areas are
also the most likely to utilize effluent water for irrigation.

Cool-season turf use, in particular perennial ryegrass, in arid regions is
predominately for the purpose of winter overseeding of dormant warm-season
grasses. Winter overseeding usually occurs in mid-October and provides a green
turf through the winter months. The cool-season turf usually succumbs to heat
stress in late spring and early summer, as the warm-season turf resumes growth.
Ryegrass water use in southern Arizona can range from 1.4 mm d−1 in February
to 16.5 mm d−1 in May and totals about 686 mm water under nonlimiting condi-
tions (46,47). Bermudagrass turf growing from mid-April into winter dormancy
requires water in the amount of about 860 to 1105 mm y−1 (47–49). Therefore,
year-round turf in the Southwest can require up to 1550 mm of water. It is this
practice of overseeding that allows effluent to be used for irrigation purposes
for 12 months of the year.

As mentioned previously, additional water must be applied to ensure ade-
quate leaching of the salts beyond the root zone of the turf. It is recommended
that saline irrigation waters be applied in frequent and shallow applications to
ensure the downward movement of salts through the soil profile and to minimize
the concentration of salts in the upper soil as water is lost through evapotranspi-
ration (18,22). Turfgrasses have been shown to use more water under nonlimiting
conditions than is biologically necessary. This ‘‘luxury’’ consumption of water
by turf was first described by Kneebone and Pepper (50). Therefore, from a
practical standpoint, turf irrigated with effluent could use more water than it
requires because of the way the water is applied. It is generally recommended
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that deep, infrequent irrigations be applied to turf to conserve irrigation water,
promote deeper rooting, lose less irrigation water to evaporation, and to reduce
luxury water consumption.

Whether or not constituents contained in effluent increase or decrease turf
water use is yet to be determined. The routine application of N from fertilizers,
in combination with N from effluent, could increase the water use of the turf.
It has been shown that a primary factor contributing to turf ET is vertical leaf
extension rate (51). A well-fertilized turf would have a rapid leaf extension rate,
which promotes loss of water to the atmosphere by lowering canopy resistance.

B. Fertilizer Requirements

Because of macro- and micronutrients present in effluent, turf irrigated with
wastewater requires less inorganic fertilizer for high-quality turf growth. For
example, actively growing bermudagrass (Cynodon dactylon L. Pers.) during
the summer requires 25 to 73 kg N ha−1, whereas perennial ryegrass (Lolium
perenne L.) requires 25 to 49 kg N ha−1 when used to overseed bermudagrass
during the fall. At an effluent application rate of 0.6 ha-m y−1, an average
wastewater could supply approximately 50% of the suggested N requirement
for this turf.

The ability of effluent to supply turf with additional N is shown in Figure 1,
which illustrates the nitrate content of soil fertilized at four rates of N and
irrigated with either potable water or effluent. The data indicate that the effluent
significantly increased the nitrate content of the soil relative to the potable water
source.

The influence of effluent irrigation on available soil P is shown in Figure 2.
In this study (13), soil P levels increased 20 mg kg−1 in effluent-irrigated turf
soil. The P levels of the same soil irrigated with potable water decreased 13.7
mg kg−1. These data suggest that effluent water contains P in excess of plant
requirements. Similar results were reported by Pell and Nyberg (52). Note, how-
ever, that high soil P can lead to the production of insoluble compounds with
Cu, Mg, Fe, and Zn and render these elements less available for plant use (53).
Effluent also contains other plant nutrients, including K and micronutrients, but
the concentration of these elements are low relative to N and P.

Overall, the nutrients contained in effluent results in reduced fertilizer re-
quirements for good-quality turf. During the summer months, when irrigation
rates are high, no additional N or P may be necessary for areas of low-intensity
management, such as home lawns, playgrounds, and parks. High-intensity man-
aged turf, such as golf greens, may require small additional increments of N.
Similarly, during the winter months, when irrigation rates are decreased, addi-
tional N may be needed to increase the winter quality of cool-season turf.
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Figure 1 Soil nitrate content of effluent and potable irrigated soil at four nitrogen
fertilizer rates. All values for a given fertilization rate differ significantly, p = 0.05.
(From Ref. 14.)

Figure 2 Influence of effluent and potable irrigation water on bicarbonate-extractable
soil phosphorus. Values in a given month differ significantly, p = 0.05. (From Ref. 13.)
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C. Soil Amendment Requirement

The over accumulation of Na+ in the soil from effluent irrigation is probably the
primary concern of turf managers, particularly when the amount of water avail-
able for irrigation may be limiting due to budgetary constraints or government-
induced water restrictions. Hayes et al. (13) and Mancino and Pepper (17) found
that the Na+ levels in a turf soil irrigated with effluent reached about 350 mg
kg−1 after 3.3 years of irrigation. This was with about a 15% leaching fraction.
In another study in Chandler, Arizona, effluent-irrigated turf plots accumulated
upward of 1000 mg kg−1 of Na+ in the top 30 cm of soil when leaching was
essentially absent (20). Under such conditions, it is imperative that amendments
be applied to the soil to reduce Na+ levels.

Calcium sulfate (gypsum) and other sulfur-bearing (S) compounds are
useful in reducing the Na+ content of agronomic soils even when saline irrigation
water is used (18). For agronomic crops, gypsum and S can be tilled into the
soil or dissolved in the irrigation water and flooded onto the soil. Sodium can
also be leached before planting every year with heavy applications of water and
amendment. Permanent turf swards, as the name implies, are permanent and
cannot be disrupted by plowing. The flooding of large turf areas has essentially
been replaced by sprinkler irrigation. Therefore, it is recommended that finely
ground gypsum and sulfur materials be applied to the turf surface and sprinkler
irrigated into the soil.

Table 7 Quantities of Gypsum and Sulfur
Necessary to Replace Exchangeable Sodium

Exchangeable Gypsum Sulfur
sodium CaSO4·2H2O S
(meq 100 g−1) (mg ha−1)a (mg ha−1)a

1 3.8 0.7
2 7.6 1.4
3 11.6 2.2
4 15.5 2.9
5 19.3 3.6
6 23.1 4.3
7 26.9 5.0
8 30.7 5.7
9 34.7 6.5

10 38.5 7.2

aAssuming a soil depth of 0.3 m.
Source: Adapted from Ref. 18.
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Gypsum and S, because of their low cost, are usually the amendments
of choice for reclaiming soils high in Na+. Before applying amendments, it is
necessary for the turf manager first to have the soil analyzed for the exchangeable
Na+ percentage (ESP). The amount of amendment to apply to the soil can
then be applied based upon the meq Na+ 100 g−1 soil to be removed. It is
desirable to lower ESP levels to 10 or less in heavier soils, but higher levels
may be acceptable in sandier soils. Recommendations concerning the quantity
of gypsum or S to apply to soil to remove Na+ are listed in Table 7 (18).

Either gypsum or S can be used on soils containing alkaline-earth carbon-
ates, and gypsum is most often recommended on soils free of these carbonates.

Mancino and Kopec (54) found that gypsum applied at 4480 and 8960
kg ha−1 y−1 reduced the Na+ content of an effluent irrigated turf soil (gravelly
sandy loam) by 150 mg kg−1 3 months after application. After 12 months, soil
Na+ levels had fallen by 250 mg kg−1. This represented a decrease in ESP from
10 to 5.1. In comparison, a gypsum application rate of 2240 kg ha−1 year−1

reduced the soil ESP level to 7.4. However, the lower rate became as effective
as the higher rate in reducing soil Na+ levels six months following a second
annual application.

D. Overall Turf Quality

To ensure acceptable turf quality (i.e., good color, density, and groundcover,
freedom from pests, and good recuperative potential following environmental
stress and injury), the turf manager must have a thorough understanding of the
irrigation water and soil being dealt with. In addition, the proper turf species must
be selected for the region. As water quality decreases, more careful attention
must be paid to irrigation efficiency, frequency, and duration.

Soil conditions must also be closely monitored, particularly on heavier
soils, and drainage must be adequate. Without careful attention to these details,
turf failure is almost guaranteed.

Work to date with wastewater irrigation of turf has shown turf quality to
be adequate (14,32,55). This research can be confirmed by the increased use of
this water source on what one might consider prestigious golf course facilities.
The quality of effluent-irrigated turf may even be considered better compared to
potable water-irrigated turf of similar salinity. For example, the research done at
Chandler, Arizona, indicated that an acceptable quality of turf can be produced
on about 0.47 ha-m y−1, but potable water–irrigated turf (of the same salinity)
required 0.59 ha-m y−1 for the same quality. This is probably a result of the
additional macro- and micronutrients delivered by the effluent.

Turf quality can suffer during certain times of year because of effluent ir-
rigation. Iron chlorosis has been shown to occur more frequently with this water
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source. Kneebone and Pepper (50) reported high pH–induced Fe chlorosis on
effluent-irrigated giant and common bermudagrass. Hayes et al. (14) reported
similar findings but attributed them to N-induced Fe chlorosis with N-induced
plant growth exceeding the ability of the roots to take up Fe. It is also possible
that high P-containing effluents could precipitate Fe from the soil solution as
Fe phosphate compounds. Applications of ferrous sulfate or chelated Fe amend-
ments could be used to correct this condition. Hayes et al. (14) also reported
a rapid decline in ryegrass quality in effluent-irrigated plots when additional N
was applied as fertilizer. This decline occurred in early summer as a result of
heat stress. The N from fertilizer, even at a low rate of 16.3 kg N ha−1, in
combination with the N delivered in the effluent, made new ryegrass growth
susceptible to high-temperature injury. Therefore, there is a great potential for
overfertilization of overseeded ryegrass during the transition period from rye
back to bermudagrass. It may be advisable for the turf manager to discontinue
N applications from fertilizer 2 or 3 months before high-temperature stress pe-
riods.

Salinity can reduce turf seed germination (23). The saline conditions of
effluent water can also have the same effect. Hayes et al. (14) reported that the
emergence of common bermudagrass was lowered by effluent irrigation. They
suggested that a higher quality water be used during turf establishment if avail-
able, or that seeding rates be increased to compensate for lower seedling survival.
However, those seedlings that survive can have more rapid establishment than
seedlings receiving potable water and N fertilizer (14).

VI. INFLUENCE OF EFFLUENT IRRIGATION ON
WATER QUALITY

Irrigation of turf always results in leachate percolating through the soil profile
to the vadose zone and ultimately entering the groundwater. Thus, continuous
use of effluent has the potential to alter the quality of potable water in the
groundwater. The main constituents of concern in effluent are pathogens, salts,
and nitrates. Fortunately, soil acts as an effective filter in removing bacterial and
viral pathogens, and thus pathogens are not highly mobile in soil leachate (40).
Also, the life expectancy of pathogens on the turf leaf surfaces appears to be
low (39,40). However, effluent leachate usually contains higher concentrations
of salts than leachate from potable irrigation sources. This increased salt content
results in increased EC values (13), but these increases are normally modest, do
not exceed EPA maximum levels for drinking water, and are not injurious to
turf growth. If effluent contains large amounts of salts, then additional irrigation
water should be applied in excess of plant needs to keep salts out of the root
zone. By far the greatest potential hazard to water quality is nitrates.
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Despite the high nitrate content, turf and soil combine to form an effective
filter that removes large amounts of nitrates. Anderson et al. (15) showed that
very high rates of effluent, in excess of consumptive use rates of turf, could
be applied and still yield leachates that meet federal standards with respect
to nitrates. Even on a pure sand soil, 12.7 and 13.6 cm week−1 of effluent
water could be safely applied in summer and winter periods, respectively. This
corresponds to approximately three times consumptive use rates. The same study
showed that slightly increasing the cation-exchange capacity of the sand by the
addition of organic matter significantly increased the ability of the soil filter to
remove nitrates. Therefore, use of ‘‘real’’ soil rather than sand, in conjunction
with turf, should have a great capacity to renovate leachate with respect to N.

A. Modeling

Computer modeling may provide some insight into the offsite impacts of turf-
grass irrigation with reclaimed water. Wade and Balogh (56) used a computer
simulation model, EPIC (Environmental Policy Integrated Climate model), to
try to predict the fate of NO−

3 -N and two commonly used turfgrass pesticides,
fenamiphos and monosodium methylarsenate (MSMA). Fenamiphos is a highly
toxic and mobile nematicide. MSMA is a moderately toxic, low-mobility post-
emergent herbicide. Simulated management practices used in the model included
different fertilizer, pesticide, and irrigation strategies. The fairway soil modeled
was an Austin silty clay (fine-silty, carbonatic, thermic Udorthentic Haplustoll).
The putting green soil was a United States Golf Association sand : peat root-
zone mix (57). Both sides had bermudagrass (Cynodon dactylon L. Pers.) and
the greens were winter overseeded with ryegrass (Lolium perenne L.). Greens
received only one level of irrigation, in which watering occurred when soil
moisture dropped to 85% of available water-holding capacity (AWC). The re-
duced management treatment for the fairway also had a 75% AWC trigger
point. On the putting green, the model showed that type of irrigation water (re-
claimed or potable) had no effect on turf/soil water balance, fenamiphos fate,
or surface loss of NO−

3 -N. Leaching of NO−
3 -N from the green was highest

from the reclaimed water/normal fertilizer management treatment (RWNM) but
was lowest with the reclaimed water/reduced fertilizer management treatment
(RWRM). Therefore, NO−

3 -N in the reclaimed water could pose a risk for off-
site fertilizer transport from a sand : peat putting green, but the risk can be
overcome by reducing the amount of fertilizer used. Hayes et al. (14) showed
that municipal wastewater in Tucson could supply most of the N required by
bermudagrass turf. On the modeled fairway site, water source had no effect on
MSMA surface runoff. The RWRM treatment was predicted to have less NO−

3 -N
in surface runoff than the RWNM treatment, the potable water/normal irriga-
tion and fertilizer treatment (PWNM), and the potable water/reduced irrigation



258 Mancino and Pepper

and fertilizer treatment (NWRM). Lechate NO−
3 -N was lowest for the RWRM

treatment, while that for the RWNM treatment was lower than that for PWNM
treatment.

VII. CONCLUSIONS

The reality that water is a dwindling natural resource in many parts of the world
has resulted in the increased use of sewage effluent for irrigation of turf. The
benefits of using effluent as a water resource and also as a source of nutrients
for turf growth far outweigh the potential hazards of its use. Potential hazards
to human health include excess nitrates and bacterial pathogens; but the use of
chlorinated, secondarily treated effluent applied at turf at consumptive water-use
rates minimizes these hazards. Potential hazards to turf include increased salts,
particularly sodium. Once again, because of the rather modest increases of these
constituents with most effluents and also due to the resilient nature of turfgrasses,
these hazards do not appear to be particularly injurious to turf growth. Hazards
to turf can be minimized by appropriate management systems. These include (1)
application of effluent at consumptive turf use rates or slightly above, (2) reduced
N and P commercial fertilizer applications, and (3) applications of gypsum or
S to replace Na+ on cation exchange sites.

Currently in some areas of the United States, particularly the Southwest,
use of effluent for turf irrigation is widely practiced and increasing in scope.
This is an appropriate use of a valuable resource, particularly since turfgrasses
are well suited to this type of irrigation. However, large volumes of effluent
remain unused in many municipalities, and there is a need for public education
to further increase the use of effluent for turf and amenity irrigation.
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Waterlogging Responses and
Interaction with Temperature, Salinity,
and Nutrients

Bingru Huang
Kansas State University, Manhattan, Kansas

I. INTRODUCTION

Waterlogging has a major impact on both natural vegetation and agricultural
crops. Soil waterlogging occurs when over-irrigation and excessive rainfall com-
bine with poor drainage resulting from soil compaction or poor soil quality, as in
the case of heavy fine-textured or layered soils. Waterlogging alters soil proper-
ties, such as increasing acidity and reducing oxygen diffusion rate or availability,
which can inhibit plant growth and productivity. The most detrimental effect of
waterlogging is oxygen deficiency in the soil, because roots are particularly sen-
sitive to anaerobic conditions, which can severely affect nutrient relations of the
soil (1). In waterlogged soils, air spaces filled with water delay diffusion of gases
between atmosphere and the rhizosphere, leading to oxygen deficiency (2).

Soil waterlogging reduces shoot and root growth, dry matter accumulation,
and final yield (3,4). It affects many physiological processes, including water
relations, carbohydrate metabolism, nutrition, and hormone synthesis (1,5). The
severity of waterlogging injury varies with species, plant age, and physiological
conditions and also depends on soil conditions such as temperature, salinity, and
nutrient availability.

Mechanisms of plant adaptation to waterlogging have been reviewed ex-
tensively (5–10). This chapter focuses on the discussion of physiological re-
sponses of plants to waterlogging and its interaction with temperature, salinity,
and nutrient availability.

263
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II. PLANT RESPONSES TO WATERLOGGING

A. Root and Shoot Growth

Common effects of waterlogging include reductions in root and shoot growth and
decreased plant density, persistence, and early seedling vigor (4,11,12). Huang
et al. (13) reported that root growth was reduced earlier than shoot growth
and root-to-shoot dry weight ratio was reduced by low-oxygen stress in wheat
(Triticum aestivum) seedlings, suggesting that the root system was more sensitive
to waterlogging than was the shoot. Mian et al. (14) reported that waterlogging
for 21 days did not affect shoot fresh weight and number of tillers but decreased
root fresh weight of wheat seedlings. Topa and Cheeseman (15) also reported
that root growth was affected more than shoot growth by low oxygen stress in
10-week-old pond pine (Pinus serotina Michx.).

Root elongation is very sensitive to low-oxygen stress (13,16). The thresh-
old oxygen concentration at which root extension begins to decrease is com-
monly about half that of air (0.2 atm) (17). Kramer (18) suggested that in
general, an oxygen diffusion rate of 0.2 µg cm−2 min−1 or less was limiting
to root growth in most plants, whereas values greater than 0.4 µg cm−2 min−1

were adequate for root growth; but the adequacy of values in the range between
0.2 and 0.4 µg depended on temperature. Latey (19) reported that an oxygen
diffusion rate above 0.2 µg cm−2 min−1 was critical for root growth of ‘‘New-
port’’ Kentucky bluegrass (Poa pratensis) and common bermudagrass (Cynodon
dactylon).

The ability of roots to survive continuously anaerobic conditions is of short
duration, ranging from 0.5 to 3 hr for cotton (Gossypium hirsutum) tap roots to
96 to 120 h for rice (Oryza sativa) seminal root (20). Root elongation ceased
and did not resume after reaeration when the period of anoxia exceeded 6 hr for
peas (Pisum sativum) and 12 hr for pumpkin (Cucurbita maxima), which was
attributed to lower carbohydrate reserves in root tips under anoxic conditions
(16). Elongation is substantially more sensitive to low oxygen stress seminal
roots of wheat than in the crown roots, which is related to the variation in the
extent of porosity in the two types (21). Crown root porosity increases, whereas
the porosity of seminal roots is less affected under low-oxygen stress.

Waterlogging induces the formation of intercellular gas spaces in root cor-
tex (aerenchyma) in many species (10,13,22–27). The ability to form aerenchyma
in roots is evident in both nonwetland and wetland plant species, but the fraction
of root volume that becomes aerenchymatous generally is more pronounced in
wetland species (2,10). The extent of aerenchyma in roots also varies among
species and cultivars within nonwetland species. For example, Huang et al.
(13,25) found that waterlogging-tolerant wheat cultivars had significantly higher
root porosity than waterlogging-sensitive cultivars under waterlogged conditions.
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The presence of aerenchyma in roots is clearly conducive to the survival
of the plants under low-oxygen conditions and has been considered as an impor-
tant adaptive response (2,10,28). For the 91 plant species surveyed by Justin and
Armstrong (23), the extent of aerenchyma development was related to waterlog-
ging tolerance. The functional significance of aerenchyma can be deduced from
several aspects of aerenchymatous root characteristics (29). In many species,
aerenchyma may provide most or all of the oxygen requirements of the roots
as well as some of the requirements of the surrounding rhizosphere (30,31). In-
creases in root porosity significantly enhance the internal oxygen transport and
shoot growth, along with the continued growth of roots in anaerobic conditions
(32). Elongation is greater for roots with elevated root porosity than for roots
with less aerenchyma (33). Additionally, aerenchymatous roots in maize have
higher values of ATP content, adenylate energy charge, and ATP/ADP ratios
than nonaerenchymatous roots when transferred to anoxic conditions (34). Fi-
nally, in aerenchymatous Senecio roots, the activity of the cytochrome path is
not inhibited when the roots are transferred to an anoxic solution (35).

The number of adventitious roots increases under low-oxygen conditions
in many species (13,27,28,36,37). Adventitious roots tend to emerge from the
stem base close to the surface of flooded soils (24,27,28,36). The formation of
adventitious roots near the more oxygenized soil surface could facilitate oxygen
uptake from the aerobic root/soil interface and may replace oxygen losses from
the damaged functioning of original roots, which occurs under low oxygen con-
ditions. Adventitious roots originating from waterlogged conditions generally
are more aerenchymatous than primary roots, which enhances plant aeration,
especially when the adventitious roots become a larger portion of the entire root
system. Stimulation of development of adventitious roots under waterlogged
conditions has been related to accumulation of ethylene (38) and auxin (39). In
wheat plants grown under well-aerated conditions, increases in the concentration
of ethylene applied to the rooting medium enhanced production of adventitious
roots (10).

Waterlogging enhances production of large-diameter roots. The increased
diameter of both adventitious roots and primary roots for two wetland species,
Rumex palustris and Rumex hydrolapathum, indicates a high resistance of these
roots to low soil-oxygen status (39). Increasing root diameter decreases the
relative radial oxygen loss to the rhizosphere and thereby enhances oxygen
diffusion to the root tip (40).

Leaf growth and development are affected adversely by waterlogging (6).
An 83% reduction in leaf area in wheat has been reported (41,42) and is at-
tributed primarily to nutrient deficiency (42). Huang et al. (25) demonstrated
that the reduction in leaf area during waterlogging was more severe for a
waterlogging-sensitive cultivar than a tolerant cultivar in wheat.
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Waterlogging often causes leaf chlorosis and premature senescence
(36,43,44), which may be related to reduced cytokinin and gibberellin or in-
creased abscisic acid (ABA) and ethylene. Reduced cytokinin and gibberellin
levels may promote deterioration of membranes, affecting a range of leaf me-
tabolism including synthesis of chlorophyll and protein (45,46). Limited capacity
of nitrogen uptake has been considered a dominant factor in induction of leaf
senescence in barley (Hordeum vulgare) and wheat (43,47).

The inhibitory effects of waterlogging on root and shoot growth can be
attributed to its effects on various physiological processes, including water re-
lations, carbohydrate metabolism, nutrient uptake, and hormone synthesis. Re-
sponses of their processes are discussed below.

B. Root Water Uptake and Leaf–Water Relations

Waterlogging reduces water uptake and transport in various species (48–50),
which could be related to its inhibitory effects on root permeability and hy-
draulic conductivity (51–53). The reduction of root hydraulic conductivity has
been attributed to an occlusion of xylem vessels by debris of the rotting root
system and restricted axial water movement through roots under waterlogged
conditions (51,54). Huang et al. (13) observed that the diameters of central
metaxylem and protoxylem vessels were reduced significantly by waterlogging
in both waterlogging-tolerant and -sensitive cultivars of wheat, which could lead
to a reduction in axial conductance for water movement (55,56). Kramer (18)
attributed the reduced root hydraulic conductance to the toxic effect of high
carbon dioxide concentration in flooded soils, but Hunt et al. (57) attributed it
to accumulation of ethylene in the soil and the plant. Decreased hydraulic con-
ductivity of roots under waterlogged conditions may induce stomatal closure,
resulting in reduced rates of transpiration and photosynthesis (2).

Stomatal closure and reduced transpiration rate of leaves generally are
among the early responses of plants to soil waterlogging (58,59) and have been
reported in many plant species, including important crops such as tomato (Lyco-
persicon esculentum), wheat, pepper (Capsicum annuum), and bean (Phaseolus
vicia) (5). The effects of waterlogging on leaf water status and stomatal con-
ductance vary with species or cultivars differing in waterlogging tolerance. For
example, Huang et al. (25) reported significant reduction in leaf water poten-
tial and stomatal conductance in a waterlogging-sensitive cultivar of wheat but
not in a tolerant cultivar. In some cases, stomata of waterlogging-tolerant plants
may reopen following prolonged waterlogging, because of formation of new
adventitious roots that allows resumption of water uptake (60).

Stomatal closure can be caused by water deficits resulting from reduced
water uptake and supply from roots to shoots. Reduction in leaf water content
along with stomatal closure and transpiration rate have been observed in many
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studies (25,58,59). In some cases, stomatal closure occurs without significant
reduction in leaf water status (61–63). Thus, factors other than water deficit
may inhibit stomatal conductance and leaf growth during waterlogging. Several
studies suggested that roots in flooded soil may transmit a stress signal to leaves,
causing stomatal closure and inhibiting leaf growth (63–66). Zhang and Davies
(65) suggested that root-sourced ABA is mainly responsible for the early stom-
atal closure following waterlogging. Jackson and Hall (67), however, showed
that roots could not be the source of ABA in flooded pea plants. An effect of
ABA on stomatal closure during prolonged periods of waterlogging is doubtful,
because most roots collapse rapidly and die within a few days of flooding (68).
A decline in shoot supplies of potassium ions (61) and cytokinin (69) also may
contribute to stomatal closure in flooded plants.

C. Carbohydrate Metabolism

Carbohydrates serve as energy reserves and are often associated with stress
tolerance. Carbohydrate metabolism, including photosynthesis and respiration,
plays an important role in plant tolerance to waterlogging. Photosynthesis of
waterlogging-sensitive plants decreases rapidly following waterlogging. Huang
et al. (56) reported that photosynthetic rate started to decline to values lower than
those of well-aerated plants 3 days after waterlogging in wheat; the reduction
was more severe in a waterlogging-sensitive cultivar than in a tolerant cultivar.
Pezeshki and Chambers (70) reported that photosynthesis in Quercus falcata
seedlings decreased to zero after 3 days of waterlogging. The decline in pho-
tosynthetic rate can be caused by stomatal closure or/and changes in metabolic
(nonstomatal) processes, such as chlorophyll degradation and reduced activity of
photosynthetic enzymes in waterlogged plants. Changes in carbohydrate translo-
cation and accumulation of inhibitory plant hormones such as ethylene and ABA
also may be responsible for photosynthesis inhibition during waterlogging (1).

Reduced rates of assimilate translocation to roots have been reported in
plants grown under low oxygen conditions (71–73). The latter authors reported
that the translocation of carbon to anoxic roots was less than 50% of that to
aerated roots in two genotypes of dry beans (Phaseolus vulgaris); Also, most
of the newly photosynthesized carbon translocated to roots grown under anoxic
conditions was excluded from respiratory metabolism and was an order of mag-
nitude less than that in the aerated controls. Restricted carbon translocation to
roots may lead to low carbohydrate availability in roots (16). Shortage of sugars
has been observed in root apices, which are most likely to suffer more injury
than mature roots under low-oxygen stress (30).

In most experiments, however, sugar content remained constant or in-
creased in entire root systems under low oxygen conditions (74–78). Sugar
accumulation in roots has been regarded as an adaptive change, facilitating ion
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uptake via a supply of energy (79). Limpinuntana and Greenway (75) and Ben-
jamin and Greenway (74), however, suggested that sugar accumulation in roots
is a consequence of reduced root growth rather than adaptation to waterlogging.
Sugar may accumulate at low oxygen concentration because the synthesis of
polysaccharides is restricted or the lycholysis of cell water constituents is ac-
celerated (80). Increased sugar levels also may be related to nutrient deficiency.

The importance of carbohydrate status of roots in low oxygen tolerance
has been confirmed by experiments that supplied exogenous sugars to roots
grown under low oxygen conditions. Supplies of carbohydrates to roots strongly
influences the ability of roots to survive low-oxygen stress. Glucose supply pro-
longs the retention of root elongation potential under anoxia (81). Webb and
Armstrong (16) reported that adventitious roots of rice seedlings survived only
4 hr of anoxia, but this time was extended to 44 hr with exogenous application
of glucose. The addition of glucose to the rooting medium improves the anoxia
tolerance of 2-day-old seedlings of maize (Zea mays) by increasing the ATP
content of the root tips (81). Root ultrastructural injury under low oxygen con-
ditions is prevented after feeding the roots with glucose, demonstrating positive
effects of both exogenous sugar and endogenous reserves of carbohydrates in
survival of plants under low-oxygen stress (16).

Reduction in aerobic respiration rate of roots is the most immediate effect
of waterlogging (1,2,35,78,82), but the severity of respiration inhibition varies
with plant species and cultivars. McKee (83) observed that root respiration rate
was maintained in Rhizophora mangle, whereas it was decreased by 31 and
53% in Avicennia germinans and Laguncularia racemosa, respectively, during
a 12-week hypoxia. Huang and Johnson (78) reported that the reduction in root
respiration rate was more dramatic for waterlogging-sensitive cultivars of wheat
seedlings than the tolerant cultivars. Similar results have been reported in apples
and grapevines (84). The ability of plants to minimize the reduction in root
respiration seems to be associated with their ability to tolerate waterlogging
stress. Roots of some species switch to anaerobic respiration when oxygen is
deficient in the rooting medium, which produces insufficient ATP for growth and
cell maintenance (1,2). For each glucose molecule that enters aerobic respiration,
36 ATP molecules can be produced, whereas anaerobic respiration produces
only 2 ATP molecules per glucose (1). Anaerobic respiration of roots does
not completely oxidize glucose to carbon dioxide and water, as does aerobic
respiration. It produces toxic substances such as acetaldehyde and ethanol, which
can lead to cell death and leaf chlorosis.

D. Nutrient Accumulation and Uptake

Uptake of nutrients such as nitrogen (N), potassium (K), and phosphorus (P)
often is inhibited under waterlogged conditions, which reduces nutrient supply



Waterlogging Responses 269

to shoots. Drew and Sisworo (85) reported that in barley, the concentrations
(µmol g−1 dw) of total levels of N, P, K in leaves declined, respectively, to
75, 69, and 77% of the levels in aerated controls in just 48 hr; At 6 days, the
corresponding figures were 37, 34, and 43%. Hocking and coworkers (86) re-
ported reduction in N nutrition after brief periods of waterlogging or excessive
irrigation in cotton. Orchard and coworkers (87) found that P levels in sorghum
(Sorghum bicolor) and sunflower (Helianthus annuus) were depressed following
9 days of waterlogging. In wheat seedlings grown in flooded soil, Huang et al.
(88) observed reductions in N, P, K, Mg, and Zn in leaves and stems but in-
creases in the root system. Consequences of reduced nutrient levels in leaves are
numerous, including a reduction in leaf chlorophyll content and photosynthetic
capacity and induction of premature leaf senescence (2,26,44,89).

The inhibition of nutrient uptake induced by waterlogging may be due to
restriction of root growth, the inefficiency of anaerobic respiration in providing
adequate energy for active ion uptake, and increased permeability of cell mem-
branes in roots (2). Limited N uptake may also be due to denitrification and
leaching and the dilution of ions in waterlogged soil (4,44). Waterlogging cre-
ates reduced acidic anaerobic conditions in the soil, which affect the availability
of some nutrient elements. In waterlogged soils, nitrate abundance is low and
soil N is dominated by ammonium. The availability of phosphate is also reduced
in acidic soils.

In anaerobic soils, the ferric form of Fe and the manganic form of Mn
are converted to the more reduced and soluble ferrous and manganous forms,
which are taken up readily by roots and can lead to the accumulation of these
elements in plants. Waterlogging increases Fe and Mn accumulation in shoots
(4,88,89), which can cause toxicity (22,89,90). Huang et al. (88) found that
increased Fe and Mn in shoots occurred only in a waterlogging-sensitive wheat
cultivar. The lack of increases in Fe and Mn in the tolerant cultivar could have
been related to the formation of extensive aerenchyma (intercellular gas spaces)
in its root cortex. The well-advanced development of aerenchyma improves
radial oxygen leakage to the rhizosphere for tolerant plants (91), which helps to
oxidize ferrous Fe and manganous Mn and thus to reduce their availability. Iron
deposition resulting from oxidation of Fe2+ to Fe3+ has been observed around
roots (92,93).

Waterlogging also inhibits translocation of nutrients between plant parts.
Huang et al. (88) reported an increased proportion of N in the root system in a
waterlogging-sensitive cultivar of wheat, while shoot N was reduced. They also
found that roots had much larger quantities of Fe than shoots under well-aerated
conditions, but the proportion of Fe in leaves and stems increased in waterlogged
plants, especially in a waterlogging-sensitive cultivar. McKee et al. (94) found
that P accumulated in roots and was reduced in shoots in loblolly pine during
flooding, suggesting that waterlogging restricted P translocation. The reduction
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in nutrient transport from roots to shoots could be related to reduced water
transport (1).

E. Hormone Synthesis

Low oxygen supply to roots in waterlogged soils inhibits synthesis of auxins, gib-
berellins, and cytokinin. Also, low oxygen concentration reduces cytokinin flux
in xylem sap of roots and blocks the supply of cytokinin and gibberellins from
roots to shoots (2). Production of ABA and ethylene in roots and translocation
of these hormones from root to leaves, however, increase under waterlogged
conditions (65,95,96). An ethylene precursor (ACC, 1-aminocyclopropane-1-
carboxylic acid) is synthesized in roots at an accelerated rate under conditions
of oxygen deficiency (97).

The general inhibitions of shoot growth and leaf senescence have been
attributed to reduction of auxins, gibberellins, and cytokinin and to the accumu-
lation of ethylene and ABA (2). Spraying of leaves with synthetic cytokinins
or with mixtures of cytokinins and gibberellic acid partially restored growth
and leaf chlorophyll, and application of benzyladenine to the foliage delayed or
prevented chlorosis in waterlogged plants (69,98).

F. Susceptibility of Plants to Diseases

In addition to the effects already discussed, anaerobic soils can increase the at-
tacks of fungi and bacteria on roots, because a number of species of pathogenic
fungi and bacteria thrive in poorly aerated soils and reduced root vigor increases
susceptibility to infection (18). For example, waterlogging induced infection of
maize roots by Pseudomonas putidaa (99), tomato roots by Pythium (100),
and pine roots by Phytophthora cinnamomi (101). Pythium spp. and Phytoph-
thora are among the most common pathogens damaging roots in poorly drained
soils (102).

III. FACTORS INFLUENCING WATERLOGGING INJURY

A. Growth Stage and Physiological Conditions

The degree of damage incurred from waterlogging varies with plant growth stage
or age. Letey et al. (11) concluded that waterlogging was most detrimental to
cotton, green beans, and sunflowers during early stages of vegetative growth.
Cannell et al. (103) examined the responses of winter wheat to waterlogging at
different stages of growth and found that it was most sensitive after germination
but before emergence. At this stage, 16 days of waterlogging killed all seedlings,
and 6 days of waterlogging depressed plant density to 12% of the control in clay
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soil and 38% in sandy loam soil. Teutsch and Sulc (104) reported that young
seedlings of alfalfa (Medicago sativa) were more sensitive to waterlogging than
more vegetatively advanced seedlings. In contrast, Fick et al. (105) reported that
sensitivity of alfalfa to waterlogging increased up to 6 weeks of age. VanToai
et al. (82) found that when maize seedlings 2 to 7 days old were exposed
to anoxic stress, 3-day-old seedlings had much lower sensitivity than 2-day-
old seedlings. Waterlogging during the flowering stage can cause severe yield
reduction. For example, Cannell et al. (106) reported that waterlogging for only
24 hr at flowering reduced the yield of peas.

Waterlogging generally is much less injurious to dormant plants than to ac-
tively growing plants. Turfgrasses that are dormant or semidormant can tolerate
a longer duration of waterlogging than actively growing plants (107,108). Dor-
mant buffalograss (Buchloe dactyloides) has survived 19 months of continuous
waterlogging (109). This is explained by the fact that the oxygen requirement
of dormant plants is much less than that of growing plants because of their low
respiration rate. Waterlogging injury in actively growing plants usually occurs
to tissues that are in the process of development at the time of waterlogging.

B. Temperature

The prevailing temperatures at the time of waterlogging can have a major influ-
ence on plant responses and the degree of injury. Waterlogging injury typically
increases as temperature increases (110–115). In temperate climates, plant toler-
ance to waterlogging generally is greater during winter and cool springs than in
warmer spring or summer temperatures. Soil temperature has a greater impact
on waterlogging tolerance than air temperature (116).

Beard (117) reported that red fescue (Festuca rubra) can be killed in 1 day
from waterlogging at a high water temperature (30◦C) and creeping bentgrass
(Agrostis palustris) can survive waterlogging durations of more than 60 days at
a low water temperature (10◦C). Huang et al. (114,115) reported that turf qual-
ity, leaf chlorophyll content, photosynthetic rate, and root viability of creeping
bentgrass were reduced under waterlogging conditions, and increasing tempera-
ture during waterlogging caused more damage to both shoots and roots. Canopy
respiration rate, however, increased under waterlogging and high-temperature
conditions, which may have been due to an increase in maintenance respiration
with increasing temperatures (118). Heinrichs (116) reported interactions of wa-
terlogging, soil temperature, and species. Sainfoin (Onobrychis vicaefolia) and
alfalfa, which had low and moderate waterlogging tolerances, could withstand
longer periods of waterlogging as the root-zone temperatures were decreased
from warm (25◦C) to cool (19◦C) to cold (13◦C); roots died faster at high
period temperatures. Birdsfoot trefoil (Lotus corniculatus), which was very tol-
erant to waterlogging, survived equally well at all root-zone temperatures. The
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greater tolerance to waterlogging at the lower temperatures may have reflected
the plant’s improved ability to adapt in some way to oxygen deficiency and/or
the diminished growth rate of the plant or the slowing of root metabolism.

Temperature affects the concentrations of dissolved carbon dioxide, ethy-
lene, nitrous oxide, nitrate, calcium, and potassium in waterlogged soils (112).
The effects of increasing temperature on plant responses to waterlogging have
been attributed mainly to increased demand for and rapid depletion of oxygen
at high temperatures (111–120). Root respiration rates increase with increasing
temperatures (115,118,119). Trought and Drew (112) suggested that temperature
modification of wheat responses to waterlogging was due mainly to its direct
effects on shoot and root growth. Leaf damage from waterlogging at high air
temperatures could result from internal heat stress caused by stomatal closure.

C. Salinity

Waterlogging and salinity can occur simultaneously in over-irrigated saline soils
or in heavy soils irrigated with saline water. These conditions exist in many
intensively irrigated fields (121). Simultaneous occurrence of salinity and water-
logging is also common in coastal swamps and marshes and in low-lying land
subject to primary or secondary salinization (122). Waterlogging in combination
with high salinity can cause greater depression in growth and photosynthesis
capacity than would occur with either stress alone (26,27,122–125,127). Plants
exposed to waterlogging and salinity exhibit yellow-colored leaves with burning
(26,122).

The mechanisms involved in the interactive effects of salinity and water-
logging are not well understood (125,128). Among the major factors that may
cause inhibitory growth in saline, waterlogged soils are water deficits and ex-
cess ion accumulation (Na+, Cl−) (129,130). The salinity of the water affects
plant–water relations. Saline water can induce osmotic-drought stress in plants
grown in waterlogged soils (1,131). However, Galloway and Davidson (130)
and Huang et al. (26) failed to observe interactive effects of salinity and water-
logging on water relations. Galloway and Davidson (130) suggested that large
fluxes of Na+ and Cl− dominated the interactive effects of salinity and waterlog-
ging. Under saline waterlogged conditions, uptakes of Na+ and Cl− increase in
many plants species, which may lead to shoot senescence and adverse effects on
growth (77).

Anaerobiosis caused by waterlogging, in turn, is likely to interfere with the
mechanisms of salt tolerance that normally operate in aerobic conditions (77).
Many salt-sensitive species tolerate moderate salinity by the root’s ability to
exclude ions from the xylem sap through energy-dependent processes (132). In
waterlogged plants, the energy available for the ion pumps involved in excluding
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salts from the roots is reduced (22,77); as a result, appreciable amounts of sodium
(Na+) enter the leaves (132).

D. Nutrient Availability

As discussed above, waterlogging can lead to nutrient deficiency, particularly of
N, K, and P, in various plant species. Therefore, nutrient supply and availability
in the soil may have significant impacts on waterlogging tolerance of plants.

Garcia-Novo and Crawford (133) reported that plants were more resistant
to anaerobic stress when the nonaerated growing solution was supplied with
ample nitrate. Foliar feeding of urea as a relatively nontoxic nitrogen source
to the leaves of wheat during low-oxygen stress delayed leaf senescence (42).
Nitrate fertilizer application to waterlogged soil alleviated symptoms of water-
logging damage in cereals (42,44,134). With barley, three daily additions of
calcium nitrate to the surface of the flooded soil compensated for the ability of
the oxygen-deficient roots to grow deeper in the soil, and no symptoms of wa-
terlogging injury were observed (98). Doubling the concentrations of all major
and minor nutrient elements in waterlogged soil slowed the rates of decline in
photosynthesis and chlorophyll content and improved shoot nutrient status and
growth in wheat (25). Application of P fertilizer to flooded soil increased growth
of loblolly pine (94,135). Trought and Drew (42) reported that by supplying of a
full-strength nutrient solution to a single seminal root in wheat, it was possible to
alleviate waterlogging injury, whereas leaves quickly showed typical symptoms
of waterlogging injury without that nutrient supply.

The mechanisms involved in effects of various nutrients on waterlogging
tolerance remain unclear. Studies have suggested that under anaerobic condi-
tions, nitrate may act as an alternative electron acceptor to free oxygen for
anaerobic soil micro-organisms, retarding a fall in redox potential in the soil
and thereby slowing the accumulation of reduced, potentially toxic solutes to
concentrations harmful to plants (42). Nitrate may also act as an alternative
electron acceptor to free oxygen in roots, thus enabling root respiration and
root functions to continue (133). Nitrate may serve as an inorganic N source
for metabolism of roots (85) or offset nitrate lost by microbial denitrification
(136).

Root nutrient status also can affect aerenchyma formation. The pres-
ence of nitrate, ammonium, or phosphate in aerated solutions strongly reduces
aerenchyma formation (37,137,138). This could occur because nitrate or am-
monium supports the protein synthesis relevant to the integrity of the tonoplast
membrane, so that rupture of this membrane and cell collapse are prevented.
Nitrate may also positively affect the phospholipid composition of membranes,
thus influencing aerenchyma formation. The inhibitory effect of phosphate on
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aerenchyma formation is less than that of nitrate (37). Phosphate may promote
membrane integrity by positively affecting phospholipid metabolism (139).

IV. SUMMARY

The effects of waterlogging on plant growth are complex, including damage to
various plant physiological processes. Research reviewed herein provides sub-
stantial evidence, ranging from whole-plant to biochemical responses, that the
sensitivity of plants to waterlogging varies with species and cultivars and plant
processes. Reduced root respiration and stomatal closure appear to be among
the earliest responses to waterlogging. Waterlogging-tolerant plants have the
ability to develop extensive aerenchyma in root cortex and adventitious roots
close to the surface soil during waterlogging, which facilitates oxygen trans-
port and utilization. The ability to maintain energy balance is also paramount in
the survival of roots in anaerobic soils. Therefore, waterlogging tolerance could
be improved by incorporating various morphological, anatomical, and physio-
logical adaptive mechanisms in waterlogging-sensitive plants using conventional
breeding or molecular biology techniques. This literature overview also provides
evidence for possible practical solutions to enhance root and shoot growth under
waterlogged conditions, particularly supplementing plant nutrients.

Most waterlogging research to date has concentrated largely on seedlings
grown under controlled environmental conditions. There is a great need for
research examining responses of plants in different growth stages under field
conditions, because, as we have mentioned, damage incurred from waterlogging
varies with plant growth stages and can be affected by many environmental
factors. Understanding the mechanisms of the interactive effects of waterlogging
and other environmental factors such as temperature, salinity, and nutrient status
in the soil remains an important challenge.

REFERENCES

1. ET Nilsen, DM Orcutt. Physiology of Plants Under Stress. New York: Wiley,
1996.

2. MC Drew. Plant injury and adaptation to oxygen deficiency in the root environ-
ment: A review. Plant Soil 75:179–199, 1983.

3. TT Kozlowski. Extent, cause, and impact of flooding. In: TT Kozlowski, ed.
Flooding and Plant Growth. New York: Academic Press, 1984, pp 1–7.

4. MC Drew. Oxygen deficiency in the rooting environment and plant mineral
nutrition. In: MB Jackson, DD Davies, H Lambers, eds. Plant Life Under Oxygen
Deprivation. The Hague, Netherlands: Academic Publishing, 1991, pp 303–316.



Waterlogging Responses 275

5. SR Pezeshki. Plant response to flooding. In: RE Wilkinson, ed. Plant-Environment
Interactions. New York: Marcel Dekker, 1994, pp 289–321.

6. MC Drew, LH Stolzy. Growth under oxygen stress. In: Y Waisel, A Eshel,
U Kafkafi, eds. Plant Roots: The Hidden Half. New York: Marcel Dekker, 1991,
pp 331–350.

7. P Perata, A Alpi. Plant responses to anaerobiosis. Plant Sci 93:1–17, 1993.
8. BB Vartapetian. Plant physiological responses to anoxia. In: Crop Science Soci-

ety of America, ed. International Crop Science Proceedings. Madison, WI: Crop
Science Society of America, 1993, pp 721–726.

9. B Ricards, I Couee, P Raymond, P Saglio, V Saint-Ges, A Pradet. Plant metabo-
lism under hypoxia and anoxia. Plant Physiol Biochem 32:1–10, 1994.

10. B Huang. Mechanisms of plant resistance to waterlogging. In: AS Basra, RK
Basra, eds. Mechanisms of Environmental Stress Resistance in Plants. Hague,
Netherlands: Harwood, 1997, pp 59–84.

11. J Letey, LH Stolzy, GB Blank. Effect of duration and timing of low oxygen
content on shoot and root growth. Agron J 54:34–37, 1962.

12. TE Thompson, GW Fick. Growth response to alfalfa to duration of soil flooding
and to temperature. Agron J 73:329–332, 1981.

13. B Huang, JW Johnson, DS NeSmith, DC Bridges. Root and shoot growth of
wheat genotypes in response to hypoxia and subsequent resumption of aeration.
Crop Sci 34:1538–1544, 1994.

14. MAR Mian, ED Nafzigar, FL Kolb, RH Teyker. Root growth of wheat geno-
types in hydroponic culture and in the greenhouse under different soil moisture
regimes. Crop Sci 33:283–286, 1993.

15. MA Topa, JM Cheeseman. Carbon and phosphorus partitioning in Pinus serotina
seedlings growing under hypoxic and low-phosphorus conditions. Tree Physiol
10:195–207, 1992.

16. T Webb, W Armstrong. The effects of anoxia and carbohydrates on the growth
and viability of rice, pea and pumpkin roots. J Exp Bot 34:579–603, 1983.

17. FT Turner, CC Chem, GN McCauley. Morphological development of rice seedlings
in water at controlled oxygen levels. Agron J 73:566–570, 1981.

18. PJ Kramer. Root growth and function. In: PJ Kramer, ed. Water Relations of
Plants. San Diego, CA: Academic Press, 1983, pp 120–145.

19. J Latey. Aeration, compaction, and drainage. Calif Turfgrass Cult 14:9–12, 1961.
20. A Bertani, I Brambilla, F Menegas. Effect of anaerobiosis on rice seedlings:

Growth, metabolic rate, and fate of fermentation products. J Exp Bot 31:325–
331, 1980.

21. EG Barrett-Lennard. Effects of waterlogging on the growth and NaCl uptake by
vascular plants under saline conditions. Rec Rev Res 5:245–261, 1986.

22. MB Jackson, MC Drew. Effect of flooding on the growth and metabolism of
herbaceous plants. In: TT Kozlowski, ed. Flooding and Plant Growth. New York:
Academic Press, 1984, pp 47–128.

23. SHF Justin, W Armstrong. The anatomical characteristics of roots and plant
response to soil flooding. New Phytol 106:465–495, 1987.



276 Huang

24. P Laan, A Smolders, CWPM Blom, A Armstrong. The relative roles of internal
aeration, radial oxygen losses, iron exclusion and nutrient balances in flood-
tolerance of Rumex species. Acta Bot Neer 38:131–145, 1989.

25. B Huang, JW Johnson, S NeSmith, DC Bridges. Growth, physiological and
anatomical response of two wheat genotypes to waterlogging and nutrient supply.
J Exp Bot 45:193–202, 1994.

26. B Huang, DS NeSmith, DC Bridges, JW Johnson. Responses of squash to salin-
ity, waterlogging, subsequent drainage: I. Gas exchange, water relations, and
nitrogen status. J Plant Nutr 18:127–140, 1995.

27. B Huang, DS NeSmith, DC Bridges, JW Johnson. Responses of squash to salin-
ity, waterlogging, and subsequent drainage: II. Root and shoot growth. J Plant
Nutr 18:141–152, 1995.

28. MC Drew, MB Jackson, S Giffard. Ethylene-promoted adventitious rooting and
development of cortical air spaces (aerenchyma) in roots may be adaptive re-
sponses to flooding in Zea mays L. Planta. 147:83–88, 1979.

29. H Konings, H Lambers. Respiratory metabolism, oxygen transport and the in-
duction of aerenchyma in roots. In: MB Jackson, DD Davies and H Lambers,
eds. Plant Life under Oxygen Deprivation. Hague, The Netherlands: Academic
Publishing, 1991, pp 247–265.

30. CJ Thomson, W Armstrong, I Waters, H Greenway. Aerenchyma formation and
associated oxygen movement in seminal and nodal roots of wheat. Plant Cell
Env 13:395–405, 1990.

31. WMHG Engelaar, MW Van Bruggen, WPM Van Den Hoek, MAH Huyser,
CWPM Blom. Root porosities and radial oxygen losses of Rumex and Plan-
tago species as influenced by soil pore diameter and soil aeration. New Phytol
125:565–574, 1993.

32. P Laan, M Tosserams, CWPM Blom, BW Veen. Internal oxygen transport in
Rumex species and its significance for respiration under hypoxic conditions.
Plant Soil 122:39–46, 1990.

33. CJ Thomson, TD Colmer, ELJ Watkin, H Greenway. Tolerance of wheat (Triticum
aestivum cvs. Gamenya and Kite) and tritical (Triticosecale cv Muir) to water-
logging. New Phytol 120:335–344, 1992.

34. MC Drew, PH Saglio, A Pradet. Larger adenylate energy charge and ATP/ADP
ratios aerenchymatous roots of Zea mays in anaerobic media as a consequence
of improved internal oxygen transport. Planta 165:51–58, 1985.

35. H Lambers, E Steingrover, G Amakman. The significance of oxygen transport
and metabolic adaptations in flood tolerance in Senecio species. Physiol Plant
58:148–154, 1978.

36. W Wenkert, NR Fausey, HD Waters. Flooding responses in Zea mays L. Plant
Soil 62:351–366, 1981.

37. MC Drew, LR Saker. Induction of aerenchyma formation by nutrient deficiency
in well-aerated maize roots. ARC Letcombe Lab Annu Rep, pp 41–42, 1983.

38. DM Reid, KJ Bradford. Effects of flooding on hormone relations. In: TT Koz-
lowski, ed. Flooding and Plant Growth. Orlando, FL: Academic Press, 1984,
pp 195–219.



Waterlogging Responses 277

39. EJW Visser. Adventitious root formation in flooded plants. PhD dissertation,
University of Nijmegen, The Netherlands, 1995.

40. W Armstrong. Aeration in higher plants. In: HW Woolhouse, ed. Advances in
Botanical Research. London: Academic Press, 1979, pp 225–332.

41. RE Sojka, RE Stolzy, LH Kaufmann. Wheat growth related to rhizosphere tem-
perature and oxygen levels. Agron J 67:591–596, 1975.

42. MC Trought, MC Drew. Alleviation of injury to young wheat plants in anaerobic
solution culture and relation to the supply of nitrate and other inorganic nutrients.
J Exp Bot 32:509–522, 1981.

43. MC Drew, EJ Sisworo. Early effects of flooding on nitrogen deficiency and leaf
chlorosis in barley. New Phytol 79:567–571, 1977.

44. MC Trought, MC Drew. The development of waterlogging damage in wheat
seedlings (Triticum aestivum L): II. Accumulation and redistribution of nutrients
by the shoot. Plant Soil 56:187–199, 1980.

45. CK Pallaghy, K Raschke. No stomatal response to ethylene. Plant Physiol 49:275–
276, 1972.

46. RS Dhindsa, PL Plumb-Dhindsa, DM Reid. Leaf senescence and lipid peroxida-
tion: Effects of some phytohormones, and scavengers of free radicals and singlet
oxygen. Physiol Plant 56:453–457, 1982.

47. CJ Rosen, RM Carlson. Influence of root zone oxygen stress on potassium and
ammonium absorption by Myrobalan plus rootstock. Plant Soil 80:345–353,
1984.

48. MG Anaya, LH Stolzy. Wheat response to different soil water-aeration condi-
tions. Soil Sci Soc Am Proc 36:385–489, 1972.

49. NE Aceves, LH Stolzy, GR Mehuys. Response of three semi-dwarf Mexican
wheats to different aeration conditions in the rooting medium at a constant
salinity level. Soil Sci Am Proc 39:515–518, 1975.

50. JD Everard, MC Drew. Water relations of sunflower (Helianthus annuus) shoots
during exposure of the root system to oxygen deficiency. J Exp Bot 40:1255–
1264, 1989a.

51. PC Anderson, PB Lombard, MN Westwood. Effect of root anaerobiosis on the
water relations of several Pyrus species. Physiol Plant 62:245–252, 1984.

52. BA Smit, M Stachowiak. The effects of hypoxia and elevated carbon dioxide
levels on water flux through Populus roots. Tree Physiol 4:153–165, 1988.

53. JD Everard, MC Drew. Mechanisms controlling changes in water movement
through the roots of Helianthus annuus L during exposure to oxygen deficiency.
J Exp Bot 40:4–10, 1989.

54. PJ Kramer, WT Jackson. Causes of injury to flooded tobacco plants. Plant Physiol
26:722–736, 1954.

55. B Huang, HM Taylor, BL McMichael. Effects of temperature on the development
of metaxylem in primary wheat roots and its hydraulic consequences. Ann Bot
67:163–166, 1991.

56. B Huang, PS Nobel. Root hydraulic conductivity and its components, with em-
phasis on desert succulents. Agron J 86:767–774, 1994.



278 Huang

57. PG Hunt, RB Campbell, RE Sojka. Flooding-induced soil and plant ethylene
accumulation and water status responses to field-grown tobacco. Plant Soil 59:
427–439, 1981.

58. B Jackson, K Gales, DJ Campbell. Effects of waterlogged soil conditions on the
production of ethylene and on water relationships in tomato plants. J Exp Bot
29:183, 1978.

59. KJ Bradford, TC Hsiao. Stomatal behavior and water relations of waterlogged
tomato plants Lycopersicon esculentum. Plant Physiol 70:1508–1513, 1982.

60. R Sena Gomes, TT Kozlowski. Growth responses and adaptations of Fraxinus
pennsylvanica seedlings to flooding. Plant Physiol 66:267–271, 1980.

61. RE Sojka, LH Stolzy. Soil-oxygen effects on stomatal response. Soil Sci 130:
350–358, 1980.

62. RJ Wample, RK Thornton. Differences in responses of sunflower (Helianthus
annuus L) subjected to flooding and drought stress. Physiol Plant 62:611–616,
1984.

63. J Zhang, WJ Davies. Chemical and hydraulic influences on the stomata of flooded
plants. J Exp Bot 37:1479–1491, 1986.

64. MB Jackson, KC Hall. Early stomatal closure in waterlogged pea plants is me-
diated by abscisic acid in the absence of foliar water deficits. Plant Cell Env
10:121–130, 1987.

65. Zhang, WJ Davies. ABA in roots and leaves of flooded pea plants. J Exp Bot
38:649–659, 1987.

66. DS Neuman, BA Smit. The influence of leaf water status and ABA on leaf growth
and stomata of Phaseolus seedlings with hypoxic roots. J Exp Bot 42:1499–1506,
1991.

67. MB Jackson, KC Hall. Are roots a source of abscisic acid for the shoots of
flooded pea plants? J Exp Bot 39:1631–1637, 1988.

68. J Zhang. A role for abscisic acid in root to shoot communication of changes in
the soil environment. PhD dissertation, University of Lancaster, Lancaster, UK,
1988.

69. ID Railton, DM Reid. Effects of benzyladenine on the growth of waterlogged
tomato plants. Planta 111:262–266, 1973.

70. SR Pezeshki, JL Chambers. Responses of cherrybark oak seedlings to short-term
flooding. For Sci 31:760–771, 1985.

71. JW Sij, CA Swanson. Effect of petiole anoxia on phloem transport in squash.
Plant Physiol 51:368–371, 1973.

72. FA Qureshi, DC Spanner. Cyanide inhibition of phleom transport along the stolon
of Saxifraga sarmentosa L. J Exp Bot 24:751–762, 1973.

73. TE Schumacher, JM Smucker. Carbon transport and root respiration of split root
systems of Phaseolus vulgaris subjected to short term localized anoxia. Plant
Physiol 78:359–364, 1985.

74. LR Benjamin, H Greenway. Effects of a range of O2 concentrations on porosity
of barley roots and on their sugar and protein concentrations. Ann Bot 43:383–
391, 1979.

75. V. Limpinuntana, H Greenway. Sugar accumulation in barley and rice grown in
solutions with low concentrations of oxygen. Ann Bot 43:373–381, 1979.



Waterlogging Responses 279

76. C Papenhuijzen. Effect of interruption of aeration of the root medium on dis-
tribution of dry matter, sugar and starch in young plants of Phaseolus vulgaris.
Acta Bot Neer 32:63–37, 1983.

77. EG Barrett-Lennard, PD Leighton, F Buwalda, J Gibbs, W Armstrong, CJ Thom-
son, H Greenway. Effects of growing wheat in hypoxic nutrient solutions and
of subsequent transfer to aerated solutions: I. Growth and carbohydrate status of
shoots and roots. Aust J Plant Physiol 15:585–598, 1988.

78. B Huang, JW Johnson. Root respiration and carbohydrate status of two wheat
genotypes in response to hypoxia. Ann Bot 75:427–432, 1995.

79. L Setter, I Waters, BJ Atwell, T Kupkanchanakul, H Greenway. Carbohydrate
status of terrestrial plants during flooding. In: RMM Crawford, ed. Plant Life in
Aquatic and Amphibious Habitats. Oxford: Blackwell Scientific, 1987, pp 411–
443.

80. HK Van der Heide. Synthesis of polysaccharides of higher plants. Annu Rev
Plant Physiol 13:303–328, 1963.

81. I Waters, PJC Kuiper, E Watkin, H Greenway. Effects of anoxia on wheat
seedlings: I. Interaction between anoxia and other environmental factors. J Exp
Bot 42:1427–1435, 1991.

82. TT VanToai, P Saglio, B Ricard, A Pradet. Developmental regulation of anoxic
stress tolerance in maize. Plant Cell Env 18:937–942, 1995.

83. KL McKee. Growth and physiological responses of neotropical mangrove seed-
lings to root zone hypoxia. Tree Physiol 16:883–889, 1996.

84. DK Lee, JC Lee. Studies of flooding tolerance and its physiological aspects in
fruit trees. II. Physiological changes associated with flooding. J Korean Soc Hort
Sci 32:97–101, 1991.

85. MC Drew, EJ Sisworo. The development of waterlogging damage in young
barley plants in relation to plant nutrient status and changes in soil properties.
New Phytol 82:301–314, 1979.

86. PJ Hocking, DC Reicosky, WS Meyer. Nitrogen status of cotton subjected to
two short term periods of waterlogging of varying severity using a sloping plot
water-table facility. Plant Soil 87:375–391, 1985.

87. PW Orchard, RS Jessop, HB So. The response of sorghum and sunflower to
short-term waterlogging: IV. Water and nutrient uptake effects. Plant Soil 91:87–
100, 1986.

88. B Huang, JW Johnson, DS NeSmith, DC Bridges. Nutrient accumulation and
distribution of wheat genotypes in response to waterlogging and nutrient supply.
Plant Soil 173:47–54, 1995.

89. W Stepniewski, G Przywara. The influence of soil oxygen availability on yield
and nutrient uptake. (N, P, K, Ca, Mg, Na) by winter rye (Secale cereale L).
Plant Soil 143:267–274, 1992.

90. JW Maranville, DA del Rosario, SA Dalmacio, RB Clark. Variability in growth
and nutrient accumulation in sorghum grown in waterlogged soil. Commun Soil
Sci Plant Anal 17:1089–1108, 1986.

91. W Armstrong. Radial oxygen losses from intact rice roots as affected by distance
from the root apex, respiration and waterlogging. Physiol Plant 25:192–197,
1971.



280 Huang

92. MS Green, JR Etherington. Oxidation of ferrous iron by rice (Oryza sativa L)
roots mechanism for waterlogging tolerance. J Exp Bot 28:678–690, 1977.

93. ML Otte, J Rozema, L Koster, MS Haarsma, RA Broekman. Iron plaque on
roots of Aster tripolium L interaction with zinc uptake. New Phytol 111:309–
317, 1989.

94. WH McKee, DD Hook, DS DeBell, JL Askew. Growth and nutrient status of
loblolly pine seedlings in relation to flooding and phosphorus. Soil Sci Soc Am
J 48:1438–1442, 1984.

95. TW Wang, JM Arteca. Effects of low O2 root stress on ethylene biosynthesis
in tomato plants (Lycopersicon esculentum Mill. Cv Heinz 1350). Plant Physiol
135:631–634, 1992.

96. B Huang, JW Johnson, JE Box, DS NeSmith. Root characteristics and hormone
activity of wheat in response to hypoxia and ethylene. Crop Sci 37:812–818,
1997.

97. KJ Bradford, SF Yang. Xylem transport of 1-aminocyclopropane-1-carboxylic
acid, an ethylene precursor, in waterlogged tomato plants. Plant Physiol 65:
322–326, 1980.

98. MC Drew, EJ Sisworo, LR Saker. Alleviation of waterlogging damage to young
barley plants by application of nitrate and a synthetic cytokinin, and comparison
between the effects of waterlogging, nitrogen deficiency and root excision. New
Phytol 82:315–329, 1979.

99. FK Tavaria, DA Zuberer. Effect of low O2 on colonization of maize roots by a
genetically altered Pseudomonas putida. Biol Fertil Soils 26:43–49, 1998.

100. M Cherif, Y Tirilly, RR Belanger. Effect of oxygen concentration on plant
growth, lipid peroxidation, and receptivity of tomato roots to Phythium F under
hydroponic conditions. Eur J Plant Pathol 103:255–264, 1997.

101. SW Fraedrich, FH Tainter. Effect of dissolved oxygen concentration of the rel-
ative susceptibility of shortleaf and loblolly pine root tips to Phytophthora cin-
namomi. Am Phytopathol Soc 79:1114–1118, 1989.

102. LH Stolzy, J Letey, LJ Klotz, CK Labananskas. Water and aeration as factors in
root decay of Citrus sinensis. Phytopathology 55:270–275, 1965.

103. RQ Cannell, RK Belford, K Gales, CW Dennis, RD Prew. Effects of waterlog-
ging at different stages of development on the growth and yield of winter wheat.
J Sci Food Agric 31:117–132, 1980.

104. CD Teutsch, RM Sulc. Influence of seedling growth stage on flooding injury in
alfalfa. Agron J 89:970–975, 1997.

105. GW Fick, DA Holt, DG Lugg. Environmental physiology and crop growth. In:
AA Hanson, ed. Alfalfa and Alfalfa Improvement. Agronomy Monograph 29.
Madison, WI: ASA, CSSA, and SSSA, 1988, pp 163–164.

106. RQ Cannell, K Gales, RW Snaydon, BA Suhail. Effects of short-term waterlog-
ging on the growth and yield of peas (Pisum sativum). Ann Appl Biol 93:327–
335, 1979.

107. ED Rhoades. Inundation tolerance of grasses in flooded areas. Trans Am Soc
Agr Eng 7:164–169, 1964.

108. ED Rhoades. Grass survival in flooded pool areas. J Soil Water Cons 22:19–21,
1967.



Waterlogging Responses 281

109. HG Porterfield. Survival of buffalo grass following submersion in playas. Ecol-
ogy 26:98–100, 1945.

110. DS Ralston, WH Daniel. Effect of temperatures and water table depth on the
growth of creeping bentgrass roots. Agron J 64:709–713, 1972.

111. KW Kurtz, WR Kneebone. Influence of aeration and genotype upon root growth
of creeping bentgrass at supra-optimal temperatures. Int Turf Res J 3:145–148,
1980.

112. MC Trought, MC Drew. Effects of waterlogging on young wheat plants (Triticum
aestivum) and on soil solutes at different soil temperatures. Plant Soil 69:311–
326, 1982.

113. BD Meek, TJ Donovan, LE Graham. Alfalfa stand losses from irrigation: Influ-
ence of soil temperature, texture, and aeration status. Soil Sci Am J 50:651–655,
1986.

114. B Huang, X Liu, JD Fry. Effects of high temperature and poor soil aeration on
root growth and viability of creeping bentgrass. Crop Sci 38:1618–1622, 1998.

115. B Huang, X Liu, JD Fry. Shoot physiological responses of two bentgrass cultivars
to high temperature and poor soil aeration. Crop Sci 38:1219–1224, 1998.

116. DH Heinrichs. Root-zone temperature effects on flooding tolerance of legumes.
Can J Plant Sci 52:985–990, 1972.

117. JB Beard. Turfgrass Science and Culture. Englewood Cliffs, NJ: Prentice-Hall,
1973, pp 297–301.

118. JA Palta, PS Nobel. Influences of water status, temperature, and root age on
daily patterns of root respiration for two cactus species. Ann Bot 63:651–662,
1989.

119. RJ Luxmoore, LH Stolzy. Oxygen diffusion in the soil-plant system v oxygen
concentration and temperature effects on oxygen relations predicted for maize
roots. Agron J 64:720–725, 1972.

120. MB Jackson, DJ Campbell. Waterlogging and petiole epinasty in tomato: The
role of ethylene and low oxygen. New Phytol 76:21–29, 1976.

121. GI Donohue, RSB Greene, P Willoughby, IB Wilson. The effect of waterlogging
on flood irrigated perennial ryegrass. In: E Humphreys, ed. Rootzone Limitations
to Crop Production on Clay Soils. Muirhead WA: Australian Society of Soil
Science, 1984, pp 85–92.

122. SR Pezeshki, WH Patrick, Jr, RD Delaune, ED Moser. Effects of waterlogging
and salinity interaction on Nyssa aquatica seedlings. For Ecol Mgt 27:41–51,
1989.

123. DW West, JA Taylor. The response of Phaseolus vulgaris L to root-zone anaero-
biosis, waterlogging and high sodium chloride. Ann Bot 46:51–60, 1980.

124. SR Pezeshki. A comparative study of the response of Taxodium distichum and
Nyssa aquatica seedlings to soil anaerobiosis and salinity. For Ecol Mgt 33:531–
541, 1990.

125. SR Pezeshki. Response of Pinus taeda L to soil flooding and salinity. Annu Sci
For 49:149–159, 1992.

126. SR Pezeshki, RD DeLaune, WH Patrick, Jr. Differential response of selected
mangroves to soil flooding and salinity: gas exchange and biomass partitioning.
Can J For Res 20:869–874, 1990.



282 Huang

127. ME Rogers, DW West. The effects of rootzone salinity and hypoxia on shoot
and root growth in Trifolium species. Ann Bot 72:503–509, 1993.

128. G Naido, KL McKee, IA Mendelssohn. Anatomical and metabolic responses to
waterlogging and salinity in Spartina alterniglora and S. natens (Poaceae). Am
J Bot 79:765–770, 1992.

129. R Munns, A Termaat. Whole-plant response to salinity. Aust J Plant Physiol
13:143–160, 1986.

130. R Galloway, NJ Davidson. The response of Atriplex amnicola to the interactive
effects of salinity and hypoxia. J Exp Bot 44:653–663, 1993.

131. R Munns, H Greenway, TL Setter, J Kuo. Turgor pressure, volumetric elastic
modulus, osmotic volume and ultrastructure of Chlorella emersonii grown at
high and low external NaCl. J Exp Bot 34:144–155, 1983.

132. MC Drew, A Lauchli. Oxygen-dependent exclusion of sodium ions from shoots
by roots of Zea mays (cv Pioneer 3906) in relation to salinity damage. Plant
Physiol 79:171–176, 1985.

133. F Garcia-Novo, RMM Crawford. Soil aeration, nitrate reduction and flooding
tolerance in higher plants. New Phytol 72:1031–1039, 1973.

134. ER Watson, P Lapins, RJW Barron. Effects of waterlogging on the growth,
grain and straw yield of wheat, barley and oats. Aust J Exp Agr Anim Husb 16:
114–122, 1976.

135. DD Hook, DS De Bell, WH Me Kee Jr, JL Askew. Responses of loblolly pine
(mesophyte) and swamp tupelo (hydrophyte) seedlings to soil flooding and phos-
phorus. Plant Soil 71:383–394, 1983.

136. AR Grable. Soil aeration and plant growth. Adv Agron 18:57–106, 1966.
137. H Konings, G Verschuren. Formation of aerenchyma in roots of Zea mays in

aerated solutions and its relation to nutrient supply. Physiol Plant 49:265–270,
1980.

138. CJ He, PW Morgan, MC Drew. Induction of enzymes associated with lysige-
nous aerenchyma formation in roots of Zea mays during hypoxia or nitrogen
starvation. Plant Physiol 105:861–865, 1994.

139. M Ratnayake, RT Leonard, JA Menge. Root exudation in relation to supply of
phosphorus and its possible relevance to mycorrhizal formation. New Phytol 81:
543–552, 1978.



9
The Presence and Role of Heat-Shock
Proteins in Creeping Bentgrass

Dawn S. Luthe, Jeffrey V. Krans, and Dongfang Wang
Mississippi State University, Mississippi State, Mississippi

Sang Youl Park
University of California, Riverside, California

I. INTRODUCTION

Animals are able to move in response to environmental stresses, whereas most
higher plants are sessile and have developed mechanisms for coping with stresses
while remaining fixed in their environment (1). Plant metabolic activities affected
by stresses include a wide array of reactions and processes that can be charac-
terized according to enzymatic and biochemical pathways, diffusion processes,
and photochemical reactions. All of these processes are temperature-sensitive.
The level of sensitivity depends on species, predisposing habitats, and nutritional
status. Tissue temperatures above or below optimum cause some degree of plant
stress. As plants evolved, the mechanisms used to cope with environmental stress
have become genetically fixed (2).

Heat stress limits plant productivity and survival (3). Certain morphologi-
cal characteristics, such as leaf shape, may help plants to avoid heat stress (4,5).
Or plants may tolerate high-temperature stress by altering physiological pro-
cesses (5). In many cases, heat stress causes reversible damage to cellular and
subcellular structures and functions (5). Plants that rapidly repair this damage
and resume normal metabolic functions are more heat-tolerant than those that
cannot (4–6). They have a competitive advantage because they resume normal
cellular functions, such as photosynthesis, sooner than nontolerant plants.
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II. THERMAL ENERGY BALANCE

All plants, except for a few rare exceptions, are unable to elevate their own tissue
temperature to stimulate their metabolic activity. Therefore, plants must rely
on absorbed radiation to increase their internal temperature. This dependence
on solar radiation has resulted in the adoption by plants of an energy-balance
strategy based on plant adaptations that influence absorption and emission of
solar radiation. When radiation absorption significantly exceeds emissions, tissue
temperatures rise and may exceed the optimum, causing plants to experience heat
stress.

Heat stress affects plants differently, depending on many factors. Gen-
erally, high-temperature stress is most detrimental to enzymatic reactions and
biochemical pathways, moderately damaging to diffusion processes, and least
detrimental to photochemical reactions. However, many photochemical reactions
are enzymatically based, and heat stress is evident in these systems. Photosystem
II is reported to be more sensitive to high-temperature stress than the Calvin
cycle enzymes (7). The deleterious effects of heat stress on enzymatic reactions
and biochemical pathways are manifested in the energy levels of substrates and
thermal stability of enzymes. If heat stress is excessive in duration or level, it
may result in plant death.

III. THERMAL TOLERANCE

Plants have evolved varied and multiple mechanisms that allow them to survive
heat stress. These include limiting or avoiding direct absorption of solar radi-
ation, dissipation of excess radiation absorbed, and physiological mechanisms
that counteract the effects of heat stress on metabolism. All three strategies
of tolerance are equally important for survival. These strategies of tolerance
have arisen through the evolution of specific developments in plant morphology,
anatomy, and physiology. The discussion and research presented in this chapter
address some of the physiological dimensions of thermal tolerance. The physiol-
ogy discussed herein centers on the heat-shock response (HSR), which results in
the synthesis of a special set of proteins known as heat-shock proteins (HSPs).
These proteins function to counteract the negative effects of heat stress on plant
metabolism.

IV. SPECIES USED TO STUDY HSPS

Studies of the HSR have been conducted in many plant species (8). However,
selecting the appropriate genotypes within a species to study is critical to avoid
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misinterpretation of results that may be due to genotype variability. The research
conducted in our laboratory used unique creeping bentgrass (Agrostis stoloniferia
var. palustris) genotypes to study the HSR.

Creeping bentgrass is a common cool-season grass adapted and grown
widely in temperate regions. It is classified as a C3 plant type and has economic
importance as a turfgrass. Cultivars of this species are commonly grown outside
their zone of adaptation (e.g., subtropical tropic regions) as a preferred putting
green turf.

In 1984, cell culture techniques were initiated with heat as a selection
pressure to recover elite genotypes of bentgrass having superior heat tolerance.
During the course of this research, two uniquely similar but different pheno-
types were recovered. One was a heat-tolerant bentgrass genotype (SB) and the
other a non–heat tolerant bentgrass genotype (NSB) (9). The original source of
plant material was a single seed of ‘‘Penncross’’ (creeping bentgrass), a syn-
thetic cultivar resulting from the open pollination of three selected vegetative
clones of creeping bentgrass (10). To obtain SB and NSB, callus was initiated
from a single seed (genotype) of Penncross (Fig. 1). After being subjected to
high-temperature stress at 40◦C for 10 days, plants were regenerated from the
surviving callus. One of the heat-tolerant variants isolated was SB. NSB was
regenerated from the same starting callus as SB, but this callus was not sub-
jected to high temperatures and was later found to lack thermal tolerance. Other
heat-tolerant variants were isolated during this process, which suggests that in-
creased tolerance was due to the selection and not loss of tolerance in NSB.
Karyotyping indicated that both NSB and SB have 14 pairs of chromosomes.
Therefore, phenotypic differences are probably not due to alterations in chro-
mosome number that occurred during tissue culture. Clonally propagated SB
has been grown in the field for at least 10 years and has retained its thermal
tolerance.

We think that SB and NSB provide an ideal model system for studying a
mechanism of heat tolerance in higher plants. Because SB and NSB originated
from the same seed, we expect fewer genetic differences than would be observed
between different cultivars or ecotypes. Consequently, physiological, biochemi-
cal, and molecular differences between these two variants may be related to heat
tolerance.

Increased knowledge about thermal tolerance in this species could pro-
vide a better understanding of heat tolerance in other grasses such as wheat,
barley, and rye. It has been demonstrated that the members of the grass
family—including corn, sorghum, rice, and wheat—have similar gene composi-
tion and map collinearity (11). If genes related to thermal tolerance are found
in bentgrass, it may be possible to place them on genetic maps of other grass
species.
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Figure 1 Development of heat-tolerant creeping bentgrass. Callus was initiated from
a single seed of Penncross and plants were regenerated from callus surviving heat selec-
tion at 40◦C for 10 days. SB was one of several heat-tolerant variants recovered. NSB
was regenerated from callus that was not subjected to heat selection and consequently
is not heat-tolerant. (From Ref. 48.)

V. DISCOVERY AND ROLE OF HSPS IN PLANTS

Studies with a number of organisms, including higher plants, indicate that brief
exposure to moderately high temperatures improves the ability of an organism
to survive subsequent exposures to potentially lethal temperatures (8). This is
known as acquired thermal tolerance. Sublethal doses of heat stress induce the
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HSR, which protects cells and organisms from severe damage, allows resump-
tion of normal cellular and physiological activities, and leads to a higher level
of thermal tolerance (1). The postulated mechanisms for acquisition of this in-
creased thermal tolerance is synthesis of a set of special proteins, known as
HSPs, that occurs during exposure to sublethal temperatures. In general, HSP
synthesis is induced when the temperature increases approximately 10◦C above
the optimal growing temperature for the organism. HSPs are believed to protect
the cell’s proteins, membranes, and organelles during heat stress by acting as
molecular chaperones (8,12–15). Molecular chaperones are proteins that prevent
‘‘improper associations’’ among proteins. They prevent protein aggregation, help
denatured proteins refold, and assist in the folding of nascent proteins (12).

HSP synthesis is usually accompanied by a ‘‘shutdown’’ or reduction in
the synthesis of ‘‘normal’’ cellular proteins. The accumulation of HSPs and in-
hibition of normal protein synthesis is termed the heat-shock response (HSR).
Plant tissues that do not have a HSR are more sensitive to high temperatures
(8). The synthesis of HSPs by cotton (16), soybean (17), and other legumes (18)
grown in the field suggests that their synthesis is a normal occurrence that may
protect plants from daily exposure to high temperatures in some environments.
Studies in corn have indicated that the synthesis of HSPs is influenced by ni-
trogen (N) nutrition and the stage of plant development (19,20). These studies
also suggested that there is a N cost for HSP synthesis. The N needed for HSP
synthesis maybe the result of hydrolysis of the soluble photosynthetic enzymes
such as ribulose-bis-phosphate carboxylase oxygenase and phosphoenolpyruvate
(PEP) carboxylase (19,20).

There is increasing evidence that plants develop ‘‘cross tolerance’’ to en-
vironmental stresses, including heat stress. Salt stress increases thermostability
of photosystem II in sorghum (21), and water deficit improves heat tolerance
in geranium (22). Cross-protection between HSPs and other stresses has been
reported, but there does not appear to be a common mechanism underlying these
interactions (23). Recently it has been demonstrated that drought (under high
light), ultraviolet A (UV-A), exogenous abscisic acid treatment, and oxidative
stress will induce HSP synthesis in Chenopodium and Lycopersicum (24). More
research is needed to elucidate the complex interactions among HSPs and other
stress-induced proteins.

HSPs are generally divided into two classes: high-molecular-weight (HMW)
(60 to 110 kDa) and low-molecular-weight (LMW) (15 to 30 kDa) (8). There
are four HMW-HSP families that contain HSPs with approximate molecular
mass of 104, 83, 70, and 60 kDa (8). HSP104 is essential for heat tolerance in
yeast (25). Genes encoding HSP104 from either soybean (26) or Arabidopsis
(27) can complement a yeast mutant lacking this gene. In addition to responding
to several abiotic stresses, HSP104 accumulates in embryos of developing rice
seeds (25). In animals, HSP83 maintains steroid hormone receptors in proper
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conformation (28). Homologous forms of HSP83 have been found in plants
(29). In rice, they are expressed during seed development in vascular bundles
and procambrial cells (30). In tobacco cells, HSP90, an analog of HSP83, is
associated with microtubules (31). HSP83 synthesis is induced in response to
cold and heat stress (29) and by pathogen infection (32). In Drosophila, mem-
bers of the HSP90 family interact with proteins involved in signal transduction
pathways (28). Insects with mutations in HSP90 have abnormal morphological
characteristics. When HSP90 function is compromised (e.g., by temperature),
cryptic morphological forms of Drosophila result and selection leads to con-
tinued expression of these traits even when functional HSP90 is restored (28).
The authors speculate that HSP90 responds to environmental conditions linked
to signal transduction pathways and hence acts as a capacitor for morphological
evolution (28). This hypothesis has not been tested in plants. The HSP70 family
is ubiquitous, and homologous forms of this HSP have been found in most or-
ganisms (8). Some members of the HSP70 family are always present in the cell,
whereas others are synthesized only in response to heat stress. The main func-
tion of the HSP70 family is to assist in protein folding and assembly (12,14,15).
A member of the HSP60 family is constitutively synthesized and present in the
chloroplast, where it assists in the assembly of the large and small subunits of
ribulose-bis-phosphate carboxylase oxygenase (13,33). Another HSP60 interacts
with proteins in the mitochondria (34).

The LMW-HSPs are more abundant in plants than in other organisms (8).
It is believed that the diversification of the LMW-HSPs is the result of gene
duplication and occurred after the split of plant and animal lineages (35). There
are two general size classes with approximate molecular mass of either 25 or
18 kDa. They are encoded by five nuclear gene families (35,36). These classes
include HSPs that are found in the cytoplasm (type I and II), endoplasmic retic-
ulum (type IV), mitochondria, and chloroplast. The LMW-HSP are similar in
structure to α-crystallins found in the vertebrate eye lens (8). The α-crystallins,
murine HSP25, human HSP27 (37), and plant HSP18.1 and 17.7 (38) have
chaperone activity and assist in the folding of ‘‘model substrates.’’ Chloroplast
LMW-HSPs form high-molecular-weight aggregates in vivo and in vitro (38–43).
It has been demonstrated that the rate of synthesis and accumulation of the
LMW-HSP corresponds with acquired thermal tolerance in soybean (44). In
addition, constitutive expression of members of the HSP18 family improved
thermal tolerance in Arabidopsis (45). All of the LMW-HSPs contains two re-
gions of conserved amino acid sequences in the carboxyl terminal. These are
designated heat shock domains I and II (35,36).

Because the accumulation of HSPs of both size classes has been correlated
with increased heat tolerance in a number of organisms (8), we were interested in
studying the HSR in two somoclonal variants of creeping bentgrass (cv. Penn-
cross) derived from the same seed that differ in thermal tolerance. A better
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understanding of the HSR in this turfgrass will provide basic information that
may potentially be applied to turf management.

VI. HEAT-SHOCK RESPONSE IN CREEPING BENTGRASS

The following summarizes our research on bentgrass thermal tolerance. It fo-
cuses on the areas we have studied most extensively: whole-plant performance,
physiological assays, identification and role of HSPs, and genetic analysis.

VII. WHOLE PLANT PERFORMANCE

Initially, heat tolerance and turf quality of SB and other clones derived from
the Penncross callus were visually assessed in the field. SB ranked better than
Penncross in visual turf quality and percent cover (46).∗ In one field experiment,
irrigation was interrupted for 72 hr, resulting in turf surface temperatures ranging
from 37 to 52◦C. SB was one of the variants that survived this stress, but NSB
did not (46). When these plots were reevaluated 4 months later, the SB plug had
doubled in diameter, whereas the other variants remained the same size.

Tests were conducted to evaluate the ability of bentgrass to recover from
varying environmental conditions by measuring dry-matter accumulation (46).
From late June through December, samples were collected monthly from field
plots in Starkville, MS. Plugs (2 cm) were removed from the plots on the sam-
pling dates indicated in Figure 2 and were allowed to recover under optimal
temperature, water, and nutrient conditions in a growth chamber. The total dry
weight that accumulated over an 8-week period following each collection date
was determined. SB accumulated significantly more dry weight than NSB dur-
ing the hot summer months, when the average air and sod temperatures were
approximately 28 and 30◦C, respectively. There were no differences between
SB and NSB in regrowth during the more temperate fall and winter months.
A comparison of the rate of dry-weight accumulation during a hot (July) and
temperate (October) month is shown in Figure 3. Dry weight that accumulated
following the sampling date was determined at 2-week intervals. The rate of
dry-weight accumulation was greater for SB than NSB in July, but there were
no differences between the variants in October.

Although SB and NSB are morphologically indistinguishable at normal
temperatures (approximately 22◦C), there is an observable difference between
SB and NSB following high-temperature stress. After a growth-chamber mal-
function when the temperature exceeded 37◦C for 24 hr, leaves of SB where

∗In this study (46), SB and NSB are denoted as variant 6 and Penncross, respectively.
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Figure 2 Vegetative plugs of SB and NSB were collected from field plots in
Starkville, MS, on the dates indicated, and allowed to regrow under optimal condi-
tions in a growth chamber (47). The dry weight of clippings was determined at 2-week
intervals for 8 weeks. The values plotted here represent the total dry matter accumu-
lated over the 8-week period. Air (A) and sod (S) temperatures in the field on the
day of sample collection were 27.9◦C (A) and 30.0◦C (S) on 6/28/85; 30.3◦C (A) and
33.5◦C (S) on 7/31/85; 25.6◦C (A) and 27.3◦C (S) on 9/4/85; 25.4◦C (A) and 29.4◦C
(S) on 10/1/85; 13.4◦C (A) and 14.5◦C (S) on 11/20/85; and 6.0◦C (A) and 9.1◦C (S)
on 12/19/85. (Data compiled from Ref. 47.) Means not labelled with the same letter
differ (p < .05) according to LSD.

relatively undamaged, whereas those of NSB were severely withered (47). An
experiment conducted in a growth chamber indicated that both SB and NSB
survived a day/night temperature regime of 40/38◦C. However, after being main-
tained at 40–42◦C for 3 days, 50% of SB and no NSB plants were capable of
regrowth (DM Ford, Southeast Missouri State University, personal communica-
tion).

Thermal tolerance was quantified for SB and NSB by growing plants
hydroponically at 40◦C for 3, 6, and 9 days and rating the leaf damage. Damage
was assessed by scoring brown necrotic regions on each leaf blade. A high score
was indicative of greater damage. NSB incurred more damage at each sampling
date, and NSB damage scores were significantly greater at 9 days (7.37 ± 3.06)
than those of SB (1.55 ± 0.53) (47).
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Figure 3 Rate of dry-weight accumulation for plugs of SB and NSB collected 7/31/85
and 10/1/85. The air and soil temperatures on the collection dates were the same as
those in Figure 2. (Data compiled from Ref. 47.)

VIII. PHYSIOLOGICAL ASSAYS

Additional experimental techniques were used to determine if SB was more
thermotolerant than NSB. The tetrazolium reduction assay, which tests for cell
viability (48), indicated that SB could withstand higher temperatures than NSB
(data not shown). Electrolyte leakage assays have been used to measure mem-
brane thermostability in response to high-temperature stress (49,50). The premise
of this technique is that membranes become more fragile at high temperatures.
Consequently, the damage that occurs during heat stress results in ‘‘leaky’’
membranes. To determine the amount of electrolyte leakage, leaf blades were
exposed to increasing temperatures for various times. The amount of electrolyte
released into the solution surrounding the tissue was measured and then com-
pared to that of leaf blades that were ‘‘killed’’ by a freeze/thaw cycle (100%
electrolyte leakage). The ratio (Le) of conductivity after heat treatment to con-
ductivity following killing is an indication of the relative injury caused by the
stress and membrane thermostability (49). The larger the ratio, the more damage
occurred during the stress. When Le was measured at 25 and 35◦C (Fig. 4), there
were no differences between SB and NSB at any of the time intervals (Figure 4,
Dr. S. Newman, Colorado State University, unpublished data). However, the Le



292 Luthe et al.

Figure 4 Electrolyte leakage values for SB and NSB at 25, 35, 40, and 45◦C. Ten
2-cm leaf-blade sections were submerged in 25 mL of glass-distilled water (0.9 µmho
cm−1) with 0.01% Tween 20. Samples of each variant were incubated in a water bath
at the temperatures listed above and removed every 30 min for 5 hr. Samples were then
incubated at 4◦C for 24 hr and electrical conductivity of the solution was measured with
an electrical conductance meter (YSI Model 35, Yellow Springs, OH). Tissue was then
frozen at −80◦C, thawed to 4◦C, incubated for 24 hr; the electrical conductivity was
then measured again. Electrolyte leakage (Le) was calculated as the ratio of conductivity
after stress treatment to the conductivity after freezing. Data are presented as the means
of three Le observations. (Unpublished data courtesy of Dr. Steve Newman, Colorado
State University.)

was less for SB than NSB when leaf blades were exposed to 40◦C for 180
to 270 min. When incubated at 40◦C for this length of time, SB had greater
membrane stability than NSB. The Le of SB and NSB was high and similar at
45◦C, which suggested that the ‘‘critical temperature’’ for both variants had been
attained and that plant death was occurring. The critical temperature depends
on the length of the incubation time and temperature. When the Le is 50% or
greater, the critical temperature has been reached (51). The critical temperatures
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for NSB ranged from 52.4◦C at 30 min to 39.8◦C at 300 min. They were 52.7
and 42.0◦C for SB at the same time points. On average, the critical temperature
for SB was 2.1◦C greater than that for NSB, which indicated that it had greater
membrane stability at high temperatures.

All of these assessments, field trials, regrowth experiments, tetrazolium re-
duction, electrolyte leakage assays, and evaluation of damage during hydroponic
heat stress confirm that SB is more heat-tolerant than NSB. The next focus of
our research was to determine why SB is more heat tolerant than NSB.

IX. HSP IDENTIFICATION AND LOCALIZATION

Since the HSR and the synthesis of HSPs has been implicated in acquisition of
thermal tolerance in a number of organisms (8), differences in the HSR between
SB and NSB may provide information regarding the greater heat tolerance of SB.
First, HSP synthesis in the two variants was evaluated. Leaf blade segments were
incubated in buffer containing radioactive amino acids (47). The proteins syn-
thesized during this in vivo labeling process were analyzed by one-dimensional
(1D) gel electrophoresis (SDS-PAGE) followed by fluorography (47), which al-
lows detection of the radiolabeled proteins. After 1 hr at 40◦C, both SB and
NSB synthesized the HMW-HSPs of 97, 83, and 70 kDa and LMW-HSPs of 27
and 18 kDa. Unfortunately, there were no obvious differences in the pattern of
HSPs synthesized when they were analyzed by 1D electrophoresis (47).

Because there were no apparent differences in the pattern of HSPs syn-
thesized by SB and NSB when analyzed by 1D electrophoresis, two additional
aspects of the HSR were determined: the temperature and time required to in-
duce HSP synthesis. If SB initiates HSP synthesis at a lower temperature or
after a short time period, it may account for the better thermal tolerance of SB.
Because the bentgrass used in these experiment was grown at 22◦C (day tem-
perature) and 16◦C (night temperature), one would expect HSP synthesis to be
induced at approximately 32◦C (10◦C above the optimal temperature). For both
SB and NSB, synthesis of the HMW-HSPs and HSP25 was induced between 30
and 32◦C, whereas HSP18 synthesis was induced at 32 to 34◦C (47). Maximal
HSP production was between 36 and 40◦C. At 45◦C, all protein synthesis was
inhibited, suggesting that this temperature was lethal to both SB and NSB. As
is the case for other plants, the synthesis of many normal proteins decreased
as the temperature increased (47). In addition to measuring the temperature at
which HSP synthesis was induced, we also measured the length of time required
for HSP synthesis to begin. At 40◦C, synthesis of the HMW-HSPs began within
5 min and the LMW-HSPs within 15 min. Again, there were no major differences
between the two variants in the length of time required to induce HSP synthesis.
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Since we were unable to detect differences between SB and NSB in the
time or temperature required to induce the HSR, we analyzed the pattern of HSPs
synthesized using an alternate technique (47). 2D gel electrophoresis, which
separates proteins according to their size and charge, was used to determine if
HSP variants were present that were not detected when proteins were analyzed
by 1D electrophoresis. Each spot on the 2D gel represents a unique protein
synthesized during the labeling period. Figure 5 shows the pattern of HSPs
from SB and NSB (47). Several variants of the HMW HSP97, 83, and 70 were
synthesized by SB and NSB. Because of the abundance and complexity of HSPs
in this region of the gel, it was difficult to determine if there were differences
between SB and NSB in the HMW-HSPs. However, differences between SB
and NSB in the LMW-HSPs were apparent. In the HSP18 family, there were
at least 17 polypeptides distributed in the pH range of 5.7 to 7.5. Two of these
polypeptides with isoelectric points of approximately 6.5 and 6.8 were present
in NSB and not SB.

In the HSP25 family, approximately three polypeptides were found in
the acidic region of the gel. These proteins were distributed in the pH range
of 5.4 to 5, had an apparent molecular mass of approximately 27 kDa, and
were synthesized by both SB and NSB. However, in SB, there were two to
three additional polypeptides in this group. These HSPs were smaller (with an
apparent molecular mass of 25 kDa) and slightly more basic than the HSP27
polypeptides found in both SB and NSB. The smaller HSP25 polypeptides were
found only in SB, and in this chapter they are designated as the HSP25 isoforms.
The synthesis of the HSP25 isoforms in SB is one factor distinguishing SB from
NSB in the heat-shock response. Since the HSP25 isoforms were synthesized by
the heat-tolerant SB, it is possible that they may be correlated with its superior
thermal tolerance. Several other heat-tolerant variants, derived from Penncross
in a different series of selections, were also tested to determine whether the
HSP25s were present (Fig. 6). All of the heat-tolerant variants tested synthesized
the HSP25s (50).

LMW-HSPs are found throughout the plant cell. They are localized in the
cytoplasm, ER, mitochondria, and chloroplasts (8,35,36). There is evidence that
some members of the HSP25 family are present in the chloroplast of a number
of plant species (52). Since the genes encoding these HSPs are in the nucleus,
the plastid HSPs must be synthesized in the cytoplasm and posttranslationally
transported into the chloroplast. To determine if members of the bentgrass HSP25
family were localized in the chloroplast, they were isolated from in vivo labeled
leaf blades and analyzed by 2D electrophoresis (47). The results indicated that
one or two members of the HSP27 family were present in the chloroplasts of
both SB and NSB and that at least one of the HSP25 isoforms was present in
chloroplasts isolated from SB.



Figure 5 Two-dimensional gel electrophoresis of heat-shock and normal proteins
synthesized by SB and NSB. Leaf segments were incubated at heat-shock (40◦C) or
control (25◦C) temperatures for 1.5 hr and were labeled with Tran 35S-label for 1.5 hr
at the same temperature. Equivalent numbers of TCA-precipitable cpm were applied
to each gel. Proteins were visualized by fluorography: (A) NSB, 25◦C; (B) SB, 25◦C;
(C) NSB, 40◦C; (D) SB, 40◦C. Numbers in the right margin are the molecular mass
markers in kilodaltons. LS refers to the large subunit of rubisco. Large solid arrows
mark the HMW HSPs, and open arrows indicate HSP27 group. The large open box
indicates the missing HSP25 polypeptides in NSB. The open circles mark the HSP18
family; the small arrows in this region mark the polypeptides that are present in NSB
but that are absent in SB; the small open squares indicate the positions of the missing
peptides in SB. (From Ref. 47.)

295
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Figure 6 Enlargement of the region of the two-dimensional gel containing the HSP27
family from NSB, SB, and three additional leaf-tolerant bentgrass variants, 47, 19, and
16. The arrows indicate the position of the HSP25 isoforms. The open square indicates
the absence of the HSP25 isoforms in NSB. (From Ref. 52.)

The LMW chloroplast HSPs are characterized by three consensus or con-
served regions. Sequences I and II, found in the carboxyl-terminal region, are
homologous to the α-crystallin domain of other LMW HSPs (8). Consensus
region III is a methionine-rich region that is common to chloroplast-localized
HSPs (53). This region forms an amphipatic α-helix that has methionine and
other hydrophobic amino acids on one side and hydrophilic amino acids on
the other (53,54). Antibody (Abmet) has been made to a 28 amino acid peptide
derived from the consensus sequence of this region (52). This antibody recog-
nized LMW chloroplast HSPs in plants from six divergent Anthophyta species,
including C3, C4, CAM, monocot, and dicot species (52). Immunoblot analy-
sis (Fig. 7) indicated that Abmet recognized HSP27 in heat-shocked leaf blades
from both SB and NSB. It also recognized the HSP25 isoforms found in SB. In
addition, this experiment indicated that members of the HSP25 family could be
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Figure 7 Time course of the expression of LMW HSPs in SB and NSB variants of
creeping bentgrass during heat shock. Leaf blades were incubated at 40◦C (heat shock,
H) or 22◦C (control, C) for 0, 1, 4, 8, and 12 hr. Proteins were extracted, separated
by SDS-PAGE, and immunoblotted. Heat-shock proteins (HSPs) were detected using
antibody to the methionine-rich region of chloroplast-localized HSP25. Arrows indicate
the preimport and mature forms of HSP27 and the HSP25 isoforms. (Unpublished data,
Wang and Luthe.)

Figure 8 Immunoblot of proteins extracted from leaf blades and roots of SB and NSB
variants of creeping bentgrass grown hydroponically in a growth chamber at 40◦C for
12 days. Proteins were extracted, separated by SDS-PAGE, and immunoblotted. Heat-
shock proteins (HSPs) were detected using antibody to the methionine-rich region of
chloroplast-localized HSP25. Roots were collected on days 0, 1, and 12 and leaf blades
were collected 1, 3, 5, 7, 10, and 12 days. (Unpublished data, Wang and Luthe.)

detected by Western blot within 1 hr of heat shock at 40◦C. Access to Abmet
∗

has simplified much of our research, because it is no longer necessary to label
leaf blades in vivo with radioactive amino acid prior to electrophoresis. Leaf
blades can be detached from intact plants that have been subjected to high tem-
peratures in the growth chamber and immediately assayed for the presence of
HSP27 and HSP25 (Fig. 8). For example, during hydroponic heat stress at 40◦C,

∗Antibody met was graciously provided by Dr. S. Heckathorn, Syracuse University.
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members of the HSP25 family were present in the leaf blades of both SB and
NSB throughout a 11-day hydroponic stress period at 40◦C (Fig. 8). After 1 day
of hydroponic heat stress at 40◦C, roots from NSB and SB contained HSP27,
and SB contained the HSP25 isoforms. This indicates that the HSP25 family is
also synthesized in the root, but we do not know if they are localized in the
plastids. The root HSPs were not present after 11 days of heat stress. A more
detailed time course must be done to determine when HSP25 synthesis ceases
in this organ. However, if HSP25 synthesis in the root does not persist for long
periods of time, it may account for the observation that roots of turfgrass are
more susceptible to heat stress than leaf blades.

We used Abmet to show that the synthesis of the HSP25 family in bentgrass
occurs in the cytoplasm and not the chloroplast. Leaf blades were incubated with
either cyclohexamide, which inhibits cytoplasmic protein synthesis, or chloram-
phenicol, which inhibits chloroplast protein synthesis. Synthesis of the HSP25
family continued in the presence of chloramphenicol but was inhibited by cyclo-
hexamide (Fig. 9). This suggests that the HSP25 genes in bentgrass are nuclear
and that the HSP25 polypeptides must be posttranslationally transported into the
chloroplast. If temperature increases too rapidly, import into the chloroplast is
impaired (57). This may account for the presence of the preimport form shown
in Figure 9.

The availability of Abmet has been used for research regarding the role
of LMW chloroplast HSPs (52,55,56). When the antibody was used to survey
an evolutionarily diverse group of plants by immunoblot analysis, there was a
general correlation between the amount of chloroplast LMW-HSP and thermal
tolerance of the species (52). For example, Ferocactus, one of the most ther-
motolerant plants known, produced more of the chloroplast HSPs than plants
that grow in more temperate climates. The presence of LMW-HSPs that cross
react with Abmet in a wide array of species indicates that the methionine-rich

Figure 9 Immunoblot of proteins extracted from leaf blades of SB and NSB variants
of creeping bentgrass incubated in the presence of cycloheximide and chloramphenicol
at 40◦C for 6 hr. Lanes H and C incubated at 40 and 25◦C, respectively, in the absence
of cycloheximide and chloramphenicol. (Unpublished data, Wang and Luthe.)



Heat-Shock Proteins in Creeping Bentgrass 299

sequence is highly conserved and that these HSPs may be essential for survival
(52). Photosystem II (PSII) and the oxygen-evolving complex (OEC) of PSII
are especially sensitive to heat and oxidative stress (24,55,56). When tomato
plants were grown at 25/18◦C and photosynthetic electron transport measured
at 47◦C, there was a 80% drop in whole chain electron transport due to in-
hibition of PSII (55). However, if plants were allowed to acclimate (pre–heat
stress) at 43◦C prior to the measurement at 47◦C, there was only a 20% drop in
photosynthetic electron transport. Presumably this occurred because chloroplast-
localized HSPs were synthesized during the pre–heat stress period and protected
PSII during the subsequent 47◦C treatment. The addition of ABmet, which prefer-
entially associates with the chloroplast HSPs and prevents them from interacting
with endogenous chloroplast proteins, eliminated the protection of PSII. Neither
preimmune serum nor bovine serum albumin alleviated the heat-induced inhibi-
tion of electron transport. Furthermore, addition of purified chloroplast HSP25s
protected PSII during heat stress at 47◦C. But, addition of exogenous HSP25
could not reactivate PSII that was already heat-denatured (55,56). Oxidative
stress, UV light, drought, and abscisic acid also induced the synthesis of the
LMW chloroplast HSPs in tomato and Chenopodium album (24). The induction
of these HSPs by a variety of abiotic stresses results in tolerance that enables
the plant to survive several types of adverse conditions (21–24).

Subsequent research (56) demonstrated that chloroplasts of Chenopodium
album contained HSPs of 25 and 22 kDa. Fractionation of chloroplasts indi-
cated that HSP25 was located in the stroma and the smaller HSP22 within the
thylakoid. Immunoblot analysis indicated that HSP22 was associated with OEC
proteins of 32, 23, and 16 kDa. As the temperature increased, HSP25 became
less soluble and appeared to aggregate with the thylakoids. Recent experiments
(Dr. S. Heckathorn, Syracuse University, personal communication) indicate that
the HSP25 isoforms found in SB but not NSB are localized within the thylakoids.
Preliminary results suggest that the HSP25 isoforms are associated with OEC33.
The larger HSP27 isoforms are present in the stroma of both SB and NSB. The
results presented in Figure 10 (Dr. S. Heckathorn, unpublished data) indicate
that PSII electron transport measured at both 26 and 41◦C was protected to a
greater extent in SB than NSB following a 6-hr period of preheat stress. These
data suggest that SB is more heat-tolerant than NSB because it is capable of
synthesizing the smaller, thylakoid-localized HSPs that protect the OEC during
heat shock.

Figure 11 summarizes our proposed model for induction, synthesis, and
localization of the HSP25 family in SB. After sensing high temperature, the
transcription of genes encoding HSP27 and HSP25 occurs. These mRNAs move
from the nucleus into the cytoplasm, where they are translated into the ‘‘pre’’-
protein form. The transit peptide on the preprotein targets the HSPs to the
chloroplast. Following movement into the plastid, the ‘‘pre’’ sequence is re-
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moved and HSP27 and HSP25 are localized to the stroma and thylakoid lumen,
respectively (Dr. S. Heckathorn, unpublished data). In the lumen, HSP25 asso-
ciates with the OEC and protects this complex from high-temperature stress. In
NSB, the HSP25 isoforms are absent and OEC is afforded less protection.

X. THERMAL TOLERANCE AND RECOVERY FROM
HEAT STRESS

As mentioned above, a typical aspect of the HSR in most organisms is a dramatic
decrease in synthesis of normal proteins during heat shock. In bentgrass, this
was demonstrated as decreased incorporation of radioactive amino acids into
protein during in vivo labeling experiments at high temperatures (47,58). When
leaf blades were returned to near optimum temperature, incorporation of amino
acids increased, which suggested that synthesis of normal cellular proteins had
resumed. Our research indicated that the synthesis of normal proteins increased
4 hr after heat shock in SB and 6 hr thereafter in NSB. This was not due to
increased amino acid availability in SB, nor were there differences between SB
and NSB in the abundance of mRNAs encoding the general population of normal
cellular proteins. However, more of these ‘‘normal’’ mRNAs were associated
with polysomes (and hence being translated into proteins) in SB than in NSB at
4 hr postrecovery. 2D electrophoresis indicated that more normal proteins were
being synthesized at 4 hr in SB than in NSB. In addition, the synthesis of the
HSP18 and HSP70 families decreased faster in SB than in NSB during recovery
(58). The synthesis of the HSP27 family continued throughout the 8-hr recovery
period in both NSB and SB.

The recovery of normal protein synthesis 2 hr earlier in SB than NSB may
account for its increased dry-weight accumulation during recovery from high-
temperature stress (Fig. 2). According to Howarth (6), the ability to resume

Figure 10 Three plants each of SB and NSB variants of creeping bentgrass were
heat-stressed as shown (A) in a misted growth chamber at low light (approximately 75
µmol PAR m−2 s−1). Photosystem II efficiency was monitored during the heat stress
via Fv/Fm (B). Fv/Fm data were collected after 45 min of dark adaptation using a
chlorophyll fluorometer (Model PAM 101/103, Walz, Germany). Fo was determined by
probing leaves with <0.1 µmol m−2 s−1 red light (<680 nm) and Fm was determined
by pulsing leaves for 2 sec with 8000 µmol m−2 s−1 of red light. The following day
Fv/Fm data were collected at 26◦C from plants heat-stressed on the previous day and
from three unstressed controls from each genotype. Fv/Fm data were collected from
stressed and control plants after increasing the growth chamber temperature to 41◦C for
1 hr (C). Asterisks indicate significant differences (p < 0.05) between SB and NSB.
(Unpublished data courtesy of Dr. Scott Heckathorn.)
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Figure 11 A proposed model for the synthesis, processing, and translocation of
HSP27 and HSP25 in SB variants of creeping bentgrass. Genes encoding HSP27 and
HSP25 are in the nuclear genome. Following heat shock, they are transcribed into their
respective messenger RNA (HSP27 and HSP25 mRNA). The HSP mRNAs leave the
nucleus and are translated in the cytoplasm to form the HSP precursors that contain
the transit sequence (HSP27 and HSP25 ‘‘pre’’-protein). The transit sequence guides
the HSP into the stroma of the chloroplast, where it is removed. HSP27 remains in the
stroma but may form aggregates during heat shock. HSP25 moves across the thylakoid
membrane into the lumen and associates with the Oxygen Evolving Complex. (Model
based on unpublished data courtesy of Dr. Scott Heckathorn.)
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normal protein synthesis following heat shock is a characteristic of heat-tolerant
plants. In corn, decreases in the amounts of OEC33, 23, and 16 following heat
shock correlated with a decline in net photosynthesis, and subsequent recovery
depended on the replacement of these proteins (59). If these OEC proteins are
afforded greater protection during heat shock by the HSP25 isoforms found in
SB and if SB can replace damaged ones more rapidly than NSB, this could
ultimately result in the increased dry-weight accumulation observed in SB.

XI. GENETIC ANALYSIS

Two LMW HSP genes have been isolated from the SB heat-shock cDNA library
and sequenced (60). The derived amino acid sequences for ApHsp16.5 and
ApHsp26.1 are shown in Figure 12. Both HSPs contain the conserved heat-
shock domains I and II that are typical of LMW-HSPs found in plants and other
organisms (8,35,36). Sequence alignment comparing the amino acid sequences
of the two bentgrass HSPs with members of each class of soybean HSPs is
shown in Figure 13. A phylogenetic comparison (Fig. 14) of the bentgrass and
soybean HSPs indicates that ApHsp16.5 is most closely related to soybean class
I HSP. The phylogenetic tree also indicates that ApHsp26.1 is more similar to
the chloroplast-localized HSP from soybean than to the other classes of soybean
HSPs. Therefore it is likely that ApHsp26.1 codes for a HSP that is localized
in the plastid.

ApHsp16.5 codes for a putative 16.5 kDa HSP. Sequence comparison in-
dicates that it is a member of the cytoplasmic class I LMW-HSP family and it
has greatest homology with LMW-HSP from wheat and barley (data not shown).
Northern blot analysis demonstrated that it was transcribed in response to heat
shock and hybridized to a single 0.8-kb mRNA in both variants (Fig. 15). South-
ern analysis indicated that ApHsp16.5 belongs to a relatively large multigene
family (Fig. 16). This was expected, because there are approximately 18 dis-
tinct HSP18 polypeptides on the 2D gel. There are several polymorphisms in
the hybridization patterns between SB and NSB (Fig. 16), which confirms that
gene structure and/or organization is different between the two variants. We also
know that there are at least two additional members of the HSP18 family that
are synthesized by NSB and not SB (48).

The derived amino acid sequence for ApHsp26.1, which codes for a pu-
tative chloroplast-localized HSP, is compared with those of other chloroplast
LMW-HSPs from several different plant species in Figure 17. The N-terminal
sequence of ApHsp26.1 (from positions 1 to 59) is characteristic of transit
sequences found in proteins that are transported into the chloroplast and homol-
ogous to those found in several other chloroplast HSPs (60). Transit sequences
have a high serine content, are rich in basic amino acids, and lack acidic amino
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acids. When the putative transit sequence is removed during movement into the
chloroplast, the resulting HSP has a molecular mass of approximately 22 kDa.
This is slightly less than the molecular mass determined by SDS-PAGE; how-
ever, it is not unusual for estimates from SDS-PAGE and derived amino acid
sequences to disagree.

In addition to the transit sequence, the putative protein also contains
methionine-rich region and conserved heat-shock domains I and II. The pres-
ence of a putative transit sequence, the methionine-rich region, and its general
homology with other chloroplast HSPs in the data base suggest that ApHsp26.1
encodes a chloroplast-localized HSP. In addition, ApHsp26.1 has the five–amino
acid sequence EVKMR at positions 162 to 166 just before heat-shock domain II
(Fig. 17). This sequence is present in chloroplast localized LMW-HSPs from
wheat, barley, and maize. The related sequence EIKMR is found in HSP25
from pea, petunia, and soybean (Fig. 17). Phylogenetic analysis indicates that
ApHsp26.1 has the greatest homology (approximately 64%) with chloroplast
HSPs from wheat and barley (Fig. 18). It has less homology with the dicot
LMW-HSP. Because the antibody raised against the methionine-rich peptide
cross-reacts with several proteins ranging from 25 to 27 kDa in SB and NSB,
genes encoding these proteins must be present in the bentgrass genome and
remain to be identified and isolated.

Northern blot analysis (60) indicated that ApHsp26.1 hybridized to a single
mRNA species of approximately 1 kb in NSB and 0.8 kb in SB (Fig. 15).
The smaller size of the hybridizing mRNA in SB suggested that ApHsp26.1
may code for one of the smaller HSPs found in this variant, but this has not
been confirmed. Southern analysis (Fig. 19) indicated ApHsp26.1 hybridized
to two bands in both SB and NSB, suggesting that there may be two genes
encoding this protein. There were no polymorphisms between SB and NSB
with the three restriction enzymes used for the digestion. This indicates that
genes encoding ApHsp26.1 may have similar or identical sequences in both
variants. The differences in transcript size between SB and NSB may occur
because only one of the two genes is transcribed in each variant. ApHsp26.1
maps to chromosome 1 (bin 1.03) on the maize genome, which is the same site
as a cDNA for a chloroplast-localized HSP from maize.∗

After it was observed that SB and NSB had different patterns of LMW
HSP synthesis, we wanted to determine if this change in gene expression was
genetically stable and if it correlated with the improved thermal tolerance of SB.
Due to the high level of self-incompatibility, it was difficult to obtain progeny
from NSB × SB (and the reciprocal cross), but 20 were obtained (48). Of these

∗ApHsp26.1 was mapped in the maize genome using the immortalized F2 population of Tx303
× Col59IF2 by the University of Missouri RFLP Laboratory.
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Figure 14 Phylogenetic comparison of the two bentgrass LMW-HSPs with each class
of soybean LWM-HSP. HSPs are designated as in Figure 13.

progeny, 13 synthesized the HSP25 isoforms and 7 did not. This suggested
the presence of HSP was inherited as a heterozygous dominant trait (X2 =
1.8, p = 0.18) in SB (48). Hydroponic heat-stress experiments demonstrated
that the presence of HSP25s was correlated with increased thermal tolerance in
the F1 progeny (X2 = 22.45, p < 0.001). To the best of our knowledge, this

Figure 15 Transcription of ApHSP16.5 and ApHSP26.1 in NSB and SB variants of
creeping bentgrass following heat shock (47). RNA was isolated from leaf blades of
NSB and SB incubated at the control (C- 22◦C) or heat shock (H- 40◦C) temperature
for 1.5 hr. Samples were separated by electrophoresis, blotted, and probed with either
ApHSP16.5 or ApHSP26.1. The location of the 0.8- and 1.0-kb markers are on the
right of each blot. (Data from Ref. 61.)
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Figure 16 Southern blot analysis of DNA isolated from NSB and SB variants of
creeping bentgrass. DNA was cut with the restriction enzymes EcorI, EcorV, and XbaI
separated by electrophoresis and probed with ApHSP16.5. MW indicates the lane con-
taining the molecular size marker. The size of the bands in kilobases (kb) are in the
left margin. (Unpublished data, Lin and Luthe).

was the first genetic evidence demonstrating a correlation between the synthesis
of a particular HSP and heat tolerance in a higher plant (47). Subsequently,
others have shown that increased heat tolerance is genetically associated with
the production of HSP25 in wheat (62).

To extend the genetic analysis, progeny from the NSB × SB cross (‘‘F1’’)
that demonstrated the highest (progeny 4 and 20) and lowest (progeny 7) levels
of heat tolerance (47) were crossed and several backcrosses were also made.
The expected genotype and characteristics of the parents are shown in Table 1.
Using Abmet, the progeny from these crosses were examined for the presence
of the HSP25 isoforms. Although we previously postulated that the ability to
synthesize the HSP25 isoforms was inherited as a heterozygous dominant trait
(48), data from these analyses (Table 2) suggest that two genes, A and B, may
be involved. Our model predicts that SB is heterozygous dominant for A and B,
with A having a greater effect on the trait than B. When A, or both A and B,
are present, the plants synthesize the HSP25 isoforms. The X2 values obtained
(Table 2) appear to confirm this model.

Progeny (28 individuals, 5 replicates) from one of the second-generation
crosses (4×20) were analyzed for thermotolerance (Table 3). All of the progeny



310 Luthe et al.



Heat-Shock Proteins in Creeping Bentgrass 311

F
ig

u
re

17
A

lig
nm

en
t

of
th

e
de

ri
ve

d
ac

id
se

qu
en

ce
of

th
e

be
nt

gr
as

s
ch

lo
ro

pl
as

t
L

M
W

-H
SP

(a
ph

sp
26

.p
ro

)
w

ith
se

qu
en

ce
s

of
ch

lo
ro

pl
as

t
L

M
W

-H
SP

s
fr

om
se

ve
ra

l
sp

ec
ie

s,
th

e
m

et
hi

on
in

e-
ri

ch
do

m
ai

n
(m

et
ri

ch
.p

ro
),

an
d

he
at

sh
oc

k
do

m
ai

ns
I

an
d

II
(c

on
sI

.p
ro

an
d

co
ns

II
.p

ro
).

T
he

sp
ec

ie
s

de
si

gn
at

io
ns

an
d

G
en

ba
nk

ac
ce

ss
io

n
nu

m
be

rs
ar

e
A

gr
os

ti
s

pa
lu

st
ri

s
(A

p.
pr

o,
A

F0
19

14
4)

,
A

ra
bi

do
ps

is
th

al
ia

na
(A

t.p
ro

,4
86

75
9)

,C
hl

am
yd

om
on

as
(C

hl
y.

pr
o,

18
15

2)
C

en
op

od
iu

m
ru

br
um

(C
r.p

ro
,1

23
56

4)
,G

ly
ci

ne
m

ax
(G

m
.p

ro
,8

17
86

),
H

or
de

um
vu

lg
ar

e
(H

v.
pr

o,
45

56
16

),
Ly

co
sp

er
ic

um
es

cu
le

nt
um

(L
e.

pr
o,

24
53

34
),

N
ic

ot
ia

na
to

ba
cc

um
(N

t.p
ro

,
A

B
00

60
44

1)
,P

et
un

ia
hy

br
id

a
(P

t.p
ro

,1
41

58
),

P
is

um
sa

ti
vu

m
(P

s.
pr

o,
71

50
0)

,T
ri

ti
cu

m
ae

st
iv

um
(T

a.
pr

o,
40

28
57

1)
.A

lig
nm

en
t

w
as

co
nd

uc
te

d
us

in
g

th
e

M
eg

al
ig

n
pr

og
ra

m
(D

N
A

ST
A

R
,

19
94

)
an

d
th

e
C

lu
st

al
m

et
ho

d.



312 Luthe et al.

Figure 18 Phylogenetic comparison of chloroplast LMW-HSP from several plant
species with the putative chloroplast localized LMW-HSP from bentgrass. The arrow
marks the divergence of monocots and dicots. HSPs are designated as in Figure 15.

lacking the HSP25 isoforms were in the highly damaged class. These data also
indicate that the presence of the HSP25 isoforms is correlated with increased heat
tolerance. When these data are considered along with the data indicating that the
HSP25 isoforms are localized in the thylakoid lumen and probably associated
with OEC (Dr. S. Heckathorn, personal communication), there is strong evidence
that the presence of the HSP25 isoforms in SB are a major factor contributing
to its enhanced heat tolerance.

Figure 19 Southern blot analysis of DNA isolated from NSB and SB variants of
creeping bentgrass. DNA was cut with the restriction enzymes EcorI, EcorV, and XbaI
separated by electrophoresis and probed with ApHSP26.1. MW indicates the lane con-
taining the molecular size marker. The size of the bands in kilobases (Kb) are in the
left margin. (Unpublished data, Lin and Luthe.)
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Table 1 Proposed Creeping Grass Genotypes of
Heat Tolerant (SB) an Non–Heat Tolerant (NSB)
Variants and Their Progenya

Expected Heat
Plant genotype HSP25 tolerance

NSB aabb − Low
SB AaBb + High
7 aaBb − Low
20 Aabb + High
4 Aabb + High

aIt is postulated that the ability to synthesize the HSP25
isoforms is regulated by two genes, A and B, and the
expected genotype of each plant is given. The presence
(+) or absence (−) of the HSP25 isoforms is given. Heat
tolerance was determined as described in Ref. 48.

Table 2 Determination of the Ability to Synthesize the HSP25 Isoformsa

Cross and Expected ratio,
expected genotype HSP+

25 HSP−
25 HSP+

25 : HSP−
25 X2 P

4 × 7 (Aabb × aaBb) 24 7 3 : 1 0.097 0.75
4 × 20 (Aabb × Aabb) 26 5 3 : 1 1.301 0.25
4 × NSB (Aabb × aabb) 14 10 1 : 1 0.667 0.40
20 × NSB (Aabb × aabb) 13 11 1 : 1 0.167 0.65
SB × 20 (AaBb × Aabb) 21 1 7 : 1 1.273 0.27
SB × 7 (AaBb × aaBb) 20 4 7 : 1 0.381 0.55

aWestern blot analysis was used to determine if F2 and backcross progeny from NSB × SB
variants of creeping bentgrass had the ability to synthesize the HSP25 isoforms. The presence
(+) or absence (−) of the HSP25 isoforms, expected ratio, X2 value and probability are
listed. Statistical analysis was conducted using the SAS-General Linear Model procedure
(SAS Institute, Cary, NC).

SOURCE: Unpublished data, Wang and Luthe.

XII. SUMMARY AND CONCLUSIONS

Heat stress in plants occurs when the absorption of solar radiation significantly
exceeds emission and tissue temperatures are above their optimum for normal
metabolism. If heat stress occurs at extreme levels or duration, metabolic activ-
ity may be irreversibly impaired and the plant will die. All plants have evolved
strategies of heat tolerance using adaptation of morphology, anatomy, or physi-



314 Luthe et al.

Table 3 Hydroponic Heat-Shock Analysis of
F2 Progeny from the Cross of 4 × 20a

High Intermediate
HSP25 score score

HSP+
25 87 33

HSP−
25 20 0

aThe expected genotype of the parents is listed in
Table 2. Individual plants (28 plants replicated five
times) were grown hydroponically at 40◦C for 10 days.
Scores were given to each plant as described in
Ref. 47. The higher the score, the more severe the dam-
age. X2 test of independence between the heat score
and the presence of the HSP25 isoforms was X2 =
7.196 (p = 0.007). Statistical analysis was conducted
using the SAS-General Linear Model procedure (SAS
Institute, Cary, NC).

SOURCE: Unpublished data, Wang and Luthe.

ology. A physiological strategy of heat tolerance used by plants is the synthesis
of HSPs triggered by heat stress and other abiotic stresses (21–24).

Starting in 1985, we initiated a series of studies to elucidate the HSR in
SB and NSB. These studies were based on determining the presence and role of
HSPs in these two distinct variants of creeping bentgrass. These bentgrass plants
were somaclonal variants consisting of an apparent heat-tolerant genotype (SB)
and the non-heat-tolerant genotype (NSB). Because SB and NSB were derived
from the same seed and share many of the same genes, we felt that these two
plant types would be an ideal model system to study HSP synthesis and the role
of HSPs in bentgrass heat tolerance. In addition, the close genomic relationship
of grass species, in general, and the economic importance of grasses in agricul-
ture further justified our selection of bentgrass as an attractive model system.

A number of different physiological analyses confirmed that SB was more
heat-tolerant than SB. Although there were no differences in the time or temper-
ature required for NSB and SB to initiate HSP synthesis, SB synthesized two to
three HSP25 isoforms not synthesized by NSB. Work conducted by Heckathorn
(unpublished data) indicates that the presence of the HSP isoforms found in
SB protects photosystem II during heat stress. In addition, his work suggests
that these isoforms (which are not present in NSB) are localized within the thy-
lakoids, where they probably protect the OEC of photosystem II. These findings
mesh with those of Bjorkman et al. (7), who reported that photosystem II activity
was most closely associated with the thermal tolerance in Atriplex sabulosa and
Tidestromia oblongifolia. SB was also found to recover from heat stress faster
than NSB in both the field and the laboratory. SB recovers its ability to accumu-
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late dry weight faster, which may be due to its ability to protect photosystem II
during heat stress. It also recovers normal levels of protein synthesis earlier than
NSB. Although SB appears to recruit more normal mRNAs onto polyribosomes
faster than NSB, the precise mechanism for this is presently unknown.

There are still many questions regarding the difference in the thermal
tolerance between SB and NSB and the function of the HSP25 isoforms. Why
does SB synthesize the HSP25 isoforms? It seems unlikely that these extra genes
were added to SB during the cell culture process. Some event must have occurred
that allowed genes already present in the bentgrass genome to be switched on in
SB and not in NSB. This may be due to a change in the promoter region of the
HSP25 genes, possible demethylation of HSP25 genes, or synthesis of altered
heat-shock transcription factors (63,64). The possibility of posttranscriptional
regulation of HSP25 expression cannot be ruled out. The putative mutation may
have pleotropic affects that alter the entire heat-shock response pathway. If we
could understand the molecular switch resulting in the synthesis of the HSP
isoforms, we might be able to trigger it in other species. It may also be possible
to genetically modify other species with these unique HSP25 genes and produce
more heat-tolerant plants. The knowledge of temperature levels and duration of
these temperature levels needed to trigger the HSR in SB may also be useful in
predicting the deterimental effects following the onset of heat stress in bentgrass.
Adjusting cultural practices in response to this prediction may allow practitioners
to better manage creeping bentgrass as a putting-green turf in the field.
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I. INTRODUCTION

Plants show a great variability with regard to their tolerance to low temperatures
and are thus capable of occupying a wide range of climatic regions in the world.
Plant species of tropical origin are mostly sensitive to chilling (temperatures be-
tween 0 and 12◦C) and do not typically tolerate subzero temperatures and the
presence of ice in their tissues, while plants from temperate regions are gener-
ally resistant to chilling. The chilling-resistant plants typically tolerate subzero
temperatures and freezing of their tissue water. They also exhibit a wide range
of tolerance to subzero temperatures, from slight frost to below −196◦C when
fully acclimated (1). While many temperate woody conifer and deciduous plant
species could survive extreme low temperatures, most herbaceous plants tend to
be much less cold-tolerant.

Cold stress, often referred to as freezing stress, is distinctly different from
chilling stress with regard to the stress imposed on plants, the subsequent plant
response, and perhaps even the mechanisms of tolerance. Cold stress in plants,
unlike chilling stress, always involves the following: (a) the freezing of tissue
water, which entails ice growth, cell dehydration, osmotic concentration, and a
complex freeze-induced cell-volume changes, and (b) the subzero temperatures.
Furthermore, it is important to recognize that the lethal freezing injury, unlike
chilling injury, occurs at a well-defined ‘‘killing temperature,’’ with little or
no dependence on the time of exposure at this temperature. Also, supercooled
cells and tissues (no tissue water freezing) can remain without apparent injury
symptoms for fairly extended periods, suggesting that freezing of tissue water
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and consequent events must have a specific role in causing the characteristic
well-defined killing temperatures. However, this is not to rule out the possibility
that subzero temperatures per se, like chilling temperatures in chilling-sensitive
plants, can inflict chronic disorders and injury over a longer periods of time.
Thus, clearly, the freezing of cellular water and its consequent effects on the
cell would make cold tolerance and injury unique in plants.

The varying ability of plants to tolerate low temperatures is determined
largely by the genetic factors. A wide variation in freezing tolerance does exist
not only among plants, as mentioned above, but also within a plant, among the
various plant parts. For instance, roots, which are guarded from the extremes
of midwinter air temperatures, tend to be much less freezing-tolerant than the
shoots in most plant species. Other factors such as age, nutrition, and abiotic
and biotic stresses can significantly affect the freezing tolerance of plants as
well. Furthermore, most temperate plant species show a characteristic seasonal
fluctuation in their freezing tolerance. Actively growing plants have little ability
to tolerate cold, but they acquire the ability to survive much lower temperatures
in autumn, as they become dormant. Thus, hardy plants that may be killed by
slight frost while actively growing could survive freezing below −196◦C without
injury in midwinter. They subsequently lose all their acquired freezing tolerance
rapidly as they break dormancy and begin growth in spring. We are far from
clearly understanding this remarkable transformation that takes place in plants
and the specific factors or processes that enable plants to survive low temper-
atures in autumn. Nonetheless, it is clear that the ability of plants to tolerate
cold is an inducible one and can be triggered by specific environmental stimuli,
as will be discussed below. This complex plant response to the environmental
cues at the molecular, cellular, and whole-plant levels has long been the subject
of numerous studies. As a result, we have gained some insights into freezing
behavior in plant tissues, cold acclimation changes, the nature and mechanism
of freezing injury, genetic control, and the regulation of freezing tolerance. This
has enhanced our understanding in various areas of plant survival against cold,
including but not limited to the aspects of the molecular basis of freezing toler-
ance and freezing characteristic of plant tissue water. The new advances, though
preliminary in nature, may provide a basis for the development of some strate-
gies and methods that may have potential in improving the freezing tolerance
of plants. In this section, a brief overview of plants response to cold, the mech-
anisms of freezing tolerance, and possible approaches to developing plants with
enhanced freezing tolerance is presented.

II. FREEZING BEHAVIOR IN PLANTS

Under natural conditions of slow cooling, ice initiation in plant tissues occurs
primarily in xylem and vascular elements and grows in the extracellular spaces.
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In most plant tissues, ice grows in the extracellular spaces at the expense of
cellular water. As temperature drops, the cellular water migrates to the extra-
cellular ice, which lowers the melting point (freezing point) of cellular water in
the cells and thus prevents the formation of ice within the cells. Thus, extra-
cellular freezing involves cell dehydration and the consequent concentration of
solutes. Plants can tolerate extracellular freezing, with its associated cell dehy-
dration and osmotic concentration, to varying degrees. Tender herbaceous tissues
may tolerate only slight freeze-induced dehydration, while cells of hardy woody
tissues can dehydrate completely, losing all their freezable water to extracellu-
lar ice. Generally, most of the freezable water is lost from the cells by about
−50◦C (1); the fact that many hardy tissues can survive below −196◦C sug-
gests that dehydration may not be critical for survival in these plants. However,
in a number of plant species that are moderately or slightly freezing-tolerant,
dehydration may contribute to freezing injury. Plants that tolerate ice within
them can do so only if ice is excluded from the cells in the intercellular spaces;
otherwise ice crystals formed within the cells can cause damage to cell mem-
branes and other organelles. During extracellular freezing, if cells are unable
to dehydrate fast enough to keep up with the decreasing water potential of ex-
tracellular ice, as can be expected, the intracellular ice formation occurs. This
scenario may occur because of (a) rapid cooling rates, which can lead to an
increasing disequilibrium in water potentials between the extracellular ice and
supercooled unfrozen cellular water—one way the equilibrium is reached is by
allowing the ice formation to occur within the cells, and (b) the limited water
permeability of the plasma membrane at subzero temperatures, which again may
contribute to disequilibrium between the cellular water and the extracellular ice.
Evidently, the above factors are likely to become more significant in hydrated
tissues than in less hydrated ones. Generally, unhardened plant tissues, typically
with high levels of hydration, have a higher propensity for intracellular freezing
than unhardened tissues (2). Also, depending on the extent of supercooling (3),
supercooled tissues that freeze are prone to intracellular ice formation resulting
in lethal injury.

A. Plant Supercooling

Very rarely, tissue water does not freeze at its actual freezing point (melting
point) but rather supercools to varying degrees before it freezes. This phase
change is facilitated by a nucleation process, and thus the extent of supercooling
varies and is dependent on the efficiency of either the intrinsic ice nucleators
in the tissue or the extraneous ice nucleators on the plant surface or its sur-
roundings. As intrinsic ice nucleators in plants are usually not very efficient,
plants tend to supercool to varying degrees, often limited by the efficacy of
extraneous sources of ice nucleation. Indeed, some biological sources such as
resident epiphytic bacteria—Pseudomonas syringae and Erwinia herbicola—are
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very good ice nucleators and can limit the extent of supercooling in plants (4).
Generally, freezing in tender plants or plant parts such as flower buds and blos-
soms can lead to freezing injury. As a matter of fact, most plants would be
prone to frost injury in early or late spring, when plants are beginning to lose
their freezing tolerance. As long as these plants remain supercooled and avoid
ice in their tissues, there is likely to be no injury. Hence, various strategies
to reduce the ice-nucleation bacterial population by chemicals and by compet-
ing populations of inactive strains have been used to provide protection against
frost injury (4). This approach is aimed at keeping plants supercooled only to
a few degrees (perhaps 2 or 3◦C) and for a limited length of time, because as
the temperature decreases or if plants or plant parts remain supercooled for a
long time, other ice nucleators, including the intrinsic ones, are likely to be-
come active, causing ice formation. As discussed above, supercooling followed
by freezing in tissues can lead to intracellular ice formation and thus to lethal
injury.

However, most plant tissues and the bulk of tissue water typically do not
supercool below −10◦C, and ice nucleation eventually occurs by either extra-
neous or intrinsic sources (heterogeneous ice nucleation). However, there are
many specific tissues—such as stem xylem-ray parenchyma, flower-bud primor-
dia, and partially hydrated seeds—that may avoid ice formation completely until
they reach their homogeneous nucleation temperature (approximately −40◦C),
which is the empirical limit of supercooling for water (5). This phenomenon
is sometimes referred to as deep supercooling. This is distinct from the small
degree of supercooling observed in most tissues, which typically freeze by het-
erogeneous nucleation. At the homogeneous nucleation temperature, water may
self-nucleate, causing instant and rapid intracellular ice formation. Thus, as in-
dicated above, as long as the tissues remain supercooled, no apparent injury is
observed, but subsequent freezing invariably results in lethal injury. An over-
whelming number of woody plants—including many native temperate species
and most of economically important crops like apple, pear, many species of
Prunus, and grapes—show supercooling characteristics in their dormant stems,
flower buds, or both (5–9). Since these plant tissues remain supercooled, avoid-
ing ice and injury, the deep supercooling characteristic has been regarded as
a winter survival mechanism. However, as their winter survival is strictly lim-
ited by the homogeneous nucleation temperature, the supercooling plant species
typically do not tolerate temperatures below approximately −40◦C. Thus, su-
percooling can limit the survival of many native and cultivated temperate plants
and has a remarkable impact on the geographic distribution of native woody
plants. George et al. (6) showed that most deciduous North American woody
plants that show supercooling in their stem tissues were found in regions where
midwinter temperatures did not drop below −40◦C, while the nonsupercooling
species extended to much colder northern regions. Similarly, the supercooling
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characteristic has been shown to have a remarkable impact on the distribution
of native flora of the Rocky Mountains of Colorado and may explain the oc-
currence of treeline in these mountains. A majority of the upright trees (both
conifers and deciduous species) show the supercooling characteristic in stem
tissues and grow up to elevations corresponding to midwinter −40◦C isotherm.
This gives rise to the characteristic treeline observed in these mountains, while
the species found above the treeline do not show the supercooling characteristic
(10). Furthermore, as most horticulturally important perennial plants also show
supercooling, either in their stem tissues or flower-bud primordia, their commer-
cial cultivation is likely to be limited to regions where midwinter temperatures
do not drop below −40◦C on a regular basis. Thus, the supercooling characteris-
tic appears to determine not only the geographical distribution of native flora in
temperate regions and but also the successful cultivation of many perennial fruit
and landscape plants. Therefore, one could conclude that the supercooling char-
acteristic is an undesirable trait and plants that survive extreme cold avoid the
supercooling characteristic and appear to have developed specific mechanisms
to tolerate cell dehydration during freezing.

B. Cell Tension and Cavitation

The freezing behavior of plants is complex and, like the supercooling char-
acteristic, extracellular freezing can clearly have a significant impact on plant
survival. As mentioned above, extracellular freezing in plant tissues is associated
with cell dehydration. Cells need to shrink or deform as water migrates to the
extracellular space during extracellular freezing. Any resistance to cell-volume
change can lead to reduction or even cessation of water efflux, resulting in the
development of negative pressures within the cell. As plant cells are often bound
by rigid cell walls, one can expect to have cell resistance to volume changes
during freezing. In fact, most herbaceous and woody plant tissues offer varying
degrees of resistance to cell deformation during extracellular freezing (11,12),
which can reduce cell dehydration and lead to the development of cell tension
(8,13,14). Obviously, woody, rigid tissues are likely to offer more resistance to
cell deformation and can develop higher tensions than softer herbaceous tissues.
Also, the cold acclimation of plants can lead to significant changes in physical
properties and composition of cell walls (15–17). Among these changes in the
cell walls, an increase in their thickness and rigidity coupled with the decreasing
cell wall pore sizes are significant in relation to the freezing behavior of cells
(12). It is reasonable expect that these changes can alter the freezing behavior
of cells, making them more resistant to cell-volume changes during extracellular
freezing. This is supported by the fact that the cold hardened cells typically de-
velop higher cell tensions than their unhardened counterparts. A good example
of a dramatic change in the freezing behavior resulting from cold acclimation
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is the acquisition of deep supercooling characteristics in stem tissues (18). It
is indeed remarkable that supercooling stem tissues such as stem xylem-ray
parenchyma do not largely dehydrate, although these cells are surrounded by
ice in the adjacent tissues and xylem vessels. Assuming that these cells are in
equilibrium with the ice at a water potential as low as −46 MPa at −40◦C, it is
surprising that they can resist cell dehydration and cell deformation. Thus, these
cells are expected to develop remarkably high cell tension, in the neighborhood
of 46 MPa (8). This raises the obvious question as to whether water is actually
physically stable at such high tensions. Green et al. (19) estimated that aqueous
solutions, as in cell sap, are likely have higher stability under tension than pure
water and that it can withstand approximately a tension of 240 MPa. In fact,
one can expect even higher stability in viscous water. Zheng et al. (20) proposed
that it could be on the order of gigapascals at the glass transformation tempera-
tures. Thus, viscous proptoplasm in cold-hardened cells at low temperatures can
remain stable at cell tensions likely to occur in deep supercooled plant cells.

As cell dehydration is inseparably tied to changes in cell volume, one can
actually predict the extent of cell dehydration during extracellular freezing for
varying levels of cell rigidity. Cells that are very rigid and resist cell deforma-
tion and dehydration are prone to exhibit the deep supercooling characteristic,
which, as discussed before, can predispose cells to homogeneous nucleation
and the resulting lethal injury. In cases where supercooling cells could dehy-
drate slightly, as they do during long cold winters, the cell osmolality increases,
which can actually depress the homogeneous nucleation temperature well be-
low −40◦C. Such observations have been made in many supercooling woody
species grown in the northern latitudes (21). On the other hand, very resilient to
moderately rigid cells that can allow for cell dehydration to occur during extra-
cellular freezing can prevent homogeneous nucleation in cellular water. In fact,
plant tissues that survive extreme low temperatures fall into this group. Thus,
typically nonrigid or soft tissues can avoid supercooling. It is significant to note
that the cell rigidity enables cells to supercool to varying degrees provided that
heterogeneous nucleation of cellular water does not occur and therefore could be
implicated as the primary cause of supercooling in woody tissues. Furthermore,
as the freezing behavior of cell water is modulated by cell rigidity, the amount
of unfrozen water cannot be predicted solely by osmotic concentration of cell
sap in most plants, as once thought. This is because the rigid cells can restrict
the efflux of water and therefore the extent of extracellular freezing. Thus, on
the basis of osmotic considerations alone, one can expect to underestimate the
unfrozen water during freezing. In fact, recent studies show that the freezing of
tissue water is very different from the ideal freezing behavior of dilute aqueous
solution (8). However, it can approach the ideal behavior only if either cells do
not offer any resistance to cell-volume changes during extracellular freezing or
intracellular freezing. Indeed, tissue water in soft herbaceous tissues of some
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species (e.g., potato and spinach) may show nearly an ideal freezing behav-
ior and develop no cell tension during extracellular freezing. Also, intracellular
freezing, which typically does not involve significant cell deformation, does not
lead to cell tension.

As freezing progresses in the extracellular spaces of rigid tissues, cell
tension increases until it reaches the limit of the tensile strength of water. At
this point cellular water ruptures, which is often referred to as cavitation, lead-
ing to a loss of cell tension. Thus, declining cell tension is a good indicator
of cavitation events in a tissue. Even small tensions in stem xylem or in os-
motic cell have been shown to result in cavitation (22,23). The stretched water
(under tension) ruptures to give rise to cavities of water vapor, which are typ-
ically associated with acoustic emissions (24). Acoustic emissions have been
detected during freezing in a number of plant tissues (25,26). As cell tension is
terminated by cavitation, it can often lead to spontaneous ice nucleation within
the cells causing lethal injury (27). Cavitation during freezing can be damag-
ing to cells and has been associated with injury in a number of plants species
(28). Furthermore, cavitation has been associated with the production of reac-
tive oxygen and free radicals, which can also contribute to freezing injury. Our
recent studies have shown that freeze-induced cell tension leading to cavitation
is associated with free radical formation, which contributes to lethal injury in
a number of plant species (unpublished results). In grape stem and boxwood
leaves, extracellular freezing gave rise to higher chemiluminescence than did
the intracellular freezing, suggesting that cell tension and subsequent cavitation
can lead to the production of free radicals. Freezing injury has been linked to
oxidative stress in alfalfa, and efforts to genetically engineer plants with higher
antioxidant enzyme (superoxide dismutase) activity have resulted in plants with
enhanced cold tolerance (29,30).

III. COLD ACCLIMATION

Cold acclimation is an adaptive response in plants inducible by certain environ-
mental conditions and results in enhanced freezing tolerance. Most temperate
plants increase their ability to tolerate cold in response to environmental condi-
tions such as low temperatures, short days, and water deficit (31,32). Although
low nonfreezing temperatures can trigger cold acclimation, some hardy plant
species may need slight frost to acquire their full potential of freezing tolerance.
Some plants may take only a few days to acclimate to cold such as Arabidop-
sis plants, in which a substantial increase in freezing tolerance can be induced
within 24 to 48 hr, while others, such as winter wheat and many woody plants,
may need several weeks to acclimate fully to cold (1,33). In response to these
environmental cues, plants can acquire freezing tolerance to varying degrees
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in autumn and can subsequently deacclimate rapidly in response to conditions
conducive to active growth in spring. Numerous physical, physiological, and
biochemical changes are known to occur during cold acclimation. Some of the
common responses associated with cold acclimation include decreased tissue
hydration; metabolic changes including increase in levels of soluble sugars, pro-
line, and other osmoprotectants; changes in plasma membrane lipids; increased
abscisic acid level; and altered gene expression (16,31,34–40). Most of these
changes are correlated with freezing tolerance, but only limited direct evidence
exists demonstrating that they are actually involved in inducing freezing toler-
ance in plants during cold acclimation. For the most part, they are regarded as
the metabolic adjustment that plants have to make to cope with low temperatures
and freezing of tissue water. As plasma membrane is considered the primary tar-
get of freezing injury, changes in its composition, structure, and function during
cold acclimation have been suggested to directly affect the freezing tolerance of
plants (39,41). The lipid composition of plasma membrane most certainly can
influence its stability; thus, changes in lipid composition—including the types of
lipids and the increase in their fatty acid unsaturation during cold acclimation—
have been proposed to augment the membrane stability against freezing stress.
Thus, it is reasonable to conclude that membrane stability can play a role in
preventing freezing injury. It has therefore been the focus of wide-ranging ef-
forts to improve freezing tolerance in plants. There have been numerous and
extensive studies to characterize the role of various traditional osmoprotectants
and novel cold-inducible proteins in the freeze protection of membranes, or-
ganelles, and whole plants. Even some of the proteins induced during cold
acclimation have been shown to be directly involved in providing membrane
stability against freezing stress (42,43). Recently, a small hydrophilic protein
(7 kDa) was isolated from cold-acclimated cabbage that is effective in protect-
ing thylakoids against freeze-thaw damage (44). There is now evidence that
other proteins are induced during cold acclimation that can help preserve mem-
brane integrity during freezing (43). Also, our preliminary studies have shown
that the approach involving engineering plants to suppress a key phospholipid-
metabolizing enzyme involved in membrane degradation (phospholipase D) may
help provide protection against freezing injury. Thus, one can expect that the
structural changes of plasma membrane play a key role in injury during freezing
and any strategies or approaches to increase membrane stability may prove to
be promising tools in improving freezing tolerance in plants.

As plants acclimate to cold, one of the typical and well-known changes in
cells is a marked increase in solutes, including soluble sugars and other osmo-
lytes (31,34,36). Because of their clearly demonstrable cryoprotective function,
osmoprotectants have long been examined extensively to explain their possi-
ble role during cold acclimation. There is overwhelming experimental evidence
that when used exogenously, these osmoprotectants can protect cell membranes
and organelles (45) during freezing; they have thus become valuable additives
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for cryopreservation of plant tissues (34). However, it is unclear whether these
compounds accumulate at high enough concentrations to explain the observed in-
crease in freezing tolerance during the natural cold-acclimation process. Nonethe-
less, it is possible that these osmoprotectants can concentrate during freezing
and can have a stabilizing effect on the membranes. In addition to well-known
cryoprotectants such as sucrose, raffinose, and proline (31,34), recent studies
have suggested that glycine betaine may play a key role in providing protec-
tion against freezing injury in plants. Glycine betaine, a quarternary ammonium
compound generally considered to provide protection against salt and drought
stresses (46), also accumulates in a wide range of plants during cold acclima-
tion. Accumulation of glycine betaine in response to low temperatures has been
shown in wheat, rye, barley, spinach, and blackberry (35,47–49). The response is
often rapid; for example, a threefold increase in the leaf glycine betaine level oc-
curs within 24 hr of exposure to low temperatures in Arabidopsis. Furthermore,
the direct role of glycine betaine in cold acclimation has been established by
its exogenous application in a number plant species including strawberry, black-
berry, barley, spinach, and Arabidopsis (49,50). The results show that glycine
betaine consistently increased the freezing tolerance in these plant species. This
effect may be attributed to the ability of glycine betaine to protect the struc-
ture and function of membranes, enzymes, and proteins at low water activity
(51,52). Glycine betaine is also believed to be involved in the osmoregulation in
plants (53). Glycine betaine is considered as a compatible solute. While plants
can accumulate considerable amounts of glycine betaine without any apparent
deleterious effects, high levels of exogenous glycine betaine have been observed
to cause leaf scorching in strawberry plants. Interestingly, abscisic acid (ABA),
which plays a major role in cold acclimation of plants, can activate the BADH
gene, which encodes for one of the enzymes involved in the synthesis of glycine
betaine (54). Exogenous application of ABA has been shown to result in the
accumulation of glycine betaine in the leaves of Arabidopsis and strawberry
plants, leading to their increased freezing tolerance. Thus, it is reasonable to
conclude that enhanced freezing tolerance induced by ABA in plants is perhaps
mediated through the accumulation of glycine betaine in these plants.

Our studies have also shown that exogenous glycine betaine can induce
pathogenesis-related proteins such as chitinase and thaumatin-like protein in
beans leaves (unpublished results). Pathogenesis-related proteins, such as chiti-
nase, β-1,3-glucanase and thaumatin-like protein, are typically induced in a wide
variety of plants in response to pathogen attack and abiotic stresses, including
water deficit and high salt levels (55,56). Their accumulation is a characteristic
response to stress which is considered a defense mechanism, often leading to
the development of a resistance against pathogens (57). However, their role in
relation to abiotic stresses is not clearly understood. In response to salt stress,
tobacco-cultured cells accumulate a basic protein called osmotin, which shares
structural homology with a sweet-tasting protein thaumatin, a pathogenesis-
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related protein (58). The gene encoding osmotin has been cloned, and its expres-
sion and regulation have been studied extensively in tobacco (59). Accumulation
of osmotin has been proposed to enhance salt tolerance in tobacco cells (59) as
well as pathogen defense in transgenic plants (60,61). Interestingly, Zhu et al.
(62) showed that a gene encoding osmotin-like protein in potato cells was in-
duced by low temperature and ABA. However, they found that the transgenic
potato plants constitutively expressing this protein showed only improved dis-
ease resistance but not freezing tolerance (61). Similar results were noted in
Arabidopsis plants, where freezing tolerance was not significantly affected in
the transgenic Arabidopsis plants constitutively overexpressing the thaumatin-
like proteins (49). However, recently one of the pathogenesis-related proteins, β-
1,3-glucanase, which accumulates during cold acclimation in spinach, has been
shown to have a cryoprotective role in thylakoids against freeze-thaw injury (63).
These results present the possibility that pathogenesis-related proteins may have
a role in freezing tolerance of plants, but our understanding of these proteins in
relation to abiotic stresses, especially cold, is too rudimentary to enable us to un-
equivocally implicate these proteins in the cold acclimation of plants. Undoubt-
edly, accumulation of these proteins is a complex plant response and the fact
that many biotic and abiotic stresses produce a similar response in plants makes
it difficult to identify their specific functional involvement in freezing tolerance.
Interestingly, perhaps their similarity to antifreeze proteins may shed some light
on their relationship to the cold response. Pathogenesis-related proteins share
structural similarity with antifreeze proteins which accumulate in a number of
plants including monocots and dicots during cold acclimation (64,65). They are
not, however, induced in chilling-sensitive plants, such as maize or tobacco.
These proteins can bind to the ice crystals in the apoplast and perhaps modify
the ice growth. Although pathogenesis-related proteins share structural similar-
ities with the antifreeze proteins, they do not appear to modulate ice growth
in plants (66). Considering the induction of pathogenesis-related proteins under
a variety of biotic and abiotic stresses, it is possible that antifreeze proteins
are isozymes or perhaps derived from pathogenesis-related proteins. However,
to date, not enough is known to indicate the possible role that the antifreeze
proteins or pathogenesis-related proteins may play in the cold acclimation of
plants.

IV. MOLECULAR BIOLOGY AND GENETIC CONTROL

A. Signal Transduction

When plants are exposed low temperatures for acclimation, the low-temperature
signal obviously must be perceived by the cell and transduced to bring about a
series of changes, including the activation of cold-responsive genes. Although
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the specific pathway of signal transduction is far from clear, certain elements
have been proposed to play a role in the activation of these genes. One of the
earliest responses to low temperature in plants is perhaps the oxidative burst,
which involves a sharp transient increase of hydrogen peroxide in the cells and
has been traditionally associated with pathogen attack (67,68). The oxidative
burst appears to be involved in the development of a defense a mechanism
against pathogens. It has also been shown to trigger an accumulation of calcium
in the cells (69), which is considered as a second messenger in low-temperature
signal transduction. This may involve influx of calcium from the cell wall to
the cytosol by the activation of calcium channels in the plasma membrane.
Clear evidence of the involvement of calcium in signaling the cold response
has come from blocking calcium influx in alfalfa cells (70). The results showed
that this prevents the expression of cold-responsive genes and cold acclimation;
conversely, by facilitating calcium influx into the cytosol, the cold-responsive
genes could be activated. Calcium appears to trigger phosphorylation of preex-
isting proteins (71). Thus, the increased levels of phosphorylated proteins are
essential for induction of cold acclimation and are believed to mediate the low-
temperature signal, which eventually leads to the activation of cold-responsive
genes in alfalfa (70). Interestingly, the level of phosphorylation of specific pro-
tein has been shown to be sensitive to temperatures. The increased protein phos-
phorylation at low temperatures via suppression of protein phosphatase activity
has been proposed as a mechanism for plants to sense the low-temperature
signal (71).

ABA is known to accumulate in a wide range of plants during cold accli-
mation, and exogenous application in a number of plant species can induce freez-
ing tolerance in cell cultures and whole plants (72,73). This seems to demon-
strate the possible role of ABA in the cold acclimation of plants. In fact, ABA
can substitute low temperatures for acclimation and even sometimes appears
to be more effective than the acclimating low temperatures in inducing freez-
ing tolerance (73,74). Thus, ABA has been hypothesized to be a part of signal
transduction pathway in response to low temperatures, but a number of recent
studies indicate that it may share only a part of the cold-transduction pathway.
ABA-responsive genes are only some of the genes activated by cold, and it has
been suggested that ABA- and cold-responsive genes may be regulated indepen-
dently (75,76). Furthermore, the gene products in response to low temperatures
are somewhat similar but not identical to those in response to ABA treatment
(73,77). ABA has been known to cause plasma membrane depolarization, which
allows for increased cytosolic calcium, considered as a part of signaling cascade
(78). However, it is not clear whether this is the case during low-temperature
exposure as well or if it plays a role in signal transduction. In view of the recent
evidence ABA may only share in the path of signal transduction for the cold
response.
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B. Genetic Regulation and Expression of
Cold-Responsive Genes

Since the first proposal about 30 years ago (79) that cold acclimation may be
regulated by genes, there has been considerable work in characterizing the ge-
netic expression and regulation of cold-responsive genes in a number of plants,
including both monocots and dicots. Detailed and comprehensive overviews of
the cold-responsive genes and their role in the freezing tolerance of plants have
been presented by Hughes and Dunn (80) and Thomashow (40). An increasing
number of cold-responsive genes have been identified and cloned and their ex-
pressions have been characterized in a wide range of plants (40,80). Freezing
tolerance in plants is a multigene trait (81); thus, one can expect a number gene
products in plants in response to cold acclimation, and is often variable among
species. Although a number of diverse proteins have been shown to be induced
by low temperatures, many of them share similarities. Many of the cold-induced
proteins belong to a general group called late embryogenesis abundant (LEA)
proteins, which typically accumulate in the late stages of seed development.
They have been shown to accumulate in plants as well in response to ABA
and drought and are, therefore, referred to as dehydrins. Dehydrins have con-
served amino acid motifs characterized by a tract of serine residues followed
by lysine-rich domains near the C terminus. However, it should be noted that
not all cold-inducible proteins belong to this family of proteins; for example, a
number of novel proteins have been identified in response to cold in Arabidopsis
(40). Nonetheless, an important characteristic of many cold-inducible proteins
is that they are hydrophilic, like traditional osmoprotectants, are heat-stable, and
remain soluble upon boiling. Therefore, it is reasonable to expect that these
proteins can exhibit a cryoprotective effect on membranes and enzymes (82).
In fact, a novel cold-inducible protein (9.4 kD) in Arabidopsis plants has been
found to be highly hydrophilic and to confer cold tolerance to chloroplast and
protoplasts (40). The role of cold-inducible proteins in cold acclimation appears
to be further substantiated by the observations that a number of cold-responsive
genes in many species are also activated by such factors as drought and ABA,
which are clearly known to induce freezing tolerance in plants. However, the
challenge still remains in that it is essential to characterize the role or function
of many of the cold-inducible proteins in order to understand their relation-
ship to freezing tolerance in plants. Most cold-responsive genes activated by
water stress seem to involve ABA during cold acclimation. Studies with ABA-
insensitive mutants of Arabidopsis suggest that an ABA-independent pathway
may also exist for the expression these genes (76). In Arabidopsis, the products
of cold-responsive genes (COR 15a and COR78) that are hydrophilic proteins
are also induced by water stress. Recently, studies have shown the overlapping
mechanisms of regulation of these genes by water deficit and low temperatures.
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A cis-acting DNA regulatory element responsive to dehydration consisting of
5-bp core of C repeats (CCGAC) has been identified in the promoters of many
cold-responsive genes and has been shown to activate transcription of cold-
responsive genes upon exposure to low temperatures (75,83). In addition, a
24-kDa protein from Arabidopsis, which binds to this regulatory element and
can activate the transcription, has also been identified. When this transcription
factor was overexpressed in transgenic Arabidopsis, a number of cold-responsive
genes were expressed in unhardened plants, leading to a significant increase in
cold tolerance (84). This substantial increase in cold tolerance in Arabidopsis
plants appears to be due to the activation of multiple cold-responsive genes.
However, expression of just one cold-responsive gene (COR 15a) did not have
much effect on the freezing tolerance of plants. Undoubtedly the expression
of multiple cold-responsive genes is a significant step in providing direct ev-
idence linking cold-responsive genes to the induction of freezing tolerance.
This clearly offers a promising prospect for improving freezing tolerance in
crop plants.

Although the specific cause and mechanism of freezing injury are not
clearly understood, there is considerable evidence that impairment of structural
or functional integrity of the plasma membrane plays a key role in freezing
injury. Thus, enhanced ability to tolerate freezing in plants during cold acclima-
tion has been attributed to membrane stability arising due to changes in lipid
and fatty acid compositions (38,85). We have used a method involving the sup-
pression of a major membrane-metabolizing enzyme, phospholipase D (PLD),
to improve freezing tolerance in Arabidopsis plants (unpublished results). PLD
hydrolyzes phospholipids in the membranes and is one of the first steps in the
breakdown of membranes in a number of physiological processes in plants, in-
cluding senescence, aging, wounding, and pathogen attack (86–88). The marked
degradation of phospholipids and involvement of PLD have been demonstrated
in relation to freezing injury in plants (89,90). Recently, there is evidence that
PLD activity may be related to the membrane stability of plants. Higher PLD
activity was noted in chilling-sensitive maize than in chilling-tolerant maize,
and the enzyme activity in membranes appears to increase due to the chill-
ing injury (91). PLD has been shown to mediate the degradation of membrane
phospholipids during senescence (92). Thus, by inhibiting the PLD activity in
plants, it was possible to retard the senescence process (93). Our studies have
examined the role of phospholipase D (PLD) in the freezing tolerance of Ara-
bidopsis plants and chilling tolerance of tobacco plants. The PLD activity was
suppressed in transgenic tobacco plants with an antisense construct of cDNA
of the PLD gene. The results show that transgenic plants with low PLD activ-
ity were chilling-tolerant compared to the untransformed plants. On the other
hand, the transgenic plants with overexpression of the PLD gene were more
chilling-sensitive than the untransformed plants. A similar response was ob-
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served in Arabidopsis plants, in which unhardened transgenic plants expressing
the antisense PLD gene were more than twice as freezing tolerant as the untrans-
formed plants. In addition, our results show that cold acclimation can induce
significantly higher freezing-tolerance levels in transgenic plants with low PLD
activity. Leaves of cold-hardened transgenic Arabidopsis plants with a specific
antisense construct (PLD 351) could survive about −13.5◦C, while those of
from cold-hardened untransformed plant survived −7.5◦C. This shows that the
suppression of PLD activity can markedly increase the freezing tolerance not
only in unhardened plants but also in cold-hardened plants, suggesting that the
low PLD activity can actually augment the freezing-tolerance potential in these
plants. These results show that the suppression of PLD activity in antisense
plants could enhance tolerance to low temperatures in both chilling-sensitive as
well as cold-tolerant plants. The above studies also offer promising strategies to
engineer crop plants with enhanced freezing tolerance, which would allow not
only for their better winter survival but also for the extension of their cultivation
to colder regions.

V. SUMMARY

Cold-tolerant plants are able to tolerate subzero temperatures and tissue water
freezing to varying degrees. These plants tolerate only extracellular freezing,
which is associated with cell dehydration and cell-volume reduction. When cells
offer resistance to cell deformation, as happens in a number of plant species,
they can develop negative pressures. Increasing cell tension predisposes cells to
cavitation, which is associated with injury. Many woody temperate plants avoid
ice formation in certain tissues until −40◦C but are killed when supercooling
is followed by ice formation. The supercooling characteristic has been shown
to have a significant impact on the plant survival and the native geographical
distribution of temperate plants.

Temperate plants show wide variation in their ability to survive cold;
typically most of the freezing tolerance in plants is acquired as they acclimate in
autumn. The fact that this characteristic is inducible by environmental conditions
such as low nonfreezing temperatures has allowed researchers to investigate
the mechanisms of induction of freezing tolerance in plants. Cold acclimation
in plants is a complex response and is mediated by a number events, among
which the oxidative burst appears to be one of the early steps in the signaling
cascade. The oxidative burst can trigger cytosolic calcium, which is required
for the protein phosphorylation and activation of certain cold-responsive genes.
Presently, our understanding of low-temperature sensing and signal transduction
in plants is, at best, too sketchy to allow us to identify the major elements of
the signal-transduction pathway.
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Integrity and stability of membranes appear to play a central role in rela-
tion to freezing injury and tolerance. Loss of membrane stability and function
has been implicated in the freezing injury of plants. Also, major changes during
cold acclimation in the membranes, especially in relation to their composition,
have been proposed to increase membrane stability, which, in turn, can lead to
increased freezing tolerance. Similarly, a number of other changes during cold
acclimation in plants have been viewed as contributing to the membrane sta-
bility. For example, accumulating sugars, proline, and compatible solutes such
as glycine betaine are osmoprotectants and are known to protect membranes,
proteins, and organelles against dehydration and freezing. Recent studies have
identified cold-inducible proteins that may have cryoprotective effects in plants.
Many cold-responsive genes have been identified and their regulation and ex-
pression have been characterized in a wide range of plants. A common feature
of many of these genes is that they are also activated by drought and ABA,
indicating that these factors are involved in the cold response. Many of the cold-
inducible proteins belong to the group of LEA proteins or dehydrins, which are
highly hydrophilic and heat-resistant and may protect membranes against dehy-
dration and freezing. Another family of proteins that accumulate in response to
low temperatures are pathogenesis-related proteins. Although their role in the
freezing tolerance of plants is unclear, they share structural similarity with an-
tifreeze proteins. These proteins can modulate ice growth in plant tissues and
are known to be synthesized in response to low temperatures.

Direct evidence of cold-responsive genes in freezing tolerance comes from
studies where many cold-responsive genes were induced by overexpressing a
transcriptional factor. This can substitute for the cold-acclimation treatment and
lead to the induction of freezing tolerance in plants. The results provide a valu-
able insight into the regulation and control of the freezing-tolerance trait and
may offer a promising approach to improving it. Another current strategy aimed
at improving freezing tolerance is to modulate the membrane-catabolizing en-
zyme phospholipase D. Suppression of the activity of this enzyme shows sig-
nificant potential in enhancing freezing tolerance. Preliminary results show that
this approach may make it possible to increase freezing tolerance beyond the ex-
isting freezing-tolerance potential. Although our understanding of mechanisms
of freezing tolerance and injury is limited, recent advances in the molecular
biology of cold acclimation, freezing behavior, and injury are significant and
are thus likely to expand the scope of future investigations, which can lead to
many promising approaches in developing freezing-tolerant crops.
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Effects of Humidity on Plant Growth
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I. INTRODUCTION

Growth and development are influenced by humidity in and around the plant.
Low air humidity creates an environment that enhances the potential for signif-
icant plant water loss. At the same time, regulating water loss through stomatal
closure causes a reduction in carbon dioxide (CO2) diffusion that limits growth.
High air humidity, on the other hand, promotes environmental conditions favor-
able for disease development. Humidity refers to the amount of water vapor in
the atmosphere. Globally, water vapor levels vary from almost zero in the arctic
regions of the world to 4 or 5% of the atmospheric volume in the equatorial
regions. The percentage of actual vapor in the atmosphere at any given time in
relation to the maximum amount of vapor that can be held is termed relative
humidity (RH).

RH = actual vapor pressure

saturation vapor pressure
(1)

The actual vapor pressure is a measure of the amount of water vapor in a volume
of air. As the amount of vapor pressure increases, the actual vapor pressure will
increase. Saturation vapor pressure (also referred to as absolute humidity) is
established when the number of water molecules evaporating is equal to the
number of water molecules condensing.

Relative humidity can change from location to location, day to day, and
hour to hour (Table 1). Relative humidity changes through evaporation and
temperature. Water evaporation into the atmosphere changes the amount of vapor
in the air. This process is slow, because it takes a considerable time for the
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Table 1 June Average Morning and Afternoon Relative Humidity Values and
Average Temperature Highs and Lows for 12 Cities

Average Average Average Average
City morning RH afternoon RH high low
(Country) (%) (%) temperature temperature

Atlanta (USA) 84 56 86 66
Beijing (China) 79 47 85 66
Cairo (Egypt) 76 27 93 70
Columbus (USA) 81 55 80 58
Denver (USA) 69 35 81 52
London (UK) 85 57 68 52
Los Angeles (USA) 85 56 78 61
Miami (USA) 84 65 88 75
Minneapolis (USA) 79 54 79 58
Phoenix (USA) 31 12 104 73
Tokyo (Japan) 87 71 76 66
Vancouver (Canada) 80 62 66 53

water vapor to diffuse into the atmosphere. The amount of moisture held in
the atmosphere is determined by temperature. As the air temperature rises, the
relative humidity will drop. Conversely, when the air temperature drops, the
relative humidity increases, even though no water vapor has been added. During
the night, if temperatures fall, relative humidity will increase, reaching 100%. If
the temperature continues to fall, then the water vapor begins to condense and
form dew.

Relative humidity is not a useful measurement when describing plant tran-
spiration. Transpiration is better described when differences in vapor pressure
between the leaf and the atmosphere are used. Water vapor is expressed as ei-
ther (a) the absolute humidity (mol or g mL−3; kg m−3), (b) specific humidity
(kg kg−1), or (c) as vapor pressure (kPa). Transpiration occurs because a vapor
pressure gradient forms between the leaf surface and the surrounding air. The
relative humidity within the leaf or near the leaf surface is considered at or
near 100%. Even if the canopy temperature is the same as the ambient tempera-
ture, rarely is the atmospheric relative humidity at 100%. Thus a vapor pressure
gradient forms between the leaf and the atmosphere, which drives transpiration.

II. PENMAN EQUATION

Penman (1) defined potential evapotranspiration as ‘‘the amount of water tran-
spired in unit time by a short green crop, completely shading the ground, of
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uniform height and never short of water.’’ Using this definition, he developed
the following equation for calculating potential evapotranspiration (2,3):

Jn

LE
= 1 + ξ

�

[
es − ea

es − e

]
(2)

where

Jn = net radiation
LE = latent heat
es = saturation vapor pressure (absolute humidity) at the surface
e = vapor pressure of the air above the surface

ea = saturated vapor pressure above the surface
ξ = psychrometric constant (relates wet-bulb and dry-bulb thermometers

to vapor pressure)
� = slope of the saturated vapor pressure versus temperature curve

The potential evapotranspiration is calculated by measuring net radiation, tem-
perature, vapor pressure, and wind velocity above the crop canopy.

Monteith (4) modified the Penman equation to take into account vapor
transfer from slightly less than saturated surfaces. This modification, and incor-
poration of a canopy resistance variable to account for canopy resistance vapor
transfer, is known as the Penman-Monteith equation. From these equations a va-
por pressure gradient between the plant surface and the surrounding atmosphere
is calculated. The greater the deficit between the plant surface, which is at or near
100 relative humidity and the atmospheric relative humidity, the greater the tran-
spiration. Vapor pressure deficits are calculated from tables found in a number of
books (5), on the Internet (www.nysaes.cornell.edu/ipmnet/ny/vegetables/onions/
vapdefc) or through the use of computer programs (6). For a more complete de-
scription of both the Penman and Penman-Monteith equations, the reader should
consult the text Environmental Soil Physics (7).

III. STOMATES

The amount of water being driven from the leaf to the atmosphere, as dictated
by the vapor pressure deficit, is governed by stomates. Stomates play a dual role,
since they are also the port of entry for CO2. Stomatal openings are governed
by the CO2 concentrations in the intercellular spaces and not at the leaf surface
or in the stomatal pore (8). If CO2 concentrations in the leaf are low, stomates
will open. Conversely, if CO2 concentrations in the leaf are high, stomates will
close.

The dual role of stomates leads to interactions between CO2 and vapor
pressure. Stomatal conductance is a measure of CO2 and water vapor into and



346 Danneberger

out of the leaf via stomates. Conductance is used instead of resistance because
conductance is directly proportional to photosynthesis (CO2 diffusion) or tran-
spiration. Bunce (9,10) demonstrated, in a series of short-term studies under
controlled and field conditions, that C4 plants were less sensitive to low humid-
ity than C3 plants even at vapor pressure deficits of 4.5 kPa in the field. Due
to the greater CO2 levels found in the leaf tissue of C4 plants, stomatal con-
ductance had little effect on photosynthesis. The interaction between CO2 and
vapor pressure deficit depends on the situation. For example, stomatal closures
in plant species that grow well in arid regions with adequate soil moisture, like
date palm (Phoenix dactylifera), are insensitive to vapor pressure deficit (11).
Under desert conditions, CAM plants open their stomates during the night and
close them during the day, which is the opposite of the occurrence for most
plants. For CAM plants, the advantage of stomatal closure during the day is
that it minimizes water loss, and then closure during the less stressful nighttime
open to fix CO2.

Stomatal conductance is governed by other factors, such as light and plant
water potentials, besides CO2 and vapor pressure. Vapor pressure interacts with
both light and plant water potentials. In the following sections, stomatal gov-
ernance by light and leaf water potential is discussed, with attention directed
toward the interactions with water vapor.

A. Stomatal Evolution and Structure

The earliest land plants were astomatous, with thick cuticle around their aerial
organs (12). The lack of stomates, along with a thick cuticle minimized any plant
water loss. These plants, however, had a low diffusion rate of carbon dioxide
(CO2) (13). The lack of CO2 diffusion for photosynthesis probably contributed to
the slow growth and development in these early plants. Today, there is a diversity
of astomatous plants, which are classified into two groups (13). The first group
contains those species that never possessed stomates, like the gametophytes of
bryophytes and lichens. The second group contains plants that were stomatous
at one time but developed effective astomatous characteristics. In general, these
types of plants are aquatic or parasitic in nature. Many aquatic flowering plants
are astomatous when submerged, having little need for gaseous diffusion (14).
Some aquatic flowering plants have dysfunctional stomates that remain perma-
nently open (15). In some instances, parasitic flowering plants have lost their
stomates or have dysfunctional ones. For example, in Neottia nidus-avis, the
guard cells have fused shut (15).

Early land plants and stomata most likely evolved during periods of high
CO2 concentrations in the atmosphere (12,13). Subsequent periods of low at-
mospheric CO2 may have driven evolutionary forces toward high stomatal den-
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sities in plants like horsetails, ferns, conifers, and angiosperms (12). Stomates
evolved initially for gaseous diffusion, and then as a mechanism to regulate water
loss.

Structurally, Esau (16) considers the stomatal area of the leaf to include
the guard cells and the stomatal pore. The stomatal area generally accounts
for 1% of the leaf surface (∼100 stomates per millimeter). The actual number
of stomates per given area varies among species. Green and coworkers (17)
calculated the number of stomates, both adaxial and abaxial, for 10 different
turfgrass species. The stomatal density was greater on the adaxial than the abaxial
leaf sides for most of the grasses. Stomates on the adaxial side ranged from 68
stomates per millimeter for tall fescue (Festuca arundinacea) to 203 stomates per
millimeter for hard fescue (Festuca longifolia). No stomates were present on the
abaxial side of hard fescue, sheep fescue (Festuca ovina spp. vulgaris), chewings
fescue (Festuca rubra spp. commutata), or rough bluegrass (Poa trivialis). No
correlation between stomatal density and the evapotranspiration rate of the grass
species was found. This would be expected, given the similar boundary layer
among the species.

Stomatal size varies depending on whether a plant is grown under optimum
moisture levels or under moisture stress (18). Spence and colleagues (19) studied
stomatal size and guard-cell turgor of Vicia faba plants watered twice weekly
and plants watered once a week. The plants watered twice weekly never showed
wilt symptoms, while those watered once weekly showed wilting symptoms
before each watering. The well-watered guard cells were either short and wide
or long and thin, with the average size of 40.4 and 46.1 µm, respectively. The
water-stressed guard cells were significantly smaller, measuring 37.4 µm. The
geometry of the water-stressed guard cell allowed the stomatal pore to remain
open at lower guard-cell turgor pressures relative to the surrounding epidermal
cells.

B. Effects of Light on Stomates

Light plays an important role in the governance of stomatal opening. Illumination
of the guard cells increases the synthesis of malate and uptake of potassium and
chlorine, which results in swelling of the guard cells, thus increasing the pore
opening (20). Blue light is more effective than red light in governing stomatal
opening (21). In grasses, blue light elicits an initial rapid increase in transpi-
ration, followed by a second slower increase. Blue light presumably creates an
electrical gradient flux of potassium in the guard cell through hydrogen extrusion
and ATP-dependent membrane hyperpolarization (22,23). Although red light is
not as effective as blue light, continuous background red light enhances the blue
light affect (24).
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The magnitude of the blue light effect on stomatal opening is sensitive to
CO2 concentration and vapor pressure. Assmann (25), working with the plants
Paphiopedilum harrisianum and Commelina communis, found that a reduction
in intercellular CO2 concentrations enhanced the blue light response. Assmann
(25) found in both plants that increasing vapor pressure deficit, from 0.34 to
0.59 kPA, diminished the stomatal response from blue light. The effects of the
vapor pressure deficit were greater than those of the corresponding reduction in
intercellular CO2.

Temporary reduction in light influences stomatal conductance in a plant
community. Plants that are continually exposed to short-term reductions in light
(passing cloud cover) experience a reduction in photosynthesis and in some
cases stomatal closure (26–28). Knapp and Smith (29) compared herbaceous
and woody plants in a subalpine community with regard to photosynthesis and
water loss. The herbaceous species had higher photosynthesis and transpiration
rates, lower leaf water potentials, and more rapid stomatal closure during shade
than did the woody species. This response would indicate that herbaceous species
maximized overall water use efficiency while the woody species with weaker
stomatal responses maximized carbon gain.

In a later study, Fay and Knapp (30) evaluated the stomatal responses
of two tallgrass prairie C3 plants, plains wild indigo (Baptisia bracteata) and
annual sunflower (Helianthus annuus). Although both plants would be expected
to perform similarly to the herbaceous plants in their previous study, these two
plants inhabit the prairie at different times. Plains wild indigo inhabits the prairie
during the cool, wet season while the annual sunflower prefers the hot, dryer
season. Wild indigo had no stomatal response to shade and lower photosynthetic
capacity, stomatal conductance, and transpiration compared to annual sunflower.
This would be expected given that plains wild indigo experiences little water
stress during the time it inhabits the prairie. Annual sunflower, however, had
rapid stomatal closure during shade as well as higher photosynthetic capacity,
stomatal conductance, and transpiration rates—all characteristics of a plant that
experiences some period of water stress.

Temporal shade reduces carbon gain and water loss in C3 and C4 plants
(31). In a comparison of two row crops, C4 sorghum and C3 soybean, stomatal
movement in response to temporary shade was much more apparent in soybean
than sorghum, presumably due to the lower water use rate (31). In both species
the short-term shade (5 min) at 300 to 400 µmol m−2 s−1 photosynthetic pho-
ton flux density reduced photosynthesis, leaf temperature stomatal conductance,
transpiration, and water use efficiency. Once the plants were reilluminated, pho-
tosynthesis was delayed. When Fay and Knapp (31) compared sorghum with a
native C4 grass, eastern gamagrass (Tripsacum dactyloides), responses to tem-
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porary shade were similar. Thus, domesticated and native plant responses to
temporary shade are similar.

IV. DEFICITS IN VAPOR PRESSURE AND
XYLEM CAVITATION

In response to large vapor pressure deficits, many plant species close their stom-
ates. The conditions most favorable for closure are low air humidity and high leaf
temperature. In a review article, Grange and Hand (32) point out that humidities
between 1.0 and 0.2 kPa have little effect on the physiology and development of
horticultural crops. Vapor pressure deficits lower than these lead to water stress,
while higher values promote biotic problems like disease. In the studies reviewed
here, vapor pressure deficits ranged from 0.5 to 6.0 kPa. Idso et al. (33) reported,
under nonirrigated conditions, vapor pressure deficits of 2 to 6 kPa. A number
of studies reported vapor pressure deficits greater than 3.0 kPa (10,11,34,35).
Given the range of vapor pressure deficits that a plant faces, rapid water loss
due to transpiration can occur.

In response to vapor pressure deficits, water moves upward under ten-
sion through the plant in conduits collectively known as the xylem. The water
tension in the xylem increases as soil moisture decreases and transpiration in-
creases. If the tension increases to a point where the water breaks in the xylem
vessels and tracheids, water vapor and air begin to enter the xylem. This process,
whereby water continuity is broken, is termed cavitation. As the xylem vessels
and tracheids continue to fill with air and the hydraulic conductivity decreases
or ceases, embolism occurs. Cavitation and embolism are often associated with
tall, woody materials, where water transport through the xylem travels great
distances. Embolism is triggered by air aspirated into the xylem vessel through
pores in the wall (36). Once air is in the vessel, it disrupts water flow. As air
fills and embolism occurs, the process can spread to other vessels. Generally
larger-diameter vessels and tracheids are most vulnerable to embolism (36). The
pressure necessary to induce embolism varies depending on the species. Most of
the reported threshold values for xylem embolism in woody plants fall between
−2.0 and −3.0 MPa (37–39). Some plants have xylem embolism at greater or
lesser pressures (38,40,41).

The importance of stomates in CO2 diffusion is critical, yet due to the
catastrophic nature of embolism, the primary purpose of stomatal closure may
be to regulate water loss so as to avoid xylem cavitation (42). From an evo-
lutionary point of view, stomates would have had to appear first since xylem
cavitation would limit how tall a plant could grow. Woodward (13) suggested
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that increased stomatal density enhanced the evolutionary development of plants
by preventing xylem cavitation, resulting in longer xylem pathways in taller and
more competitive genotypes.

V. LEAF WATER POTENTIAL

Moisture deficits in the plant elicit a number of detrimental responses. Hsiao
(43) outlined the sequence of events that occurs once moisture stress occurs.
Cell growth is the most sensitive to a drop in water potential. A slight decrease
in the leaf water potential (−0.1 MPa) causes a reduction in cell growth, result-
ing in a reduction in shoot and root growth. For this reason, numerous plants
have been observed to grow mainly at night, when water loss is minimal (43).
As water potentials become more negative, protein synthesis, nitrate reductase
level, growth-regulating substances [abcisic acid (ABA) and cytokinin], CO2
assimilation, respiration, protein accumulation, and proline accumulation are all
affected.

Leaf water potentials in some plants may fluctuate during the day based on
vapor pressure deficits and soil moisture, while other plants maintain constant
leaf water potentials even under limited soil moisture. Anisohydric behavior is a
term used to describe plants that have changing leaf water potential over a given
period of time. Plants that exhibit anisohydric behavior include the herbaceous
species wheat (44), sunflower (45), soybean (46), subterranean clover (47), bar-
ley (48), and the woody species of almond (49) and peach (50). Isohydric plant
behavior is the ability to maintain leaf water potentials at a constant value in
the presence of changing soil moisture and vapor pressure deficits. Plants that
exhibit isohydric behavior include the herbaceous species maize (51), pea (52),
and sugar cane (53) and the woody species poplar (54) and lupin (44).

Tardieu and Simonneau (54) compared sunflower (anisohydric) and maize
(isohydric) behavior during flowering under various irrigation regimes. Predawn
leaf water potentials of sunflower were dependent on the moisture treatment.
Higher leaf water potentials were found in the plants under full irrigation com-
pared to the leaf water potentials of the mildly water-stressed plants, which had
higher leaf water potentials than the severely water-stressed plants. As the day
progresses, stomatal conductance decreases following changes in light energy
(photosynthetic photon flux density). Thus, stomatal closure provides control
against dehydration, but fluctuation in leaf water potential occurred in response
soil moisture and evaporative demand. The response patterns to these fluctuations
were similar across the moisture stress treatments. When Tardieu and Simon-
neau (54) looked at maize, leaf water potentials stabilized during midday for the
three water-stress treatments even under high evaporative demand and changing
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soil moisture. The decrease in stomatal conductance was correlated with ABA
levels (54). No relationship between ABA and stomatal conductance was found
with sunflower. Tradieu and Simonneau (54) postulated that isohydric behavior
is linked between hydraulic and chemical information (ABA), while anisohydric
behavior lacks this interaction. Interestingly, commonly used classifications of
species like monocyte versus dicot or C3 versus C4 were not associated with
anisohydric and isohydric plants (54).

Although leaf water potential is often used as an indicator of water stress,
stomatal conductance is closely correlated with soil water availability (55–57).
Naor and coworkers (58) correlated stomatal conductance with stem water po-
tential (r2 = 0.90) as a better indicator of water stress than leaf water poten-
tial for apple. This study was followed up with additional field studies with
apple, nectarine, and grapevine trees under various irrigation treatments and
found similar correlation between stem water potential and stomatal conductance
(57).

VI. NUTRIENT DEFICIENCIES

The major plant nutrients except for calcium are not associated with humidity.
Calcium-related disorders have been reported for many fruit and vegetable crops.
Common calcium disorders include ‘‘tipburn’’ of strawberry, chicory, and lettuce
leaves; ‘‘blackheart’’ of cauliflower, celery, and brussel sprouts; and ‘‘blossom-
end rot’’ of tomato and bell pepper (32). Calcium depends almost entirely on
the xylem for distribution in the plant. If the water supply is reduced or elim-
inated to sections of the plant, localized calcium deficiencies occur. Humidity
levels around and in the plant influence the likelihood of calcium disorders. En-
closed leaves are usually the most susceptible to calcium deficiencies due to low
transpiration rates. Root pressure flow appears to be more important than tran-
spiration in supplying calcium to enclosed leaves. Bradfield and Guttridge (59),
working with tipburn of strawberry, found that nontranspiring leaves depend
on water flow from root pressure to supply calcium. High relative humidities at
night enhance root pressure, providing calcium to needed areas of the plant. The
presence of guttation is a sign of adequate root pressure (59). After leaf emer-
gence, calcium movement to the leaves is promoted by dry days, thus indicating
that calcium is supplied by transpirational flow. In similar studies, high humidity
at night and low humidity during the day was confirmed to alleviate calcium
disorders of cabbage and cauliflower (60). The time of year does not appear
to be critical to fruit-associated disorders. Cline and Hanson (61), working on
bitter pit of apple, determined that calcium movement to the fruit was largely
due to xylem flow regardless of the season.
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Calcium disorders are often independent of the calcium levels in the soil
or other portions of the plant (62). Attempts at alleviating calcium disorders
through supplemental calcium [Ca (NO3)2] fertilization have had inconsistent
results. In greenhouse studies with blossom-end rot of bell peppers, Schon (63)
found that calcium sprays decreased the calcium disorder but also decreased
yield. Alexander and Clough (64) treated blossom-end rot of bell peppers with
calcium and reported a 50% reduction in yield. Antitranspirants have had little
effect on reducing calcium disorders without also reducing yields (63). Recently,
researchers have looked at combinations of calcium sprays or applications with
spun-bonded polypropylene row covers (65). The row covers reduce solar radi-
ation and lower leaf temperature. Alexander and Clough (64) looked at spun-
bonded row covers and calcium fertilization on bell peppers grown in the field.
They found that sunscald and bottom-end rot were reduced with row covers.
Calcium in combination with row covers reduced bottom-end rot.

VII. MANAGING WATER LOSS

Vapor-pressure deficits and stomatal regulation are measures for determining
drought-tolerant species. Canopy temperatures are used as an indicator of plant
water use and yield (66). Increases in leaf temperature would indicate decreased
transpirational cooling from stomatal closure. Chaudhuri et al. (67) evaluated
219 sorghum genotypes and 42 millet genotypes in a line-source irrigation sys-
tem. By measuring canopy temperature and air temperature and then regressing
these data on the observed vapor pressure deficit, Chaudhuri et al. (67) deter-
mined the drought tolerance of the genotypes. Genotypes with a mean tempera-
ture greater than the average mean temperature for all genotypes were considered
warm. Warm genotypes and genotypes less sensitive to changes in vapor pres-
sure deficits produced viable heads under the more extreme drought treatments.
The concept of warm genotypes being more drought tolerant appears to be
species-specific. Warm soybean genotypes were found to be no more drought-
tolerant than cooler genotypes (35). The growth stage of certain plants plays
an important role in stomatal sensitivity. Sorghum stomates are quite sensitive
to changes in leaf water potentials during vegetative growth and are insensitive
during reproductive development (68,69).

The regulation of stomatal conductance through management or chemical
applications could potentially reduce water loss during periods of high vapor-
pressure deficits. Agronomic practices like row spacing influence stomatal ac-
tivity. Peanuts grown in narrow 30-cm-spacing north-south rows lost less water
due to evapotranspiration than peanuts grown 90-cm-spacing north-south rows
or 30-cm rows planted in an east-west direction (70). An explanation for this was
provided in work done by McCauley and colleagues (71), who found that water
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loss was less in narrow north-south rows because of a reduction in net radiation,
and the aerodynamic roughness of the plant canopy reduced the prevailing south
wind effect. In later studies, narrow-row plantings of peanuts were observed to
close their stomates earlier in the day than wide-row-planted peanuts (72). Re-
garding yield, the closer row plantings produced higher yields for peanuts and
sorghum (73). Early closing of stomates has been attributed to morphological
characteristics of the plants growing in the narrow rows (thinner, smaller leaves
and longer internodes). Similar morphological features of high shoot density,
low leaf area, and narrow leaf texture are associated with C4 turfgrasses with
low evapotranspiration rates (74).

Antitranspirants are chemicals that induce stomatal closure to reduce tran-
spiration. It has been argued that there is no need for antitranspirants because
plants close their stomata in response to water stress (75). However, given the
habit of growing plants outside of their native habitat, antitranspirants have
been widely tested. The two major types of antitranspirants are the stomata
inhibitors and the film-forming compounds. Stomata inhibitors are synthetic
substances that induce stomatal closure by directly affecting the stomatal mech-
anism. Many of these types of products are plant-growth regulators, herbicides,
and fungicides. Film-forming compounds are products that, when applied to the
leaf’s surface, act as a physical barrier to water vapor. These compounds form
a film that obstructs the stomatal pore and reduces transpiration. Film-forming
compounds tend to have a selective permeability to water and carbon dioxide,
causing a greater reduction in photosynthesis than transpiration and producing
a poorer production ratio (75). Reductions in production yields are associated
with limited antitranspirant use in row crops.

VIII. HIGH HUMIDITY AND LEAF WETNESS

Studies looking at the effect of high humidity around the plant are few. Gen-
erally, high humidity has little positive effect on many horticultural crops (32).
However, there have been reports on tuber crops that high relatively humid-
ity can increase yield. Wheeler et al. (76) grew three potato cultivars at 20◦C
at two vapor-pressure deficits, 0.40 kPa (85% relative humidity) and 1.15 kPa
(51% relative humidity); they measured dry weights of leaf, stem, total plant,
and tuber. No difference was found in total dry weight of the plants between
humidity treatments, but plants grown under 0.40 kPa produced higher tuber
yields. Similar results have been required with sweet potato (77). Additional
research has reported on field-grown crops of lettuce, wheat, and sugar beet,
stating that increasing humidity created positive growth responses (78–80).

Free moisture on the leaf causes detrimental growth and yield loss by
providing conditions favorable for pathogens to infect the host and establish
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themselves in it. Rainfall, irrigation, and dew are the major sources of free mois-
ture on the leaf. Dew is of interest here because of its association with water
vapor. Dew forms from condensation of water vapor on the leaf and from gutta-
tion water forced out of hydathodes by root pressure. The temperature at which
moisture condenses on the leaf is referred to as the dew point. If the dew point
is above 0◦C, then dew forms; if the temperature is below 0◦C, frost forms. The
maximum condensation rates for plants growing under soil—and atmospheric—
saturated conditions is approximately 0.07 to 0.09 mm h−1 (81,82). The amount
of dew accumulated is linearly related to the duration (83,84).

Conditions favorable for guttation are high soil moisture levels with cor-
responding high humidity (low transpiration). In most row crops and orchards,
condensation would be the primary source of dew. However in short, dense
canopies with minimal wind movement, guttation could be a significant compo-
nent of dew. Williams and coworkers (84) reported that on a short cut (19-mm)
creeping bentgrass fairway, guttation could account for 33% of the total dew on
the plant canopy.

Leaf wetness refers to the period of time where free moisture is present
on the leaf blade. Fungal pathogens vary in their dependence on free moisture
for infection and sporulation. Oomycetes and chrtridiales are extremely depen-
dent on free moisture for infection and development, while free moisture plays
a minor role with the powdery mildews. Most fungal pathogens fall between
these two extremes. In general, spore production requires longer periods of leaf
wetness than the duration of free moisture needed for infection (85). The nec-
essary period for wetting varies depending on the pathogen. In a review article
by Huber and Gillespie (83), they reported that the wetting periods required for
several foliar pathogens ranged from 0.5 to 140 hr. In general, increasing periods
of leaf wetness increase the severity of infection (86–90).

From a disease-management perspective, minimizing the period of leaf
wetness could reduce spore loads and/or disease severity. The pathogen downy
mildew (Bremia lactucae) sporulates at night; spore release begins at sunrise.
If the leaf wetness period continues 3 to 4 hr after sunrise, the spores that
were released reinfect lettuce tissue (91). Reducing the leaf wetness period after
sunrise could potentially minimize the severity of downy mildew of lettuce.
The concept of reduced disease through a reduction of the leaf wetness period
has been demonstrated. Early-morning dew removal from a creeping bentgrass
golf course fairway by mowing reduced the severity of dollar spot (Sclerotinia
homoeocarpa) (92). Interrupting the leaf wetness period may also affect the
infection cycle of certain diseases. Alternaria linicola is a pathogen of linseed
that is sensitive to interruptions in leaf wetness. Dry interruptions of wet periods,
whether short (2 hr) or long (12 hr) in duration, occurring sometime between
2 and 6 hr after inoculation stopped conidia germination (93).
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Monitoring the length of leaf wetness is a practical means of timing fungi-
cide applications. Fungicide applications for downy mildew of lettuce were re-
duced by 67% relative to a standard calendar-based schedule, with no difference
in disease intensity, based on the presence of leaf wetness at 1000 hr (94).
Dainello and Jones (95) made fungicide applications for the control of white
rust (Albugo occidentalis) on spinach based on leaf wetness periods. They found
that if they made fungicide applications of metalaxyl based on a 12-hr contin-
uous leaf wetness period—as opposed to a 7-day preventative schedule—they
required five fewer sprays and still provided the same level of control. On can-
taloup, a delay in fungicide applications until leaf wetness periods were of 8 hr
duration gave equivalent control, with a one-third reduction in number of appli-
cations compared to applications based on crop phenology (96).

IX. CONCLUSIONS

Balancing CO2 diffusion and water loss has been an ongoing battle since the
first land plants appeared. Rapid water loss through transpiration, driven by
vapor pressure deficits, can lead to plant stress. However, by regulating water
loss through stomatal closure, plant growth and thus yield is decreased by a
lack of photosynthesis. Agronomically, as we continue to try to grow crops in
harsher environments of high transpiration and little moisture, further efforts to
understand water vapor effects on plant growth and crop yield will be needed
in the future.
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I. INTRODUCTION

Plants are living, synthesizing, growing, respiring, and decaying in a fluid that
is generally in a state of motion. This air in motion exchanges momentum, heat,
gases, and particulates between canopy elements and/or between the canopy
layer and the atmosphere. Physical, biological, and chemical processes that con-
trol the rate of turbulent transfer are intimately coupled and atmospheric envi-
ronmental conditions influence biochemical sources and sinks of H2O, CO2, O2,
O3, terpenes, and isoprenes.

In turn, the presence of vegetation in the flow modifies environmental con-
ditions through its influence on turbulence production. Vegetation–atmosphere
transfer of momentum and scalar entities (heat, H2O, CO2, O3 and atmospheric
pollutants) influences environmental conditions and processes, including the en-
ergy and water balance of the surface, vegetation temperatures, the deposition
and reentrainment of dust and other particles, and wind damage to forests and
crops. Investigations of the deposition of gases and particulates to a crop or to
a forest stand or of the efficiency of a herbicide or pesticide spray operation
on forests and crops, for example, demand detailed information concerning the
canopy flow and the mechanisms by which the vegetation and the free atmo-
sphere above are coupled.
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The present review examines the influence of wind on heat and mass
exchange between the canopy layer and the atmosphere at the plant element
scale. Specifically, it reviews the influence of the flowfield on the exchange
of heat and mass between plant organs, mostly leaves and the atmosphere. To
do so, it details the effect of the wind on the leaf boundary layer and on the
stomatal resistance for a wide range of environmental conditions, with special
consideration given to the effect of wind modification on plant response in open-
top chambers.

II. LBL RESPONSE TO THE WIND ENVIRONMENT

A. LBL Thickness: Definition and Relevance

One of the most significant effects of the wind on plant response can be attributed
to the action of the wind in the immediate local environment of the leaf, the
LBL. The crucial importance of the LBL for leaf-atmosphere processes arises
from its role as a buffer between the leaf and the atmosphere. Gases, heat, and
momentum are exchanged between the atmosphere and the leaf through this
layer, with the properties of the layer thus largely dictating the exchange rate of
gases and momentum.

The leaf boundary layer (LBL) is largely responsible for the leaf wetness
duration from both rain water and dew. A thick boundary layer retards the leaf
surface water evaporation while a thin boundary layer leads to a short wetness
duration, since much of the water droplet height at the onset of the drying
cycle (Fig. 1) protrudes outside a compressed LBL (38,39). This local leaf
environment—characterized by an abrupt transition of temperature, moisture,
and wind conditions between the leaf and the atmosphere—also determines
the onset of spore germination and pathogen development. By the same token,
this layer acts as a microhabitat to insects, providing a calm, warm, and moist
shelter.

But just what constitutes the LBL? And how does this influence plant
response? The LBL represents the shallow air layer in direct contact with the
leaf. This layer develops from the interaction between the leaf surface and the
air flowing above it. Close to the leaf surface, the wind speed is reduced by the
friction between the leaf surface and the air, and it is this region that defines
the boundary layer thickness. Typically, the LBL includes the region from the
surface to that streamline where the wind velocity is 99% of the free stream
velocity u. The thickness of the LBL is dictated by a wide variety of factors,
including the organ size, shape, pubescence, fluttering, angle of attack between
the local wind and the leaf, sheltering from neighboring leaves, position in the
canopy layer, and its link with canopy scale turbulent events.
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Figure 1 Water droplets on a corn leaf protruding outside the leaf boundary layer.
(M. Y. Leclerc, unpublished.)
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Leaves having a thin LBL are closely coupled with the atmosphere and
respond quickly to environmental changes. A thicker LBL has a higher resistance
using the analogy to Ohm’s law, and this leads to reduced exchanged rates of
heat and mass. (Mass in this context designates gases such as carbon dioxide,
ozone, terpenes and isoprenes, water vapor and particulates.) Since the boundary
layer thickness δ governs the rate of diffusion of heat and mass between the leaf
and the surrounding air, it is thus one of the most important variables in dictating
the exchange rate between the vegetation and the atmosphere.

B. Exchange of Gases and Heat Across the LBL:
Relationships to Flow Variables

The heat and gaseous exchanges between the leaf and the atmosphere are gov-
erned by molecular diffusion through the LBL. For heat or gaseous transport
across a laminar BL, the flux rate F equals the diffusion coefficient times the
concentration gradient as described by Fick’s first law for molecular diffusion.
This concept is borrowed from molecular diffusion theory, where the diffu-
sion coefficient is a function of the product of the mean free path between the
molecules and their exchange velocity, which is determined by the mean kinetic
energy of the molecules. Fick’s law is commonly applied in an integrated form
to describe the transport to/from leaves—e.g., of heat H and mass Fi :

H = ρcpht (Ts − Ta) (1)

Fi = hi(cis − ci) (2)

where ρ is the density of air, cp the specific heat capacity of air at constant
pressure, and ht and hi are the conductances for heat and for mass respec-
tively. Note that g is sometimes used to designate conductances and is used
interchangeably. (Ts − Ta) and (cis − ci) represent the temperature and concen-
tration difference between the organ surface and the atmosphere. The conduc-
tance, the inverse of the boundary layer resistance rb for a laminar BL, is the
ratio of the diffusion coefficient to δ. In addition, the mass transfer rate de-
creases with increasing BL thickness. This exchange rate is higher for leaves
outdoors, since turbulence levels are usually considerably higher than those in
wind tunnels, where turbulence levels are often of the order of tens of percent
(6,17,50,51,55,38,39). In addition, leaves inside canopies are subject to turbu-
lence intensities of values as large as several 100% (77–86). The flow high-
turbulence levels present in this natural environment are thought to be respon-
sible for wide discrepancies between direct determination of BL conductances/
resistances with predicted values (14,20,55). For a turbulent BL and in turbulent
conditions, the diffusion coefficient is replaced by a turbulent diffusivity, which
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is typically four to six orders of magnitude greater than its molecular diffusivity
counterpart.

In turbulent conditions, the leaf is more closely coupled to the atmosphere,
since in that case the higher mixing (or lower BL resistance) reduces concentra-
tion differences of heat, water vapor, oxygen, ozone, and carbon dioxide between
the leaf and the atmosphere. Figure 2 illustrates well how the boundary layer
thins rapidly with increasingly turbulent flows, as when the angle of attack be-
tween the leaf and the flow increases. This often acts, in a daytime scenario, to
alleviate the heat load on sunlit leaves.

It is sometimes more convenient to refer to resistances instead of conduc-
tances, as in cases where resistances are used in series, in analogy to electrical
networks. For example, the total resistance to water-vapor exchange through a
plant can be naturally expressed as the sum of the stomatal resistance, the LBL
resistance, and the aerodynamic resistance, as shown in Fig. 3.

A general relationship between the LBL conductance and wind speed may
be estimated using traditional engineering expressions derived for heat transfer
between a plate and the overlying laminar free stream. [Several prominent work
have detailed, in more or less technical terms, many of the concepts reviewed
below (61,51,59).] This convenient approach facilitates comparison of transfer
rates between different shapes and sizes of objects by expressing the resistance
as function of dimensionless numbers: the Nusselt number Nu and the Sherwood
number Sh. The Nusselt and Sherwood numbers are the ratio of the characteristic
dimension to the equivalent BL thickness for heat and mass transfer (32). The
conductance/boundary layer resistance to heat and mass transfer may be written
in terms of its Nu and Sh as

hH = 1

rH
= Nu

κ

d
and hM = 1

rM
= Sh

d

D
(3)

where κ is the thermal diffusivity of air, d is the characteristic dimension of the
leaf in the direction of flow, and D is the diffusivity. In forced convection, heat
loss is described as

Nu ∝ PrmRen (4)

where Pr = ν/κ is the Prandtl number, ν is the kinematic viscosity, Re = ud/ν

is the Reynolds number, and u is the mean wind speed. For laminar flow over
a flat plate (used as a leaf analog), the Nusselt number varies locally along the
plate and when averaged over a plate, using the Pollhausen equation (quoted in
Refs. 59 and 61) is

Nu = 0.664 Pr0.33Re0.5 (5)
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For micrometeorological applications in air, where Pr = 0.71, a more general
expression is

Nu = A Ren (6)

where A and n are constants that depend on the geometry type (48). An analo-
gous relationship exists for mass transfer in forced convection. For laminar flow
over a flat plate, the Sherwood number is

Sh = 0.664 Sc0.33Re0.5 (7)

(From Pollhausen, as quoted in Refs. 59 and 61.) Here Sc = ν/D is the Schmidt
number. For heat transfer during forced convection, the ratio of heat resistance
to water vapor resistance is approximately 0.93, while the ratio of heat resistance
to carbon dioxide resistance is approximately 1.32 (61).

During light wind or no wind conditions, heat loss/gain occurs by free
convection. In this case, the Nusselt number is a function of the Prandtl number,
where the Grashof number Gr represents the ratio of the buoyancy forces times
an inertial force to the square of the viscous forces. The Grashof number is
determined by

Gr = agd3(Ts − Ta)

ν2
(8)

where a is the coefficient of thermal expansion. In conditions with large Gr
numbers, free convection is vigorous, as buoyancy and inertial forces stimulating
air circulation are much greater than the viscous forces that inhibit it. The
distinction between forced and free convection may be determined by comparing
Gr to the square of Re. Forced convection dominates when Gr 
 Re2.

In the natural environment however, the distinction between forced and free
convection is usually based on average wind speed and is sometimes blurred.
For example, the heat transfer for a 5-cm leaf that is 5◦C warmer than the sur-
rounding air is expected to be governed by forced convection when u > 1 ms−1.
For 0.1 < u < 0.5 ms−1, heat transport typically occurs by a mixed regime of
both free and forced convection (48). However, there is some uncertainty as-
sociated with the determination of free convection and the resulting use of the
Gr number when predicted by the average wind speed. The turbulence-induced
fluttering may cause the forced convection mechanism to dominate over free
convection for a particular mean wind speed.

Figure 2 Growth of the leaf boundary layer: Electrochemical visualization of transfer
at the downstream (wake) side of a rectangular plate with aspect ratio of 0.5, at Re
2000. Angles of attack are: (a) 0◦, (b) 5◦, (c) 15◦, (d) 45◦. (The dark band along the
center transect results from a locally nonconducting joint.) (From Ref. 61.)
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Figure 3 Leaf schematic with leaf-air transfer resistance analogy.

Another potential effect of the turbulent flow interacting with leaf surfaces
is the generation of a turbulent BL. Heat exchange across a turbulent BL has a
different dependence on Re than that of a laminar BL. In forced convection, the
Nusselt number for flat plates with a turbulent BL is

Nu = 0.036 Pr0.33Re0.8 (9)

(as per Ref. 82, suggested in Ref. 61). Thus, the conductance increases more
rapidly with increasing wind speed for turbulent BL flows (as compared to
laminar conditions). Several studies have found that the laminar theory is valid
for leaves in canopy flow as reported in the extensive review on the subject
(61). Other studies suggest that the Re number exponent should lie between 0.5
and 0.8 to account for the variation in the BL structure across a leaf’s surface
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(4,50,82). By contrast, other studies have found the Re exponent for heat transfer
from leaf models to be 0.84—i.e. in excess of 0.8 (73).

C. Development of the LBL with Position on the Leaf

The response of leaves to the wind environment is also a function of the position
on the leaf. The development of an idealized LBL may be viewed initially as a
laminar free stream flow over a rigid smooth flat plate. Near the leading edge
of the plate is a laminar region where the local δ is often taken to be:

δ = 1.72
√

(νx/u) (10)

(Ref. 3 as quoted in Ref. 59.) where ν is the kinematic viscosity of air and x

the distance from the leading edge of the plate. Thus, δ increases progressively
with distance from the leading edge, with eventual transition to turbulence as
the flow becomes unstable and breaks up into turbulent eddies (61).

While, for laminar conditions over flat plates, δ increases as x0.5 (Ref. 3
as quoted in Ref. 59), δ increases as x0.8 for a turbulent BL (59,56,64). The BL
development for the upper surface of leaves in other studies (17) confirmed the
earlier work for flat plates.

A recent reexamination of published empirical results may shed new light
on our understanding of the physics of the LBL (69). The conventional semiem-
pirical formula for the LBL resistance may have to be corrected to take into
account the diffusion in the layer immediately near the leaf (the superstomatal
air layer). In this case, the convective boundary layer for leaves is treated as
not being in direct contact with the surface, which calls for a correction to the
application of the traditional formula to estimate the surface concentration (69).
BL resistance results from published literature, when reexamined to include the
pore size and the surface number of stomata, may have been in relative er-
ror, up to a maximum (20%) in conditions of low humidity, high wind, small
leaf, and elliptic ports. Such recent studies appear to be an improvement over
the laminar Re0.5 relationship and turbulent Re0.8 relationships based on flat
plates.

The transition from a laminar to a turbulent LBL occurs when the Reynolds
number Re = ux/ν is of the order of 104 to 105. Thus higher wind speeds
cause the transition to occur closer to the leading edge (3,38,51,59,61) of the
leaf with the implication that in the presence of a BL thickness gradient along
the distance from the leaf leading edge (x), the transfer rate is local on the leaf.
This is of special interest given that the transfer efficiency is linked directly to
the magnitude of the wind speed, as higher wind-speed levels cause a thinning
of the boundary layer, or in the case of higher turbulence levels, a periodic
wipeout of the boundary layer (4,14,20,38,39,55,61) as was illustrated earlier in
Fig. 2.
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Consequently, the plant response to the wind environment and related
exchange rates for carbon uptake, evapotranspiration, ozone damage, and iso-
prene emissions observed in the outdoor wind environment are substantially
higher than those predicted for the laminar BL theory (4,6,8,12,14,17,24,33,
36–39,50,53–55,60,61,64,73).

D. Wind-Induced Fluttering, Leaf Structure, and Leaf
Sheltering on LBL

The behavior of real leaves in the field differs from idealized flat plates in a lam-
inar free stream. A consequence of both the deviation of leaf shape and motion
from the flat plate is that the thickness of the leaf BL δ, determined empirically
as

√
(νx/u), is smaller than the idealized BL thickness value (21,51,59,70).

Such differences, characterized by higher BL conductances, arise not only from
the structural features of leaves that interact with the natural turbulent flow but
also from greater fluttering (12,17,21,51,53,55,61,73,76).

The transition from laminar to turbulent flow was found to begin at Re
with an order of magnitude in the low 104 (7,12), while in other studies (20), it
was found to occur at much lower values (400 to 3000) than predicted for the
flat plate. This lower Re number may be explained by the geometry, movement,
and surface irregularities present in real leaves. Laminar empirical relationships
hold satisfactorily for these leaves for a BL conductance value of 1.06 × 10−2

for winds less than 4 ms−1 (12).
Morphological differences between leaf types, such as the presence of

serrated edges on leaves, were found to trigger turbulence in wind-tunnel studies,
while veins and hairs increase the surface roughness (21). The curled front edge
of a Populus leaf was shown to generate a turbulent wake (17). Typical values of
δ will range from 2.8 to 0.28 mm for wind speeds ranging from 0.1 to 10 m s−1,
respectively, while for large leaves in calm conditions, δ may be on the order
of 1 cm (61). Thus, large leaves, by virtue of their generally thicker boundary
layer, have lower exchange rates due to the longer diffusion pathways.

Wind-tunnel experiments show no significant difference demonstrated be-
tween vine-type leaves and circular replicas of equivalent diameter for wind
speed less than 3 ms−1, while at higher wind speeds, the conductance of the
vine-shaped replica seems to increase more rapidly than for the circular replica.
Many studies of leaves and leaf replicas have also shown that the conduc-
tance for real leaves is frequently underestimated by the engineering values for
laminar boundary layers (6,8,17,24,33,38,39,50,53–55,60,61,73). In contrast to
studies suggesting an increase in the laminar Re exponent, it has been found
that measured conductances were well described when the predicted laminar
transfer rates were multiplied by a constant value (34). Nusselt or Sherwood
numbers are typically larger than predicted by an enhancement factor β be-
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tween 1 and 2.5 (6,8,17,21,24,33,50,53–55,60,61,64,73). It has been suggested
that the predicted conductance values be increased by 50% to better estimate
exchange value (8,24,32,55), although several of the above studies suggest that
a higher enhancement factor is warranted (21,17,33,53). Rather than using an
enhancement factor as mentioned above, an appropriate method to character-
ize laminar boundary layer conditions may be to adjust the Re exponent in-
stead when the leaf boundary layer is partially or fully turbulent (61,64). These
enhancements or increased Re exponents are primarily attributed to the leaf char-
acteristics, the response of leaves to wind, and the interaction between leaves in
a canopy.

The development of an overall plant BL conductance value is complicated
by the wind speed’s deviation from the free stream velocity within the canopy.
Two aspects of this ‘‘sheltering’’ effect give insight into the relationship between
BL conductance and free stream velocity within a canopy (13,61,66). The mean
velocity reduction within the canopy causes a decrease in the exchange of mass
and heat. This reduction is somewhat mitigated by the increased turbulence in
the wake of neighboring plants (12,14,19,53,58). The relative influence of the
two effects depends on the canopy structure and may be estimated by measures
of foliage density and stem and leaf areas. Wind penetration into the canopy
structure creates higher turbulence and increased the BL conductance values of
leaves, as shown in a study using cladode replicates in an open woody bush,
with leaf replicates placed in a plant with a denser canopy exhibiting lower than
predicted conductance values, as illustrated in Fig. 4 (14). In realistic canopies
characterized by mean leaf area index smaller than 2.5, wide variations of BL
conductances, according to leaf location and wind characteristics, are expected
due to concentration of the total canopy leaf area within relatively limited vol-
umes. Such studies explain why conductances measured at the upwind edge of
a canopy half way up in the canopy layer may differ by as much as 40% from
values found at the trailing edge of the canopy (12). Aerodynamic characteris-
tics of the canopy therefore play a critical role in determining the conductances
of individual leaves inside vegetation canopies. Furthermore, LBL conductances
are also sensitive to the position along the vertical axis of the canopy layer, with
literature reports suggesting that the position of the leaf along a vertical axis can
induce variations of up to 80% (12). This likely mirrors the fact that turbulence
levels are height-dependent within the canopy layer (77–86).

E. LBL Atmospheric Decoupling as a Function of
Wind Speed

A leaf with a thick laminar BL will have reduced coupling between the canopy
and the atmosphere, thus lowering the plant response to the wind environment,
so that the exchange of heat and mass is limited.



372 Leclerc and Jacobs

Figure 4 Relationship between boundary layer conductance and wind speed for repli-
cas in a wind tunnel study. Measurements of boundary layer conductances and turbu-
lence intensity (Ou/ u, �), obtained in laminar flow (closed symbols) and in turbulent
flow (open symbols). Boundary layer conductance values predicted from engineering
equations are shown as the dashed line. (From Ref. 14.)

When no exchange occurs, the ambient air and the leaf are considered to
be decoupled. The extent of coupling for the exchange of water vapor may be
expressed using the ‘‘decoupling coefficient’’ 	 (31) as

	 = ε + 1

ε + 1 + gb/gc
(11)

where ε is the dimensionless ratio of the increase of latent heat content to the
increase of the sensible heat content of saturated air and gb and gc are the
boundary layer and canopy conductances, respectively.

That 	 formulation is based on the ‘‘big leaf’’ approximation, a con-
cept that treats the canopy as one single large leaf, with the underlying as-
sumptions of a well-mixed canopy regime and no radiative transfer within the
canopy. A modification to Ref. 11 was proposed in later studies incorporating
the radiative coupling between the vegetation and the atmosphere (41). The
modified 	 was found to be most important for canopies with low rough-
ness values, such as grasslands, that result in low boundary layer conductance
(41).
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Both approaches have 	 values that range from 0 to 1, where the upper
limit is valid for a decoupled system while the lower limit is valid for a com-
pletely coupled system. The decoupling coefficient also provides a measure of
partitioning transpiration control between stomatal conductance and BL conduc-
tance. That is, the decoupling coefficient approaches one (completely decoupled)
when the BL thickens—a condition in which the vapor pressure at the leaf’s
surface is nearly decoupled from the atmosphere. In such conditions, the relative
importance of the stomatal conductance is small as compared to the boundary
layer conductance.

The establishment of 	 for different kinds of vegetation is a step toward
formally quantifying species intercomparisons and helping to extrapolate results
from one situation to another, such as greenhouse studies to field conditions
(29,30). This approach is valuable given the growing use of open-top cham-
bers to study questions of great current interest, such as climate change, high
atmospheric CO2 concentration and their impact on plant growth and water use
efficiency. Experimental values of 	 have been determined for several types of
vegetation and trees under a range of wind-speed and other climatic conditions
(29,45,62,63).

Mean 	 values of 0.82 to 0.9 were obtained in studies of transpiration
from treetops of four tree species (Crecopia longipes, Ficus insipida, Luehea
seemanii, and Spondias mombin) characterized by moderate to large leaf sizes
in wet conditions (rainfall was 250% of normal) with low wind speed (<1 m/s)
(43). These low winds resulted in low BL conductance values, even for species
with smaller leaves, and are thought to be largely responsible, in addition to
the wet conditions, for the decoupling (43,63). The link between measured con-
ductances and decoupling coefficients is evident with a 50% decrease in BL
conductance leading to a reduction in the decoupling coefficient to values as
low as 0.5 (43). In such conditions, transpiration was only weakly dependent
on stomatal conductance (10% change in conductance results in 1.8% change in
evaporation).

Dry conditions appear to have an inverse relationship on decoupling values
in similar tree species, with 	 decreasing to 0.5 (44) for the species above. 	

values as low as 0.28 have been observed in an Amazonian forest (57) at both
higher wind speeds and smaller stomatal conductance values (180 and 40%
respectively) than in the study above (43).

The coupling of crops to the atmosphere through the wind speed, as il-
lustrated in Figure 5, has been eloquently demonstrated and isolated from other
relevant coupling parameters such as plant density, leaf area index (LAI), and
leaf epidermal conductances (63): 	 values ranging from 0.4 to 0.8 for maize
before the inception of senescence have been reported with 	 values as large
as 0.8 for winds of 4 to 5 ms−1 (63).
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Figure 5 Diurnal trends in the decoupling factor for maize in wet (•) and dry (◦)
conditions and wind velocity on selected days of the 1990 season with planting occur-
ring on May 25. Canopy height (hc) and day after planting (DAP) are indicated. (From
Ref. 14.)

Analytical models are showing great promise as tools to determine the
effect of partial canopy decoupling to predict transpiration (40). Models using
the ‘‘top-down’’ or ‘‘big leaf’’ approach to estimate transpiration with bulk
parameters describing canopy and BL conductances are of particular usefulness
(40). A recent model, calibrated using a year of transpiration from a mature
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beech forest (Fagus sylvatica L.), showed a seasonal average 	 of 0.28 with the
strongest decoupling (	 > 0.3) during periods of low wind velocities and large
canopy conductances (40).

Overall, experimental results suggest higher decoupling coefficients for
closed canopies, which are typically characterized by reduced atmospheric tur-
bulence and larger BL resistances (40). Lower decoupling coefficients for the
beech forest as compared to the tropical forest (43) and crop canopies (22) are
attributed to smaller leaves and canopy closure, respectively (40).

III. STOMATAL CONDUCTANCE RESPONSE TO THE
WIND ENVIRONMENT

The wind speed modifies the stomatal conductance when atmospheric CO2 and
water vapor partial pressure differences are held constant (5,16,75). Studies
have found the stomatal conductance to be largest for the lowest wind speeds
and to decrease logarithmically with increasing wind speed based on wind-
tunnel experiments on Sitka spruce seedlings (16). This relationship appears to
indicate that increased wind speed results in partial stomatal closure; this effect
may also be due to an increased vapor pressure deficit caused by the replacement
of moisture in the BL with drier ambient air (16).

The role of the leaf BL in the stomatal response is sometimes examined
in a cuvette heat exchanger (5). Such studies demonstrated that the relationship
between the total conductance and the partial water vapor pressure difference
between leaf surface and ambient air depended on wind speed, but such rela-
tionship between the stomatal conductance and the water vapor partial pressure
difference between the stomates and the leaf surface did not.

Other studies have looked at the rate of CO2 fixation and the role of
the boundary layer in stomatal conductance of water vapor and CO2 for wind
speeds that correspond to natural conditions (1) and found the bulk air properties
of CO2 and water vapor to differ from those at the leaf surface because of a
significantly thicker BL. This is in contrast with other studies from previous
closed-top chamber experiments, which used high wind speeds to reduce these
differences. Such experiments are sometimes conducted in a differential gas-
exchange system and simulations are performed to evaluate the response of
stomatal conductance to changes in wind speed (resulting in a change in BL
conductance) to properties of CO2 and water vapor (1). Results indicate that
changes in BL conductance cause stomatal conductance rates to change due to
altered properties of CO2 within the stomata as well as due to changes in the
leaf surface water vapor deficit (1). While such efforts focus on the effect of the
BL on stomatal conductance, it also offers a framework for scaling up to the
leaf response to these effects (1).
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Field and laboratory experiments support the feedback theory between
wind and humidity to determine stomatal conductance (23,46), as demonstrated
for coffee hedgerows (23). The apparent partial stomatal closure is thought to
be mediated by higher BL conductances, allowing drier air to reach the leaf
surface (46). Experiments in stands of koa, a native Hawaiian tree, suggests a
strong interaction between wind and humidity in regulating transpiration rates
(46). This work is consistent with hypotheses from other studies arguing that
epidermal transpiration plays a role in the stomatal response to humidity (5).

IV. OPEN-TOP CHAMBERS: WIND-RELATED
PLANT RESPONSE

A. Introduction

Scientific studies are increasingly conducted inside open-top plant growth cham-
bers (hereafter OTC) in the field, and with global warming perspective looming,
the need to elucidate the effect of ambient increased carbon dioxide emissions on
crop and tree above-ground and below-ground biomass production is as press-
ing as ever (9). OTCs are gaining popularity, supplanting the more conventional
closed chambers, and for good reason: their low cost, hence accessibility, and
enhanced microclimate similarity with natural conditions appeal to experimen-
talists.

Nevertheless, the OTC remains a physical system where wind-related plant
response needs to be critically assessed. While there have been numerous studies
conducted in OTCs, few studies have evaluated the effect of wind flow on plant
response in this semicontrolled environment and compared it with the response of
plants grown in natural field conditions. Unintended flow modifications resulting
from the design of OTCs can cause changes, among others, in leaf temperatures,
transpiration, carbon dioxide, and pollutant uptake.

B. Impact of the Enclosure on the Flow Field and the
Plant Response

In chamber studies, either OTCs or closed-top chambers, the plant response
is related to the time-averaged pollutant concentration (dose) measured in the
chamber atmosphere (26,88). Extrapolation of dose-response relationships from
OTCs to field plants ideally requires that the gaseous uptake mechanism from the
atmosphere to the plant interior be identical in both systems. As demonstrated
below, this is difficult to achieve. This section explores the importance of the
representativeness of the OTC flow regime to open-field conditions and exam-
ines differences in wind-related plant response between OTCs and open-field
conditions.
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Briefly, the gaseous uptake by vegetation can be described by the ‘‘big
leaf’’ model (28), where the uptake is the product of the atmospheric concen-
tration and deposition velocity (Vd). Vd incorporates the important physical and
biological factors that determine the rate of uptake from the atmosphere to the
plant interior. Vd, the deposition velocity, can be defined by a series of resis-
tances:

Vd = 1

ra + rb + rc
(12)

where ra, rb, and rc are the aerodynamic, boundary layer, and canopy resistances
to gas exchange, respectively, and ra describes the ability of the atmosphere to
vertically transfer gaseous material from a height z to the boundary layer at
the plant surface, as a result of turbulent exchange. This is estimated in natural
conditions by

ra = 1

ku∗
ln

(
z − d

z0

)
− Cm (13)

where k is the von Karman’s constant, u∗ is the friction velocity, d is the zero
plane displacement, and z0 is the surface roughness. Cm is the atmospheric
stability correction for momentum (28).

The transfer of gaseous material across the plant boundary layer is char-
acterized by rb as seen in the discussion above. The latter is determined by
atmospheric, vegetative, and gas concentration characteristics:

rb = 1.5d0.5ν0.17D−0.67u0.5 (14)

for laminar flow or

rb = 33d0.2ν0.47D−0.67u0.8 (15)

for turbulent flow. rc represents the resistance to gaseous transfer from the
within-canopy leaf exterior to interior. The latter is determined primarily by
the stomatal resistance, which varies with the species of interest and is con-
trolled by the plant in response to its water status, the incident radiation, and
foliage temperature (28). However, as seen above (Sec. III), the stomatal aper-
ture itself varies as a function of wind speed, so that the canopy resistance is
itself indirectly linked to the magnitude of the wind speed as well.

The effect of an OTC on rc has also been examined in several studies, with
varying results. Several studies found no consistent difference between field and
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OTC rc values in grapes (Vitus labrusca L.), while others have found slightly
higher values in the OTC for soybean [Glycine max (L.) Merr.] and slightly lower
values for lettuce (Lactuca sativa L.) and others found the chamber reduced rc
by 22% for both kidney bean (Phaseolus vulgaris L.) and cotton (Gossypium
hirsutum L.) (27,65,71). A high value of rc can be the controlling mechanism
in determining Vd when ra and rb are much smaller than rc.

The modification of the natural flow properties inside an OTC also gives
rise to differences in ra and rb when compared to field conditions. Depending
on the value of rc, a significant difference in the deposition velocity between
the OTC and the field may then occur. This suggests that gaseous exchange
studies and dose–plant response relationships found in the OTC cannot be simply
extrapolated to field-grown plants. Given the relations observed in Refs. 12
through 15, it is of little surprise that for OTC grown plants to mimic the response
to varying dose-response relationships, a flowfield similar to that observed in
field conditions is required.

Relationships between OTCs and flows observed in open conditions have
been the object of several studies (25,68,71,76). In a typical OTC, ports are
located at the lower levels of the chamber (<1 m) and exhausted out the chamber
top. In calm conditions, the wind-speed maximum is typically found to be at
around 25% of the OTC height inside an OTC (25,76). Such OTC observations
contrast sharply with the ambient flow regime of rapidly increasing wind speed
with increasing height just above the ground. Several studies have found that
when exposed to moderate winds (1.1 and 2.3 ms−1 in the region corresponding
to about 1.1 the OTC height), the OTC flow was less than ambient at upper
levels in the chamber and of comparable magnitude at lower levels (71). The
OTC flow in calm conditions and its implications on ra, rb, and Vd reveal the
flow to become increasingly vertical with increasing height up to 50% of the
OTC height (76). This pattern is consistent with mass conservation: inflow at
low levels induces a converging horizontal flow at the base, with a vertical
exhaust flow, increasing with height up to near the level of the top inflow ports
to about 25% of the OTC height. Above the mid-OTC height, the flow becomes
more horizontal, indicating that the vertical flow at mid-OTC height reflects the
combination of both an exhaust flow and vertical circulation near the top of the
inflow ports. Unlike true field conditions, the vertical velocity in the OTC is
in general away from the surface (due to the blower and OTC structure), with
intense coherent quasistationary circulation patterns present in specific areas of
the OTC.

Average OTC flow characteristics provide little useful information because
of the large spatial variability. For instance, in one intensive study aimed at
quantifying the spatial variability across the chamber, u varied from 0.28 to
1.33 m/s (76). The average turbulence intensity (defined as the ratio of the
standard deviation of the horizontal velocity to the mean flow velocity) of the
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flow increases with height up to 60% (71,76). Field studies suggest that as
ambient wind speed increases, there is an enhanced intake of ambient air into
the chamber and an associated loss of uniformity of pollutant concentration as
well as loss of costly pollutant gas. The addition of a baffle with a reduced
opening, displaced vertically above the test area, appears to maintain the highest
uniform concentration in the test area, and the effect of the presence of the OTC
on the flow inside the chamber occurred below z/h < 2 and at x/h < 4.2,
respectively (10). In one study, the Reynolds stresses for the three profiles were
uniform throughout the chamber above z/h > 2, with turbulence intensities both
longitudinal and vertical at x/h = 0, 1.8, 4.2, greatest below z/h < 1.5 when
the flow system was operating. Lateral variations in the mean wind at x/h = 1.8
suggest a mean velocity greatest under these conditions (except near the center
line, where the reverse was true). This pattern was maintained at x/h = 4.2
(10).

Such important differences between the OTC flow and that of the open-
field conditions result in differences in their respective ra and rb values. Altered
flow characteristics within an OTC tend to create aerodynamic and boundary
layer resistances (ra and rb) differing from field values, complicating the ex-
tension of OTC results to field conditions. In the well-mixed OTC atmospheric
environment, the turbulent exchange of gaseous material is rapid, leading to
lower ra values than those in the field even in the most turbulent field condi-
tions.

A study showed that the variable flow in the OTC results in widely varying
rb values within the OTC itself, depending on the actual physical location within
the chamber (76). In addition, the OTC ra and rb would differ from field values
under typical meteorological conditions. For plants subjected to environmental
stresses, for the underside of leaves, or with otherwise low stomatal conductance,
this could create significant differences in gaseous uptake for individual plants
within the OTC as well as for the average plant in the OTC versus that in the
field.

Values of rb typically decreased with increasing depth in the canopy, since
the wind speed maximum is within the canopy rather than at the canopy top.
Furthermore, rb values varying by almost as much as 100% can be observed
depending on the location within the chamber (76). In a study using a model
soybean canopy, rb values at the canopy top were found to be higher in the OTC
than in the field, with lower calculated rb for within-canopy leaves (76).

The OTC ra is often assumed to be insignificant as a result of the efficient
mixing in the chamber (72). In one investigation of the impact of flow character-
istics on plant response, Vd values in the OTC ranged from 69 to 110% of that
in the field depending on location and time of the day. Vd in the OTC averaged
6% lower than the predicted field Vd during the windy day because of low field
values of ra and rb (72). Depending on the location, the OTC-averaged Vd was
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69% higher than predicted field values during the low-wind day, with OTC Vd
values ranging from 125 to 200% of that in the field.

For identical ozone concentrations in the field (at 10 m) and the OTC
(in the upper half of the chamber), the actual ozone uptake in the OTC was
higher than that in the field in low wind conditions and than that in the field in
high winds (72). In general, periods of relatively high ozone concentration are
associated with wind speeds below 3.5 m/s, suggesting that applying OTC results
to the field during the typical high-ozone periods are likely to overestimate
the ozone dose for the field plant (72). Since the flow complexity affects all
mass exchanges between the plant and the OTC environment airspace, CO2
uptake, evapotranspiration (ET), and pollutant dose-response relationships will
be influenced by the OTC. The uptake of CO2, ozone, and ET will be enhanced in
the OTC relative to an open field during calm conditions and vice versa in windy
conditions. This is likely to lead to differences in the growth rate of plants grown
in the OTC compared to those in open-field conditions. It should be pointed out
here, as a positive note, that the use of controls in OTC-based experiments still
provide the cumulative effects of the OTC on the plant growth pattern and rate.
The OTC flow creates a condition where the pollutant deposition velocity (Vd)
is likely to vary with position in the chamber and differ from field observations.
The differences in Vd would be largest for plant species with low stomatal
resistances (such as soybean) and during periods of low ambient winds. As a
result, extension of OTC pollutant dose-plant response relationships established
in an OTC to plants growing in open fields should account for the differences in
Vd between the location in the OTC and the field to prevent overestimates of the
pollutant dosage on field-grown plants, leading to incorrect actual or potential
plant response to the exchange of pollutants, carbon dioxide, and water vapor.

Studies linking the differences between rice plants grown inside an OTC
versus those grown in natural field conditions have shown also that the micro-
climate of vegetation growing in open-top chambers differs from that in outdoor
conditions: temperature profiles and carbon dioxide concentrations were found
to differ from the open-field conditions, leading to biomass production 12.5%
less than the biomass of plants grown in the open. This may be explained by the
fact that the air was warmer than in the open field throughout the day, which
in turn, is likely a result of the lower air exchange around the plants within
chamber walls (49).

Several designs of OTC provide an air distribution system with controlled-
ventilation open-top chamber (CVOTC) wind speeds above 1 m/s. This leads to
LBL resistances comparable with those of plants in open-field conditions (52).

LBL resistance rb in the chamber depends on the rate of ventilation by the
fan, on air movement caused by incursion, on position in the chamber, and on
the position (shelter) in the crop canopy. Some studies have predictably found
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that the conductances inside the chamber depend very much upon the position of
the leaf inside the chamber with respect to the air inlet (68). These same studies
found that rb values were small compared to values reported in crop canopies,
where wind speeds seldom exceed 1 m/s and note that the low effective rb values
might cause the deposition of gases on leaf surfaces in chambers to be larger
than in the field.

Chamber effects on wind have also been noted above vegetation but not
within (71) when ambient wind velocity was very low, as in radiational cool-
ing situations. In such cases, chamber airflow exceeded ambient flow, and dew
formation was occasionally reduced or suppressed completely inside chambers,
possibly due to the internal airflow as well as the slightly higher air/leaf temper-
atures resulting from infrared reradiation from chamber walls. Suppression of
dew formation could have decreased infection by fungi as was suggested in one
of the studies (74), with a reduced rate of air movement across leaves increasing
the boundary layer resistance and leading to increased leaf temperatures and
decreased absorption of pollutants inside the stomata (2,15).

V. CONCLUSIONS

The plant response to the wind environment has been explored under its many
facets: first in the natural wind environment, examining its impact on vari-
ables that are indicators of the modification of the local leaf environment, and
its impact on the atmospheric transfer of gases and heat using the concepts
of aerodynamic, stomatal, boundary layer, and canopy conductances and resis-
tances. Second, given the resurgence of interest in the plant response to the wind
environment, the change of the wind environment brought about by open-top
chambers has been discussed along with the applicability and reproducibility in
outdoor conditions.

Further studies are needed, in particular in the integration on the above
information for ‘‘scaling up’’ models of leaf to the canopy to the landscape
levels. Further studies are needed to bring the response of OTCs closer to field
conditions; meanwhile, a more thorough examination of the characterization of
coherent structures superimposed on the overall flowfield modification and on
the plant response is urgently called for.
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I. INTRODUCTION

Soil is a medium for plant growth, and its structure should not hinder the move-
ment of water, oxygen and nutrients to plant roots, impede the growth of roots,
or allow the buildup of toxic substances around roots. Soil structure can be de-
scribed as the organization of the particles in the soil—the internal configuration
of the soil matrix (1). Soil structure is formed by many interacting processes in
the soil, especially shrinkage with drying, channel formation by plant roots, fau-
nal activity, and cultivation (2). Well-developed soil structure is represented by
distinct stable aggregations (peds) of soil particles separated by interped pores.
The interped pores of an aggregated soil are larger, on average, than pores be-
tween particles of unaggregated soil, resulting in a less dense condition. The
larger pores are also critical in terms of allowing movement of air and water
through the soil. Unfavorable soil structure, on the other hand, can impart the
characteristics of greater soil density, decreased aeration, poor percolation, and
mechanical impedance to roots, which can restrict plant growth (3).

There are a number of factors that may result in poor soil structure. Soil
texture is important; in fact, very sandy soils are usually classified as structureless
due to lack of soil matrix (sand is viewed more as the ‘‘skeleton’’ of the soil)
(1). In sandy soils, size distribution and packing of the grains are considered
rather than structure per se. In loamy and finer-textured soil, clay acts as a
cementing agent to provide some level of stability to the particle orientation in
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structured soil; however, clay can also cement particles in a structurally degraded
condition (‘‘massive’’). Chemical conditions can be responsible for structurally
degraded soil; a relatively high sodium content causes dispersion of particles and
elimination of aggregation. These ‘‘sodic soils’’ occur naturally but can also be
initiated or exacerbated by human activity.

The human-imposed factor that degrades soil structure to the greatest ex-
tent is compaction. This chapter focuses on the effects of compacted soil on
plant growth, including the direct effect of mechanical impedance as well as
the indirect effects that usually accompany compaction. Finally, amelioration of
compaction is discussed, with emphasis on the ability of plant roots to effect
changes in soil structure and hence modify physical properties.

II. COMPACTION

Hillel (1) described soil compaction as the compression and densification of an
unsaturated soil body, reducing the fractional air volume. The degree to which
a soil will compress is a function of the soil moisture content, antecedent bulk
density, magnitude of the compactive effort, soil texture, and content of organic
matter (4–6). Forces that compact soil can originate from natural sources, includ-
ing rainfall, radial root pressure, cycles of wetting/drying and freezing/thawing,
or traffic of people and machinery (7). The potential to degrade soil structure
has increased as modern machinery has become larger and heavier, causing
compaction to a greater depth. Compounding this problem is the tendency to
tread repeatedly over soil while implementing cultural practices such as seeding,
fertilization, pest control, harvesting/mowing, or construction during site devel-
opment. Soil compaction on recreational sites is thought to be one of the most
challenging issues faced by turfgrass managers (8). Cultivation implements are
generally designed to overcome the bonds stabilizing structure, breaking aggre-
gates into smaller ones for seedbed preparation to maximize seed-soil contact,
enhance water infiltration and retention characteristics, and improve soil aera-
tion. Routine tillage of soil, however, can also degrade soil structure by shat-
tering aggregates, eliminating pore networks, and imposing compacting forces,
particularly in a subsurface layer of soil (9).

A. Soil Responses

Porosity, bulk density, and water retention characteristics are physical properties
characterizing soil structure and compaction phenomena. Compaction of a soil
decreases soil porosity and subsequently increases soil bulk density. Veihmeyer
and Hendrickson (10) showed that the critical soil bulk density needed to inhibit
sunflower (Helianthus annus L.) root growth varied with texture; no roots pen-
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etrated soil with a bulk density of 1.9 g cm−3. The lowest density where roots
failed to penetrate was 1.46 g cm−3 for an Aiken clay loam.

Air tends to occupy the larger pores of soil, whereas the affinity of water
for mineral surfaces creates water films and wedges (menisci) within the small
fissures and capillaries of the soil. A reduction in the total porosity of soil, as a
result of compaction, generally occurs at the expense of the air porosity, those
relatively large pores not filled with water at a given soil water potential (usu-
ally −33 kPa to represent ‘‘field capacity’’). Swartz and Kardos (11) observed
a decrease in air porosity from 19.3 to 12.7%, with increasing levels of com-
paction on several sand-soil-peat mixes differing in moisture content at the time
of compaction, whereas capillary porosity increased from 32.2% at the lowest
compaction level to 35.7% at the highest level. In aggregated soils, the loss of
porosity due to compaction can be attributed to the collapse of interaggregate
pores (12).

Water retention and flow characteristics in soil are influenced by alterations
of soil porosity. Relative to noncompacted soil, compacted soil will generally
retain a greater amount of water at a given soil matric potential as a result
of increased capillary porosity (13–15). Soil water permeability, particularly
at saturated or nearly saturated conditions, is a function of air porosity; as air
porosity decreases, so does water permeability (11,13,16). Compacted soils with
lower infiltration rates are prone to problems with stagnant water and anaerobic
conditions (17).

B. Constraints on Root Growth

1. Soil Aeration

Soil oxygen movement to plant roots is critical to maintain adequate respiration
for growth. Anaerobiosis, or oxygen stress, occurs in soil when the rate of supply
falls below the biological demand. Impeded soil aeration can arise from poor
drainage and waterlogging or from compacted soil.

One approach to evaluate soil aeration is to measure the composition of
soil air. This technique indicates that gas exchange between the atmosphere
and soil air is restricted when oxygen content of the soil air falls significantly
below that of the atmosphere. An important challenge with this approach is how
to extract a representative sample of soil air that avoids mixing of gases from
outside the point of sampling or contamination from the atmosphere (18).

Another approach for assessing soil aeration is to determine the air poros-
ity, or fractional air space, at a standard soil water potential. Work to identify
threshold air porosity values below which plant growth is limited has gener-
ated values ranging from 5 to 20% (1). Madison (8) has indicated that 10% air
porosity is the threshold level for intensively utilized turf. The United States
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Golf Association Green Section (USGA) has suggested 15% air porosity at a
3 kPa water tension as the lower test limit for materials used in the construc-
tion of root zones for golf course putting greens (19). The extent to which air
porosity in the root zone changes with time under a perennial turf system is a
subject of current studies (20). The rate of air exchange, rather than the volume
of soil air, is the more important factor in soil aeration and therefore limits the
usefulness of air porosity as an index of soil aeration.

Gaseous movement in the soil occurs by two main processes: convection
and diffusion. Convection, where the moving force is a gradient of total gas
pressure, is thought to be a minor mechanism of soil aeration (21) except at
shallow depths and in soils with large pores (22–24). Although convection is
not considered an important factor for more deeply rooted plant species, it could
be more influential for shallow-rooted turfs. A large fraction of the root system
of moderately to highly maintained turfs is found at surface depths of 5 cm or
less (25). Furthermore, the crown, the major meristematic organ, of turfgrass
plants is located near the soil surface. Thus, turfs with a high plant population
could have sufficiently high oxygen demands at the soil surface that convection
would play a useful role in maintaining adequate aeration for plant crowns
and surface rooting. Convection, therefore, could be partially responsible for the
observations of improved turfgrass quality after changes in air masses (pressure)
associated with passing weather systems. Below the surface, however, diffusion
is considered the more important exchange mechanism in soil, and the moving
force is a gradient of partial pressure.

Gas exchange between the atmosphere and soil is maintained predomi-
nantly by diffusion through air-filled pores. In contrast, live tissue is typically
hydrated, and the supply of oxygen to roots occurs by diffusion through water
films. This is an important distinction, since the diffusivity of oxygen in water
is less than its value in air by a factor of 10−4. The solubility of oxygen in
water may be a compounding issue, especially at higher temperatures, where
solubility decreases.

Methods that measure gaseous diffusion through air-filled pores (24) do
not provide information on the impedance to oxygen presented by the water
film surrounding a root. It is possible that an inadequate supply of oxygen
to roots can occur in a well-aerated soil (i.e., high air-filled porosity and O2
concentration) if the roots are surrounded by thick water films (26). Thus, under
such conditions, measurement of soil oxygen movement to plant roots would
provide a more complete assessment of soil aeration. Lemon and Erickson (27)
introduced the method commonly called ODR (oxygen diffusion rate) to measure
oxygen diffusion to a root-like electrode inserted into the soil and enveloped
in water films of the soil. The ODR technique has been used by a number
of researchers to demonstrate the reduction in oxygen supply in compacted
soil (28–32). Limiting soil aeration conditions are often transient and strongly
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affected by wetting and drying cycles in compacted soil. Therefore, the timing
of gas composition and ODR measurements is critical for accurate detection of
anaerobiosis.

Generally, 200 ng cm−2 min−1 has been considered the minimum ODR
value, below which plant roots will not grow (29,30,33). Some researchers have
reported values ranging from 50 to 200 ng cm−2 min−1 as limiting ODR values
for turfgrass root growth (34–36). The interpretation of these results has been
questioned because, in addition to the diffusion of oxygen, other soil factors and
components could have affected the measured ODR (28,37). Work by Blackwell
(38) has helped to reduce errors associated with reactions other than the reduction
of oxygen in the ODR technique. Moreover, early studies of limiting ODR were
performed in growth chambers at about 20◦C, whereas soil temperatures in the
field can vary considerably during the growing season. Blackwell and Wells (28)
concluded that the effect of oxygen flux on root growth is related to temperature
differences and differences in root respiration. Thus, it is plausible that the
oxygen flux limiting root growth under high soil temperatures may be greater
than values that have been observed at 20◦C.

When oxygen becomes limiting, some species of bacteria shift metabolic
pathways so as to utilize other compounds as terminal electron acceptors. Thus,
plants may have not only to survive periods without oxygen but also to withstand
toxic substances such as hydrogen sulfide, which are produced during anaero-
bic microbial respiration (39). Development of aerenchyma tissue (intercellular
spaces) that allows diffusion of oxygen from aerial plant tissue down to roots
may be an adaptive response that helps certain species of plants to survive pe-
riods of soil anaerobiosis (40). Agnew and Carrow (29) reported increased root
porosity in Kentucky bluegrass (Poa pratensis L.) grown under compacted soil
conditions. They observed the greatest root porosity under conditions of both
compaction and water stress.

2. Soil Strength

Soil strength can be described as the capacity of soil to resist a force with-
out rupture, fragmentation, or flow (1). Various methods exist to quantitate soil
strength in the laboratory, but the method most used in the field is the penetrom-
eter. It measures the effort necessary to push a thin, cone-tipped probe into the
soil. Taylor and colleagues conducted pioneering research demonstrating that
the strength of a soil, as measured with a static penetrometer, will increase as
soil bulk density increases and water content decreases; consequently, mechan-
ical impedance to root growth is greater. The limiting strength of soil to cotton
(Gossypium hirsutum L.) root growth is in the range 2.5 to 3 MPa (41,42). For
many crops, a 2-MPa penetrometer resistance is commonly encountered under
field conditions and can reduce root length and elongation by at least 50% (43).
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Root Morphology. In experiments designed to study the constricted growth
of roots, the ability of ryegrass (Lolium perenne L.) roots to enter rigid pores
(glass capillaries and sheets of steel) depended on the size of the root cap and the
thickness of the stele, which needed to be about one-third of the nominal root
thickness (44). Roots could elongate down long capillaries while constricted,
albeit at a reduced rate. Roots can enter pores of diameter smaller than the
root tip itself only if the rigidity of the pore structure is weak enough to al-
low soil displacement (45). Thus, major root axes typically thicken when soil
pores are too small for root penetration. Ethylene production has been linked to
this thickening response of roots subjected to mechanical impedance (see Ref.
43). Abscisic acid, which increases temporarily under conditions of mechanical
impedance (46,47), has also been shown to induce root thickening as well as
increased root-hair number and curling of roots (46). The thickening of the root
compresses soil laterally and minimizes friction with soil as the root extends
axially. Additionally, root-hair development aids in anchoring the root as it pen-
etrates compacted soil. Thus these responses can be viewed as adaptive, as they
mitigate the effects of axial resistance on growth (43). Additional contributing
factors to thicker roots’ relative endurance of compact soil might be greater
resistance of thicker roots to bending or higher axial pressures exerted by thick
roots (48).

Variation in plant genetics exists for tolerance to high mechanical imped-
ance. Interspecific comparisons have shown differences in root dimensions and
the ability to penetrate soils (48–50). Greater root thickness and the tendency
for roots to expand radially in response to mechanical impedance are correlated
with the capacity to elongate in hard soil (48). Intraspecific studies have also
demonstrated genetic variation in characteristics associated with tolerance to
mechanical impedance (51,52). Two tall fescue (Festuca arundinacea Schreb.)
lines with large-diameter roots were able to penetrate a hardpan at the 0.4 to
0.6 m soil depth, extracted more soil water from the 0.6 to 1.2 m depth, and
yielded 40% more in dry matter compared to fescues with small-diameter roots
(52). Development of efficient techniques to screen plant germplasm for greater
tolerance to high mechanical impedance could prove to be highly useful.

Iijima et al. (53) described the morphological development of rice (Oryza
sativa L.) and maize (Zea mays L.) root systems as affected by soil compaction.
Elongation of the main root axes of rice and maize was restricted in compacted
soil. Seminal roots of maize were much less restricted than those of rice. The
root system of rice was characterized by a larger fraction of long, thick laterals
with potential to produce higher-order laterals on their axes. Growth of higher-
(second- and third-) order lateral roots in compacted soil compensated for the
restricted growth of the main root axes in both species.

The work of Carrow and colleagues indicates that the effects of com-
pacted soil on root growth varies with plant species and management. Total root
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mass of Kentucky bluegrass decreased in response to compaction treatment,
whereas tall fescue and perennial ryegrass root systems were more tolerant to
compaction stress (54). Subsequent work indicated that the most detrimental
effect of compaction on root growth of tall fescue and perennial ryegrass oc-
curred under higher nitrogen fertilization (15,55). Although total root mass of
a turf may not change under compacted conditions, a redistribution of the root
system can occur where root mass increases in the surface 5 cm of the soil at the
expense of rooting below the 10-cm depth (29,30). Root mass may not provide
the most detailed index of a root system’s response to compacted soil, since
root mass is affected less by bulk density than root length is, primarily because
of larger-diameter roots in high-density soil (56). Thus, the measurement of the
number and length of roots growing in soil may be a more sensitive indicator
of compaction stress on a root system (16,57,58) than root mass. Root length
and number measurements, however, are expensive, particularly for experiments
evaluating a large number of treatments and for plant systems such as turf, which
have extremely high root lengths (25).

Physical alteration of water and nutrient uptake by a root system can re-
sult as the orientation and morphology of roots change. Higher soil bulk density
brings more soil, and associated water and nutrients, into contact with the surface
area of the root system and thus has the potential to increase availability (59).
This effect is particularly pronounced for nutrients such as phosphorus, which
have relatively low mobility in the soil (60). Greater soil contact with the root
system, and thus availability of nutrients and water, could at least partly explain
the greater clipping yields of turf growing on heavily compacted plots compared
to lightly compacted plots during the spring (61). The fact that this response
was reversed during the summer suggests that the beneficial response of greater
soil and root surface contact may be beneficial until environmental conditions
become limiting for other essential growth factors under compacted soil condi-
tions. As environmental conditions become more limiting, the reduced total root
elongation rate and length in compacted soil ultimately decreases availability of
water and nutrients by restricted access (60).

C. Shoot Responses

The direct and indirect effects of compaction on plant roots can elicit responses
in the plant shoot as well. A number of studies on grasses demonstrate the
potential of compacted soil to limit shoot density, verdure, clipping yield, soil
cover, and lateral stem growth (14,29,30,54,62–65). Lower dry-matter produc-
tion and yield under compacted soil conditions is attributed to reduced light
interception caused by restricted leaf area development and is not a result of an
impaired ability of crops to utilize intercepted radiant energy (66,67). Hormonal
mechanisms have been proposed through which roots ‘‘sense’’ the mechanical



394 Murphy et al.

impedance of the soil and elicit anatomical changes in leaf growth (68). An
increase in abscisic acid in the xylem sap appears to be a root-to-shoot signal
that lowers stomatal conductance and leaf expansion rates (46,69).

III. PLANT EFFECTS ON SOIL PHYSICAL CONDITION

While soil structure and related properties certainly affect plant growth, it is
also recognized that vegetation can modify physical conditions of soil. Species
reported to be detrimental to soil structure are maize (70), soybeans (Glycine
max L.) (71,72), and cereal species in general (73). Plant species identified as
beneficial to soil aggregation include ryegrass (74,75), bromegrass (Bromus ssp.)
(12,76,77), alfalfa (Medicago sativa L.) (75,76,78) and clover (Trifolium ssp.)
(79). Stone and Buttery (80) found that nine forages differed in their ability
to improve structure. Warm-season C4 prairie graminoids appear to promote
aggregation better than cool-season C3 grasses, possibly due to differences in
total biomass production, length and timing of growth, physiological differences
affecting root exudates, root morphology, and/or microbial population (especially
mycorrhizal infection) (81). Moreover, land uses associated with continuous
plant cover of soil and lack of soil manipulation provide greater opportunity for
the development of stable soil structure (82,83). Use of land as pasture has been
found to increase aggregation of previously tilled soil (84–86).

A. Mechanical Binding

One documented mechanism of roots’ influence on soil structure is mechanical
binding of soil particles by fine roots and microbial hyphae. Networks of dead
and especially living roots resist compactive loads (87) and shear stress (88,89);
fungal hyphae work similarly within soil aggregates (74,84,87,90,91). Rooting
patterns (i.e., total root length, distribution, root length density, branching fre-
quency, and root hairs) are thought to be important in explaining differences in
soil stabilization by different species (75). Alfalfa (78) and clover (79) improve
soil structure primarily through enhancement of infiltration rate, hydraulic con-
ductivity, or soil water retention/drainage, which might be expected from the
channel development under these tap-rooted plants. However, mycorrhizal hy-
phae associated with the roots of white clover (T. repens L.) have been related
to increased stability of aggregates (74).

B. Organic Matter

Total soil organic matter content is the soil property most closely associated with
soil structure stability (84,85,92). Soil organic matter accumulates over the long
term to a steady-state level, which is determined by the amount of biological
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contributions over time, soil water content and temperature (regulating decom-
position), and other factors such as texture. As primary producers in terrestrial
ecosystems, plants ultimately can be credited with nearly all of the organic mat-
ter added to soil. Direct contributions occur from seasonal shedding of leaves
and roots and root exudates as well as the whole plant upon death. The organic
compounds added and the microbial activity and products that result greatly
enhance soil structure and improve structural stability.

Qualitative differences in soil organic matter and the mechanisms of stabi-
lization involved may account for unexplained differences in aggregate stability
associated with plant species (75,84). Often much of the short-term increase in
organic carbon has been found in the sand-size fraction, which includes frag-
ments of plant tissue (85,93). However, the effects of organic matter on the
formation, maintenance, or degradation of soil structure are more directly re-
lated to metabolic compounds and decomposition products that interact with soil
particles, especially clays, on the molecular level.

Hydrophobic coatings (presumably waxes from plant roots or associated
microorganisms) can cause water repellency of sand-textured aggregates (94)
and lead to the development of localized dry-spot formation in turf (95). Water
repellency can reduce the rate of clay-aggregate wetting and therefore increase
aggregate stability (96) and contribute to development of preferential flow paths
of infiltrating water (97). Grassland soil aggregates exhibit greater potential wa-
ter repellency than aggregates of arable (maize) land (97–99). The grassland
vs. cultivated comparison, then, may reflect breakage of hydrophobic coatings
(exposing uncoated soil) and/or microbial oxidation of the coatings in the cul-
tivated land (97). Another possibility is a species difference in deposition of
hydrophobic coatings on soil particles.

Strong correlations occur between soil carbohydrate content, or some frac-
tion thereof, and soil structural indices (86,100,101). Periodate-sensitive mate-
rials (polysaccharide and/or polyuronides) have been shown to be stabilizing
agents for aggregates in many cases (74,75,77,100) as well as pyrophosphate-
sensitive materials probably bound to minerals by polyvalent cations (74,77,84).

Carbohydrates have been found to constitute 8 to 16% of soil organic
matter in some virgin soils, the amount generally increasing with clay content
(102). Soil in agricultural land use generally contains greater carbohydrate con-
tent than fallow (103), and species variability is evident (100). Some of the soil
carbohydrate is contributed by structural components of plants (e.g., cellulose),
but soil also gains carbohydrates in the form of soluble compounds released
from plant roots.

1. Root Exudates

Roots of many species have been shown to exude metabolic compounds of
varying composition and quantity (104). Barber and Gunn’s (105) minimum
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estimate of exudates released was 9% of the dry matter of the root increment
grown. Rovira (106) estimated that 0.1 to 0.4% of carbon assimilated by photo-
synthesis was released to the soil. Carbohydrates are major constituents of root
exudates; for example, Moody et al. (107) found that water-soluble components
of root ‘‘slime’’ were mostly (> 95%, w/w) carbohydrate.

While some root exudation is considered passive loss of photosynthates
by the plant (104,108), it is clear that some exuded compounds are produced
by the plant specifically to aid root function, induced by environmental con-
ditions (104,109,110). Therefore, root exudation is influenced by both genetic
and environmental factors, including plant species, plant age, temperature, light,
plant nutrition, soil moisture, root damage, and foliar applications (106). Shoot
harvest has been shown to affect the amount of alfalfa root exudation (108). An
additional factor that is especially relevant here is mechanical stress, which can
increase root exudation of amino acids and carbohydrates (105). Greater devel-
opment of secretory organelles in root cap cells under conditions of mechanical
impedance presumably ameliorates adverse effects by production of mucilage,
wetting the soil (111).

Organic compounds released by roots serve as rich sources of carbon
and energy for many soil microorganisms living in the rhizosphere. The term
rhizosphere refers to the zone of high microbial activity, compared to bulk soil,
that surrounds roots. Further classification of the rhizosphere is defined by root
products and abundance of microorganisms (112). The microbial community
that develops in the rhizosphere may be characteristic of the plant species. These
microbial communities produce their own ‘‘exudates,’’ which, in turn, can be
influential in particle binding. Relative contribution of microorganism- vs. plant-
derived carbohydrates to soil has been a subject of study (113–115).

Direct effects of root exudates on aggregate stability has shown variability;
for example, extracted bromegrass root exudates increased wet aggregate stabil-
ity and decreased dispersible clay compared to maize exudates (75,116). Quan-
titative/qualitative differences in root exudates are likely responsible for species’
effects on soil aggregation (75,116). Soil aggregate stabilization by ryegrass was
maximized by shoot harvest (90), perhaps by increasing root exudates (108).

Maize presents a special case in terms of root contributions to soil and
subsequent soil structure effects. Cheshire and Mundie (93) claimed that as
little as 0.5% of 14C fixed by maize during 36 days was released as water-
soluble substances; however, maize roots are characterized by abundant mu-
cilage or mucigel. Low-molecular-weight components exuded from root cap
cells polymerize extramurally and hydrate to form mucilage (117), which is
likely to remain associated with mineral surfaces after dispersion (93). An
SEM study of maize roots indicated a mucilage layer nearly covering the en-
tire length, with soil aggregates embedded in the mucilage at the root cap and
on root hairs (118). However, soil carbohydrate content and soil structure are
usually not improved by maize culture (75,100,101). Evidence that maize-root
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compounds are more readily decomposed (75,114,116) may reflect the distinct
composition of maize-root exudates and explain lack of soil stabilization. One
theory regarding the detrimental effect of maize on soil aggregates suggested
that chelating agents released by roots disrupt organic matter–mineral parti-
cle bonds (70). Pojasok and Kay (116) disputed this, finding that the relative
degree of aggregate stabilization by bromegrass or maize correlated with the
amount of divalent cations released from soil in response to root exudates.
Tillage of soil that is common for maize production complicates field studies
(101).

C. Soil Drying

Soil drying by root extraction of water has been indicated as a stabilizing force
in several studies (119,120). Reid and Goss (120) speculated that drying pro-
moted adsorption of organic materials onto mineral surfaces. Wetting and drying
of molded soil increases the stability of the molded form (121,122), which is
analogous to the drying of puddled soil in the field. A logical explanation of
this phenomenon is optimization of particle position and orientation to maxi-
mize bonding forces as water films thin and particles are slowly drawn together.
Naturally formed aggregates, however, appear to be more strongly influenced
by biological activity than by drying forces (90,121).

D. Time

Time is an important factor in the stabilization of soil aggregates by plant influ-
ences. Only 8 weeks were necessary before increases in the aggregate stability
with ryegrass could be measured (74), but the effect leveled off at 16 weeks.
In another study, alfalfa and ryegrass caused linear increases in soil aggregation
from 1 to 4 years (76); but a degraded soil, such as has been under continu-
ous row cropping, did not recover aggregation levels equal to a virgin site even
30 years after conversion to meadow. Reduction of infiltration into a compacted
subsurface layer under turf could still be seen 12 years after the compacted
layer was developed despite a trend toward faster infiltration with age (123).
Biologically and physically significant recovery of aggregation occurred after
5 to 10 growing seasons in cultivated soil restored to tallgrass prairie at a site
in eastern Illinois (81). Rapid recovery in this case was aided by high degrees
of initial aggregation, very high production of biomass (1 to 1.5 kg m−2), lack
of soil manipulation, and vegetation type with associated microorganisms. Sep-
arating the effect of time without disturbance from the effect of vegetation type
was not entirely possible, but such effort indicated that the time factor might
predominate.

A conceptual model of soil-structure dynamics proposed by Gibbs and
Reid (124) emphasized macropore (> 100 µm) dynamics; and the direct root
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effects on macroporosity included in the model were creation and blockage
of macropores and roots’ decomposition to organic matter. Activities of living
roots were cited as indirect influences on organic-matter humification, macropore
stability, shrinkage (due to water uptake), and planar micropore expansion by
mechanical pressure.

E. Roots Plugging Pores

Roots potentially can be a contributing factor in the reduction of soil aeration.
Substantial external force is applied by plant roots as they grow; the pressure of
expanding roots may approach 0.9 MPa, causing a zone of compaction around
the root and reorienting soil particles tangential to the root (112). Bruand et al.
(125) also demonstrated quantitatively the reduction of porosity in the radial
vicinity of roots. Backscattered electron scanning images of soil porosity around
maize roots revealed that porosity was 22 to 24% less within the soil surrounding
the root than in the bulk soil, and the bulk density increased up to 1.80 Mg m−3

at the root–soil interface, whereas density of the bulk soil was 1.54 Mg m−3.
Micropore collapse was suggested to be induced through water extraction by
the root as well as through root expansion. Dexter (126) developed a simpli-
fied model for soil compression around roots, using the assumptions that the
root volume is accommodated by loss of porosity in the surrounding soil, that
there is a minimum soil porosity below which soil will not be compressed, and
that density decreases exponentially with distance from the roots’ surface, the
exponent being a constant multiple of the root diameter.

Asady and Smucker (127) found that roots occupying more than 5% of the
air-filled porosity of a soil resulted in O2 consumption rates that exceeded the
supply rate and increased CO2 concentrations, because diffusion was decreased
by the presence of excessive quantities of O2-consuming root sinks. Thus, soil
regions below and adjacent to areas with the greatest accumulation of roots
can be prone to reduced aeration, particularly if the soil is also compacted.
Studies of turf (25) and forage (128) grasses have reported very high root-
length densities compared to those reported by Asady and Smucker (127) and
others working with field crops (129,130). Thus, it is appears plausible that plant
species with very high root-length density could develop soil oxygen stress due
to extensive rooting that plugs air-filled pores and compacts the rhizosphere
soil. This condition may be exacerbated under high soil temperatures, when the
demand for oxygen by plant roots and soil microbes is greatest.

IV. SUMMARY

Compaction of soil is one of the more important forms of soil degradation caused
by human activity. Cultivation is a reliever of soil compaction in that it breaks
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and loosens cohesive or compacted soil, but it can also be a cause of compaction
due to heavy equipment and repeated traffic over the soil.

Interactions between soil physical conditions and plant growth have been
demonstrated by examining research on soil compaction. Soil compaction is
detrimental to plant growth when mechanical impedance becomes excessive
and restricts the exploration of soil by roots and/or when soil aeration becomes
limiting for root respiration and stimulates the production of toxic substances
through anaerobic microbial processes. Soil texture and water content are addi-
tional factors, among others, that determine the point of ‘‘excessive’’ impedance
or ‘‘limiting’’ aeration. Plant roots are responsive to these conditions and hor-
monal mechanism are being identified that control adaptive changes in plant
growth. In cases of perennial turfs with high plant population, roots themselves
can be problematic in that their profuse growth can fill pores, blocking water
and air movement. Deposition of hydrophobic organic substances by plant roots
can hinder the wetting of soil, thus impacting the availability of water for plant
growth.

Conversely, the effects of plant roots on soil structure have been examined
to demonstrate the important ameliorative potential that exists for physically
degraded soil. Plant roots serve to bind soil particles together, thus resisting
compactive and shearing forces acting on soil. Organic matter added to soil
by plants provides cementing agents for aggregation and stimulates microbial
activity, which also contributes to soil structure development. In addition, wetting
and drying cycles in soil, enhanced by plant water use, are components of soil
structural dynamics. However, research shows the persistence of compaction-
related problems despite ameliorative efforts. Thus, the necessity of preventing
or minimizing soil compaction is emphasized.
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Phytochrome in Crop Production∗

Michael J. Kasperbauer
Coastal Plains Soil, Water, and Plant Research Center, Agricultural
Research Service, U.S. Department of Agriculture, Florence,
South Carolina

I. INTRODUCTION

Many plants are grown for their edible seeds; others are grown for their leaves,
fruit, fiber, and ornamental value. Growth, development, and productivity of each
plant is influenced by its genetics and the total environment in which it grows
from seed germination through vegetative growth, floral induction, and seed
development. The genetic component sets the plant’s potential size, composition,
and productivity; but environment determines the degree to which that potential
is realized. The constantly changing growth environment includes soil moisture,
mineral nutrients in the soil, air and soil temperature, insects, diseases, and light.

Of the environmental factors listed above, light at a given location follows
a predictable pattern year after year. Therefore, it is reasonable that adaptation
and survival of a plant is related to its ability to sense variations in the light
environment as signals for seasonal growth events and for adaptation to compe-
tition from nearby plants. That is, a plant must be able to prioritize allocation
and use of photoassimilate in developing growth patterns that favor survival long
enough to produce its next generation of seed.

For many years, photosynthesis was thought to be the only contribution
of light to plant growth and productivity. There have been many excellent labo-
ratory studies of physiological mechanisms involved in the photosynthetic pro-

∗Mention of a trademark or product does not constitute a guarantee or warranty of the product
by the USDA and does not imply its approval to the exclusion of other products or vendors
that may also be suitable.
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cess, and field measurements of canopy interception of photosynthetic light have
been studied extensively. Meanwhile, study of photomorphogenesis began rather
slowly in the years leading up to the discovery of photoperiodism. Following
the discovery of photoperiodism, photomorphogenesis was studied extensively
in laboratories and controlled environments as a bioassay of photoreversible
control of flowering and of various developmental events in growing plants, and
this approach contributed to discovery of phytochrome.

After the discovery of phytochrome, it was initially assumed that phy-
tochrome was the same in all plant species and in all ages of a given plant
because of the similarities of energy requirements and action peaks obtained in
controlled environments (1,2). An early objective was to determine the chem-
istry of phytochrome and its action at the molecular level in regulating plant
processes. However, in subsequent years it became evident that there is a family
of phytochromes with specific functions during a plant’s life cycle. For example,
Pratt and colleagues studied three oat (Avena sativa L.) phytochromes and found
that a phytochrome that was most abundant in dark-grown seedlings was absent
(or in very low concentration) in green seedlings (3,4).

Although the details are not yet resolved at the molecular level, it is evident
that phytochrome plays a major role in a plant’s ability to sense competition from
other plants as well as to sense and respond morphologically to the changing
seasons. It is evident that phytochrome is involved in sensing the total light
environment and initiating physiological events that regulate allocation and use
of the products of photosynthesis in a manner that improves a plant’s chance
of survival. A plant might be compared to a prudent investor. That is, it senses
what is needed for its own survival (such as a taller stem if it is growing in
competition with many nearby plants) and prioritizes investment of resources
(especially the products of photosynthesis) to meet those needs; then it invests
the resources not needed for its own survival to grow larger and produce more
seeds to extend the next generation.

The recognition of phytochrome-regulated morphogenic responses to com-
petition from nearby plants and to photon ratios in upward reflection from col-
ored mulches in the field is built on information gained in many controlled-
environment experiments and in some unexpected vegetative growth patterns
in response to longer wavelengths of far-red on the Beltsville Spectrograph
(5–7).

There have been many excellent review articles about phytochrome and
photomorphogenesis in test plants (8–10). However, reviews of phytochrome ac-
tion in crop production are limited. This chapter will summarize discoveries of
photoperiodism and phytochrome, followed by development and use of informa-
tion on phytochrome regulation of physiological processes in crop production. It
will end by summarizing the development and use of colored mulch technology
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in food crop production. Many of the examples used in the chapter are from the
research of the author and his colleagues from the late 1950s to the present time.

II. DISCOVERY OF PHOTOPERIODISM

The discovery of a biological phenomenon is usually built on accumulated
knowledge (or observations). For example, weed plants of the same species
usually go through the same life stages at about the same time each year at a
given location. It was also well known for many years by farmers that annual
weed plants such as cocklebur (Xanthium pensylvanicum Wall.) could germinate
and start growth at different times during spring and summer, but they would
flower and develop seed at about the same time, as though something in nature
told them when to flower so that their seed would ripen before freezing weather
occurred. Of course, plants that started growth early frequently grew larger and
produced many flowers and seeds, while the late-starting plants were only large
enough to produce a few flowers and seeds. Nevertheless, both the early- and
the late-starting plants did produce some seed to continue the next generation.
The same principles of season recognition are involved in crop plants whose
yields are affected by ‘‘date of planting.’’

When plants that were adapted to one geographic area were introduced
into another area, time of flowering and other growth characteristics of the same
genetic material frequently differed between the two geographic areas. This oc-
curred when plants such as soybean [Glycine max (L.) Merr.] were introduced
as a potential new crop. It also occurred when plants with desirable characteris-
tics, such as disease resistance, were introduced into a plant breeding program
in another geographic area. Again, there seemed to be influence of some envi-
ronmental component that differed between the old and new geographic areas.
Sometimes the introduced plants would flower early and produce few seeds per
plant in the new geographic area. Other introduced plants would flower too late
for seeds to ripen before freezing weather occurred. Such observations started
W. W. Garner and H. A. Allard on the road to their classic discovery of pho-
toperiodism (11).

Garner and Allard were U.S. Department of Agriculture (USDA) scientists
who worked with the Maryland type of tobacco (Nicotiana tabacum L.) in the
early 1900s at the Arlington Farm, close to where the Pentagon now stands.
Research at that time was less specialized than it is today. Therefore, they
were involved with a wide range of tobacco production problems including
the development of new varieties that were resistant to diseases, grew better,
and produced a high yield of leaf. The development of new genetic lines and
varieties involved bringing some plants with desired characteristics from other
locations and crossing them with the best of the locally adapted genetic lines
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and varieties. Because the number and size of leaves per plant were important
components of yield, they were interested in a genetic line that produced many
more leaves than the standard varieties. The ‘‘giant’’ plants were observed as
early as 1906 (11). Therefore, they wanted to cross plants of the giant line
(later called ‘‘Maryland Mammoth’’) with some varieties and lines that had
other desirable characteristics. Crossing these materials presented a problem
because the giant plants did not flower at the same time as the others. An
early hypothesis was that plants of the giant line had to be much older than
the others before they were capable of switching from vegetative growth (leaf
production) to reproductive growth (flowering). In an attempt to remove this
problem, they moved some plants from the field to a greenhouse in autumn
before freezing weather set in. The giant plants flowered in the greenhouse in
winter and some cross-pollinations were accomplished with plants of the local
varieties that were also in the greenhouse. Believing that they had solved the
‘‘age of responsiveness’’ problem, they started some seeds of the giant line in
the greenhouse in late autumn so that the plants would be old enough to flower
at the same time as the other lines and varieties after being transplanted to a field
during the next growing season. The research plan seemed appropriate, but there
was an unanticipated problem. Plants of the giant line that were started in late
autumn in the greenhouse flowered at a small size and with few leaves per plant
in the greenhouse in winter. It must be noted that greenhouse lighting was not a
standard practice at that time, and the plants were grown in the greenhouse under
natural winter day lengths at the Arlington Farm. Thus, the scientists were faced
with a serious challenge. They had a tobacco line that produced many leaves
(desirable) but flowered too late to cross with the other lines and varieties in the
field. However, flowering was early and with few leaves per plant if they grew
the giant line in the greenhouse in winter. Initially, they questioned whether the
early-flowering response in the greenhouse resulted from using the wrong seed.
However, when seed from the early-flowering winter plants of the giant line
were grown in the field, they again produced giant (late-flowering) plants. That
is, the genetic component had not changed and the early-flowering response was
clearly related to some component of the environment.

Garner and Allard’s experience with flowering of the giant line of tobacco
caused them to wonder if length of day was the critical environmental factor.
To test the theory, they moved potted plants into and out of ‘‘dark houses’’ at
different times of day to break each long summer day into 2 or more short days.
In winter greenhouse experiments, they compared plants grown on natural day
lengths with others grown on natural days that were lengthened several hours
by illumination from tungsten-filament lamps. They did similar experiments
with soybean and Maryland Mammoth tobacco. Both species flowered earlier
when given short days and later when given extended days. They concluded
that length of day (or length of light period) was the environmental component
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that was responsible for time of flowering. They coined the term photoperiod
for the controlling factor and photoperiodism as the response to photoperiod in
their classic paper on the discovery of photoperiodism, which was published in
1920 (11).

Following the discovery by Garner and Allard, many scientists throughout
the world published papers showing that other plant species sensed photoperiod
and used that environmental signal to initiate flowering. As the papers appeared,
it became apparent that the photoperiod sensing mechanism was sometimes
modified by temperature. Nevertheless, the knowledge allowed plant breeders to
synchronize time of flowering of genetic lines from many different geographic
areas (with different natural day lengths) and make the desired cross-pollinations.
Suddenly, it was easy for plant breeders to extend the natural day lengths with
artificial light in the greenhouse to get longer days and to use light-tight curtains
or a nearby dark room to give plants shorter than natural day lengths. Horticul-
turists also used the knowledge of photoperiodic control of flowering, especially
in the flower production industry.

After the term photoperiod (for day length) was firmly established in the
scientific literature, it became apparent that the number of hours of uninter-
rupted darkness rather than the hours of light was the dominant factor involved
in the timing mechanism (12). From a practical viewpoint, the problem of syn-
chronization of flowering time was solved. But knowledge of the photoperiod
sensing mechanism within the growing plant was yet to be resolved. The next
major step in the research was based on the fact that a short period of darkness
during the day did not affect flowering time, whereas a short period of light
near the middle of the night delayed flowering of short-day plants and hastened
flowering of long-day plants.

III. DISCOVERY OF PHYTOCHROME

A new USDA research team was organized at Beltsville, Maryland, in the mid-
1930s to study the nature of photoperiodism and its significance to agriculture.
The team consisted of Harry A. Borthwick (a botanist) and Marion W. Parker (a
plant physiologist). Their objective was to identify the light-sensing mechanism
involved in photoperiodic control of flowering and other aspects of plant devel-
opment. They quickly confirmed that flowering of plants such as soybean and
cocklebur was delayed if the plants received a brief exposure to white (a mix-
ture of all colors) light near the middle of the night; a short period of darkness
applied near the middle of day did not affect flowering time. This was followed
by many experiments to determine effect of color of light near the middle of
night, plant age, and even leaf age. At that point it was important to develop
facilities in which to conduct this new type of research.
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Two ‘‘photoperiod houses’’ similar to those used by Garner and Allard
at the old Arlington Farm were constructed at Beltsville. Plants were grown
in boxes mounted on carts and moved into and out of the buildings on steel
rails. The buildings were equipped with electricity, and light-tight curtains were
used to separate treatment compartments within the buildings. This allowed use
of natural outdoor summer daylight alternated with various timing and light
combinations when the plants were inside the photoperiod houses.

Some of the planned research required that brightness of the basic light
period (the day) would not vary with season as it did outdoors, next to the
photoperiod houses or in a greenhouse. In order to obtain such lighting for
plant growth, the team used a carbon-arc lighting system, which was supple-
mented with white incandescent-filament lamps arranged in a circle around the
carbon-arc in a room with temperature control (Fig. 1). The table used to support
growing plants was also circular in shape and placed below the incandescent
lamps. This lighting system was installed in 1937 (13); it was used successfully
until 1963, when it was replaced by very high output (VHO) cool-white fluores-
cent lamps supplemented with incandescent-filament lamps (14). The carbon-arc
growth room was instrumental in development of the 8-hr light period as the
standard ‘‘short-day.’’ This came about because the carbons would burn for

Figure 1 Carbon arc plant growth room used at Beltsville from 1937 to 1963. (USDA
photograph.)
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about 8 hr and 15 min before needing replacement. Therefore, many of the
early growth-room experiments with soybean and cocklebur (both are short-day
plants) involved 8 hr of the bright light and other light combinations given in
adjacent rooms where the plants were treated with various colors, durations, and
intensities of light during the 16-hr night.

Because more space was needed for larger experiments, some of the re-
search was done in a greenhouse which was equipped with supplemental light
sources in adjacent rooms. The potted plants were grown on 30×60 in. platform
trucks rather than on fixed benches in order to allow more orderly movement
to adjacent rooms for various supplemental light and temperature combinations
during the night. The platform trucks were moved from daylight in the green-
house into the adjacent rooms at 4 p.m., where they received their supplemental
light and/or temperature treatment during the 16-hr night. They were returned
to the greenhouse at 8 a.m. The same pattern was repeated each day for the
duration of an experiment. These studies allowed treatment with various colors,
intensities, and durations of supplemental light in addition to the 8 hr of natural
light in the greenhouse.

Experiments were designed to test which color of light was most effective
as a night interruption. The rationale was that effectiveness of different colors
should indicate absorption characteristics of the pigment system involved in
photoperiodism and help in its identification. The first step toward identification
of the photoreceptor was to grow plants on short days and expose them to light
of different colors near the middle of the night. Some exploratory experiments
were done in the greenhouse and its adjacent rooms equipped with lamps whose
light was filtered through different-colored glass. The fixtures used to apply the
different colors of light were quite primitive by today’s standards. One that was
still in storage when this author did postdoctoral research with Borthwick and
Hendricks (1961–1963) could be described as an oversized soup can with a lamp
holder at the top and an approximately 6 × 6 in. square hole at the bottom. The
6 × 6 in. glass filters were of various colors, including red, yellow, blue, etc.

More refined experiments were done with plants grown for 8 hr per day
in the carbon arc–illuminated growth room. They were given middle-of-night
treatment for different durations under the different colors in adjacent rooms.
An advantage of using the growth room was that the schedule could be arranged
so that the middle of night for the plants occurred during the work day, so that
the scientists could be present to apply more extensive treatment combinations.
These experiments indicated that red was the most effective color; the informa-
tion also suggested some characteristics of the photoreceptor that controlled pho-
toperiodism. However, they still needed a more refined spectral response curve.
At that point they enlisted help from Sterling Hendricks (a physical chemist who
was interested in botany). Together, they decided that the ideal approach would
be to treat plants with the various colors of the spectrum, as would be received



414 Kasperbauer

if white light was passed through a prism. This led to design, construction, and
use of one of the most successful scientific instruments ever developed. The
Beltsville Spectrograph was built in the mid-1940s primarily from spare and
borrowed parts (15). Basically, the light source was a discarded (surplus) 12 kW
carbon-arc projector that was used to light the stage of a nearby vaudeville the-
atre in the early 1900s (Fig. 2). The light was beamed through two large prisms
that were once used by Samuel Pierpont Langley (1834–1906), a noted physicist,
astronomer, and aeronautics pioneer. The prisms were considered historic and
were already at the Smithsonian Institution, from which Hendricks borrowed
them for an ‘‘indefinite’’ period (he borrowed them in the 1940s and returned
them when he dismantled the spectrograph shortly before he retired in 1970).

Preliminary experiments with soybean demonstrated that the plants could
be trimmed to a single recently expanded leaflet and still be responsive to red
light in the middle of the night. This allowed the treatment of each test plant
in a relatively narrow part of the spectrum that was projected onto a treatment
table. The first action spectra showed a relatively broad (about 640- to beyond
660-nm) red action peak for control of flowering of both short-day and long-day
plants (15–17). Photoreversibility of the effect of red light (R) by exposure to
far-red (FR) was discovered in experiments with germination of light-requiring
lettuce (Latuca sativa L.) seed in 1952 (18). The action peaks determined on the
spectrograph indicated a R action peak at about 660 nm and a FR action peak at
about 730 nm for seed germination. After discovery of photoreversible control
for seed germination, photoreversible control of flowering was also documented
(19). From these experiments, they concluded that a photoreversible pigment
system existed in seeds and in growing plants. Further, they found that one
form absorbed R and became the FR-absorbing form which then absorbed FR
and became the R-absorbing form, etc. They concluded that the FR-absorbing
form was biologically active in the germination of light-requiring seed and in
photoperiodic control of flowering.

Their next proposed steps were to extract the photoreceptor and study its
chemistry. W. L. Butler (a physicist), K. H. Norris (an instrumentation engi-
neer), and H. W. Siegelman (a chemist) joined Hendricks for that phase. They
grew corn (Zea mays L.) seedlings in darkness and measured change in optical
density following brief exposure to R, then FR, then R, etc., on an instrument
built by Norris. The changes in optical density were used as an indication of
concentration of the photoreversible pigment hypothesized to control germina-
tion and flowering. The resulting paper by Butler et al. (20) was published in
the Proceedings of the National Academy of Sciences of the United States of
America in 1959, and it was soon recognized as the discovery of phytochrome.

Soon after the discovery of phytochrome by the Beltsville group, this
author arrived to do postdoctoral research with Drs. Borthwick and Hendricks.
Although emphasis of the lab was on chemical characterization of phytochrome



Phytochrome in Crop Production 415

Figure 2 Photograph of the carbon arc projector (light source) and the opening from
which the ‘‘rainbow of colors’’ emerged (top), and a diagram of the spectrograph
showing the light path from source to treatment table.
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(which was then assumed to be the same in all plant species and the same in all
stages of growth), my interest was in whole plants. My goal was to learn enough
about the phytochrome system and its action in growing plants to be able to use
that information in developing improved field-crop management systems.

IV. PHYTOCHROME-REGULATED PHYSIOLOGICAL
RESPONSES

It is evident that phytochrome functions in a number of stages in a plant’s life
cycle to aid its survival and the reproduction of the next generation. Several
critical phytochrome-regulated stages in the life of annual plants are during
germination of light-requiring seed, sensing and adapting to competition from
other plants, and season recognition resulting in development of an adequate
number of ripe seed before freezing or other unfavorable weather occurs. In
biennials, such as sweetclover (Melilotus officinalis L.), there is a period of
vegetative growth of shoots followed by a period during which storage roots
develop rapidly in autumn of the first year, followed by flowering and seed
production during the second year. Examples of phytochrome function in each
of these stages are discussed.

A. Seed Germination

Small seeds frequently require exposure to light in addition to suitable mois-
ture and temperature to trigger germination. This light requirement serves as a
protective mechanism, because germination of small seeds far below the soil sur-
face would result in exhaustion of food reserves in the seed before the seedling
reached the soil surface. Early experiments with light-requiring seed involved
lettuce seed that had a low percentage of germination in uninterrupted darkness
but a much higher percentage germinated if the seeds were exposed to light.
Flint and McAllister (21,22) exposed moistened lettuce seed to different colors
of light in treatment chambers followed by return to darkness. They found that
seeds exposed to a broad band of red light germinated better than those kept in
uninterrupted darkness.

As research on the spectrograph at Beltsville progressed in the late 1940s
and early 1950s, Borthwick and colleagues turned their attention to germination
of light-requiring seed (partly because they could get more data points from
small seeds than from large soybean plants when arranged in the spectrum on
the treatment table). The lettuce seeds were aligned in rows (on moist paper in
plastic boxes) and exposed to the various colors on the spectrograph, followed
by return to darkness for a few days before the germinated seed were counted.
Seeds that received red light germinated best, but it was also found that seeds



Phytochrome in Crop Production 417

exposed to wavelengths just beyond visible red light sometimes had a slightly
lower germination percentage than the dark controls. This was followed by an
experiment in which all seeds were exposed to bright light before treatment on
the spectrograph. After such treatment, rows of seeds that were treated in the red
band had high germination percentages; those in the rows just beyond visible red
(now called far-red) had much lower germination percentages. The Borthwick-
led team then treated seed under broad-band fixed filters where they found R-FR
photoreversible control (Table 1). That 1952 paper by Borthwick et al. (18) was
the first report describing the photoreversible control of a morphological response
(germination) and was a key step in the discovery of phytochrome (discussed
earlier in this chapter).

About 12 years later, while working to develop uniform tobacco transplants
that were suited to mechanical transplanting, I looked into the light requirement
for germination as a possible contributor to the unpredictable germination and
nonuniformity among seedlings started in traditional outdoor starting beds. To-
bacco seeds are very small (about 11,000 seeds per gram), and seedlings must
be protected until they are large enough to be transplanted to a field. The first
step was to determine the uniformity (or nonuniformity) of the light requirement
among varieties and among different seed lots from a given variety (Table 2).
Quite clearly, the results showed that there was much variability (among the
varieties and even within the same variety) in the percentage of seed that ger-
minated without any light. This was an immediate explanation of a cause of
nonuniformity in seedling establishment in conventional starting beds, in which
some of the seeds were covered with a thin layer of soil (23). However, more
information was needed to remove the problem. Totally light-requiring (LR) and

Table 1 Germination of Grand Rapids
Lettuce Seed in Response to Repeated
1-Min Irradiations with Red (R)
Alternated with 4-Min Irradiations
with Far-Red (FR) Light

Germination
Irradiation (%)

None (dark control) 9
R 98
R, FR 54
R, FR, R 100
R, FR, R, FR 43
R, FR, R, FR, R 99

Source: Adapted from Ref. 18.
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Table 2 Germination of Randomly Selected Seed Lots of (A)
Five Different Burley Tobacco Varieties, and (B) Five Different
Seed Lots from One of the Varieties in Light or in Uninterrupted
Darkness at 20◦C

Germination (%)

Sample In darkness In light

(A) Different varieties
Burley 21 48a 94
Burley 37 53 95
Ky 10 6 99
Ky 12 3 99
Ky 16 5 98

(B) Different seed lots of Burley 21 from greenhouse and field
Plant 1, greenhouse 56 —b

Plant 2, greenhouse 30 —
Plant 3, greenhouse 39 —
Lot 1, field 68 —
Lot 2, field 76 —

aData are means for 5 lots of 100 seed each.
bGermination of the Burley 21 seed lots in light ranged from 94 to 99%
at 20◦C.

Source: Adapted from Ref. 23.

light-indifferent (LI) lines were developed through a recurrent selection proce-
dure (24). Progeny of self-pollinated and reciprocal cross-pollinations showed
both genetic and maternal control (24). The LR and LI lines were used in many
experiments, including germination under (and emergence from) different depths
of black or brown soils (25). LR and LI seed on the surface of the soils ger-
minated 99.6 and 98.2%, respectively. LI seed germinated and emerged from
below as much as 8 mm of moist black or brown soil, indicating that the en-
ergy reserve in the tiny seeds was adequate for survival of seedlings during
emergence from that depth. However, less than 1.5% of the LR seeds emerged
from a depth of 2 mm and none emerged from 4 mm or greater depths, in-
dicating that a very thin layer of moist black or brown soil blocked the light
required to trigger germination of the LR seed. These results indicated that
the LR seed should be germinated on the surface of moist soil to obtain high
percentages.

Another possibility was to precondition the phytochrome system in the
LR seeds to satisfy the light requirement before sowing them. After determining
that the light requirement could not be satisfied by exposing dry LR seed to
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light, seeds were placed on moist paper in petri dishes and kept in darkness
at 20◦C for 50 hr before giving brief exposures to R or FR. In that scenario,
seeds that received 5 min of R and then returned to darkness germinated about
99%. Those that received 5 min of FR immediately after the R did not ger-
minate, indicating phytochrome involvement. In an attempt to precondition the
phytochrome system, some of the seeds that received 5 min of R and others that
received 5 min of R followed by 5 min of FR were air-dried in darkness imme-
diately after the end of the R or FR treatment. The dried seeds were stored for
various durations and then tested for germination. Those that received R before
being dried germinated at high percentages after being placed on moist paper
(in darkness). Those that had received R followed immediately by FR before
drying did not germinate when placed on moist paper in darkness after a period
of storage. Also, seeds that had received R before they were dried and stored
did not respond to FR applied while they remained dry. Apparently the hydrated
phytochrome was responsive to light and the dehydrated phytochrome in the LR
seeds was not responsive to either R or FR. Although these studies were done
with tobacco seeds, the information on preconditioning the phytochrome system
in light-requiring seeds may become useful in spaced sowing of pelleted seeds.

B. Season Recognition

Biennial plants begin growth during one year and complete their life cycle the
next. For example, sweetclover, a legume used as a soil-improvement crop,
begins growth in spring and produces erect stems with abundant foliage during
the long days of late spring and early summer. During the decreasing day lengths
of autumn, shoot growth seems to stop and taproots enlarge rapidly, while they
also develop vegetative buds near the soil line (26). The following spring, the
crown buds develop into rapidly growing shoots that flower, produce seed, and
die. Clearly, the plants recognize seasonal environment changes and respond
morphologically.

Sweetclover taproots with developing crown buds collected at monthly
intervals in an Iowa field from mid-August to mid-November are shown in Fig-
ure 3. During that 3-month period, natural photoperiods decreased from nearly
14 hr to less than 10 hr, and mean daily temperatures decreased from about
22◦C (about 72◦F) to near freezing (Fig. 3, top). At time of the mid-August
root collection, other plants were transferred (in blocks of soil) to a soil bed
in a greenhouse with natural day lengths and minimum temperature of 22◦C
until mid-November, when the greenhouse-grown taproots were compared with
those that had been exposed to natural day lengths and natural temperatures
in the field. Taproots were about the same size and with the same amount of
crown buds at both locations in November (Fig. 4), indicating that photope-
riodic control dominated this aspect of season recognition and morphological
development (27).



420 Kasperbauer

Figure 3 Mean natural photoperiods and temperatures (top) and first-year biennial
sweetclover taproots sampled from a field near Ames, Iowa, at monthly intervals from
mid-August to mid-November. (Adapted from Ref. 26.)
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Figure 4 Sweetclover taproots from first-year biennial plants grown on natural pho-
toperiods, and with natural temperatures (left) and 22◦C minimum temperature (right)
until mid-November. (From Ref. 27.)

When first-year sweetclover plants were exposed to photoperiods ranging
from 9 to 24 hr per day in a greenhouse from time of emergence, those on
9-hr days developed only low-growing shoots but large fleshy taproots (Fig. 5).
Conversely, those on continuous light grew taller and flowered within 3 months
without ever developing fleshy taproots. Clearly, photoperiod signaled the plants
on 9-hr days to get ready for winter and signaled those on continuous light that
there was no need to invest resources in developing taproot reserves.

Annual plants include many crop plants and many weed species. Growth
patterns of plants such as soybean, tobacco, and cocklebur were discussed ear-
lier in this chapter, because recognition of their seasonal responses contributed
to the discoveries of photoperiodism and phytochrome. In nature the greatest
survival advantage in terms of number of seed produced per plant is generally
favored by flowering late enough for the plant to develop a large photosynthetic
area to support many developing seeds but early enough so that the seed ripen
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Figure 5 Shoots (top) and taproots (bottom) of first-year biennial sweetclover plants
grown for 100 days (from germination) on (left to right) 24-, 20-, 16-, and 9-hr photo-
periods in a warm greenhouse. (From Ref. 27.)
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before being exposed to freezing weather. However, in mechanized crop pro-
duction systems, greater yield per hectare may be achieved by increasing the
plant population density to the point where yield per plant is decreased.

In some cases, a plant’s response to photoperiod differs with temperature
(28,29). For example, a problem encountered by many Burley tobacco farmers
who started their plants in protected outdoor starting beds was that some plants
flowered early (undesirable) and at a small size after being transplanted to the
field, if the seedlings had been exposed to a week or more of overcast weather in
the starting bed just before being transplanted. During such periods of overcast
weather, the seedlings usually received cool temperature and decreased light
intensity.

Controlled environments were used during the pretransplant period to de-
termine the cause of such premature flowering. Seedlings became florally in-
ducted during the pretransplant period, when they received 8 hr of bright light
alternated with 16 hr of uninterrupted darkness at 18◦C each day for about a
week. The same floral response was obtained with ‘‘natural’’ day lengths and
decreased light intensity at 18◦C. However, plants started at the same time from
the same lot of seed remained vegetative if given 8 hr of bright light alter-
nated with 16 hr of uninterrupted darkness at 28◦C. Some typical results from
controlled environments are summarized in Table 3.

Table 3 Post-transplant Floral Responses of Burley Tobacco to Photoperiod,
Temperature, and Light Intensity Received During the Last 10 Days of the
Pretransplant Period

Photoperiod Treatment Early
Temp. flowering

(Hours) (µmol m−1s−1) (◦C) (Light)a (Heat)b %

8 520 18 no no 100c

8 520 28 no no 0
8 520 18 yes no 0
8 520 18 no yes 0

13.5 100 18 no no 33
13.5 100 18 yes no 0
13.5 520 28 no no 0

aLow-intensity red light was applied for 5 min in the middle of each night.
bTemperature was raised to 38◦C for 2 hr in the middle of each day.
cPercentage of plants that flowered within 30 days after being transplanted to the field in
contrast to about 60 days for controls (the early flowering resulted in fewer than 10 leaves
per plant versus about 28 for controls that were not florally inducted during the pretransplant
period).

Source: Adapted from Refs. 28 and 29.
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At 18◦C the seedlings responded as typical short-day plants. That is, 5 min
of R in the middle of the 16-hr night inhibited flowering, and 5 min of FR
immediately after the R reversed the inhibitory effect of R. In an attempt to
mimic conditions from the outdoor starting beds, some tobacco seedlings that
were large enough to become florally inducted on 8-hr 18◦C days received
several hours of elevated temperature (about 38◦C) in the middle of the day to
provide a period of warming as would occur on sunny days. The brief period
of elevated temperature had the same inhibitory effect as a middle-of-night
exposure to R. Later, it was found that the period of elevated temperature could
be applied earlier or later during the day and even during the night. Clearly,
temperature influenced the floral response of the Burley type of tobacco to short
days. The practical problem concerning the cause of early flowering was solved
but the light-temperature-phytochrome interactions in the season-sensing control
mechanism are yet to be resolved.

V. PHYTOCHROME SENSING OF COMPETITION

An unexpected observation can be the beginning of a discovery. For example,
as a boy on a farm in Iowa in the 1940s, I observed that newly emerged weed
seedlings growing close together grew taller and were easier to pull (i.e., they
had less massive roots) than those that were farther apart. That stem elongation
response to nearness of other plants was evident even before mutual shading
occurred, and the same response to nearness of other plants also occurred with
seedlings of crop plants such as bean. It appeared that the seedlings were re-
ceiving a signal to outgrow their competitors. I asked why seedlings responded
in this manner, but no one had a realistic answer at the time.

A possible answer began to evolve years later, when I was a postdoctoral
researcher with Drs. Hendricks and Borthwick at the Pioneering Research Lab-
oratory for Plant Physiology at Beltsville in 1961–1963. That was about 2 years
after the group had discovered phytochrome, and most of our experiments on
the Beltsville Spectrograph involved middle-of-night treatment of tiny test plants
(Chenopodium rubrum L.) to determine energy requirements for conversion of
phytochrome to the ‘‘biologically active’’ form and dark reversion times in phy-
tochrome control of flowering (those experiments contributed background for
development of cyclic lighting for control of flowering—which is now a stan-
dard practice in the floral industry). However, observation of an unexpected
morphological response that was not part of a planned experiment became a key
in answering the question about seedling stem-elongation responses to compe-
tition from other seedlings.

After many middle-of-night treatments of test plants on the spectrograph
to learn more about phytochrome control of flowering (14), we decided to treat
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seedlings on the spectrograph at the end of various lengths of day given in the
carbon-arc growth room. The objective was to determine whether we could ad-
just the photoequilibrium between Pr and Pfr enough at the beginning of the
night to affect the ‘‘critical day length’’ for flowering. Results of the planned
part of the experiment were not dramatic, but an unexpected observation was
a stem elongation and raised leaf angle response to FR at longer wavelengths
than were thought at that time (1962) to have any influence via phytochrome.
A pencil notation of the observed seedling growth response at 750 to 770 nm
(well beyond the Pfr absorption peak of 730 nm) on the spectrograph became
a critical step in understanding phytochrome sensing of competition in sun-
grown plants in the late 1960s and in development of the ‘‘ideal’’ reflection
spectrum used in development of colored mulch technology in the early 1990s
(discussed in a ‘‘Commentary’’ entitled ‘‘Phytochrome regulation of morphogen-
sis in green plants: From the Beltsville Spectrograph to colored mulch in the
field’’) (7).

A. Controlled Environments and Plant Spacing

Many experiments were done in controlled environments to test morphological
responses to R and FR. For example, Downs et al. (30,31) reported photore-
versible control of elongation of pinto bean (Phasoleus vulgaris L.) as part
of the work leading to discovery of phytochrome by Butler et al. (20). Sub-
sequently, there were many reports from many labs showing photoreversible
control of various morphological responses.

Work with pretransplant-size tobacco seedlings in controlled environments
and in outdoor protected starting beds combined the lab and field approaches that
showed the importance of FR during the day on phytochrome-regulated plant
morphological development in the field. Although it was well known among
tobacco farmers that closeness of seedlings in outdoor starting beds could in-
fluence stem length and root size (32), the competition-sensing mechanism was
unknown. In 1964, experiments were initiated with tobacco to determine the
relationships among plant spacing, FR, and development of stems, leaves, and
roots as a background for possible development of large-scale greenhouse pro-
duction of transplants. Another objective was to determine whether the light
environment during the pretransplant period would affect plant growth after the
seedlings were transplanted to the field. The goal was to ‘‘tailor make’’ trans-
plants to be predictably uniform in size and in their growth response to the field
environment. It was obvious that extra FR during the day (especially near end of
day) in the controlled environments resulted in seedling stem and root charac-
teristics very similar to those of close-spaced seedlings (5,28,29). However, the
portable spectroradiometer available at the time was too large to measure light
spectra among closely spaced seedlings in the starting bed. Nevertheless, the
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raised leaf angle, lighter green color, and stem elongation responses of close-
spaced seedlings were very similar to those of plants that received extra FR in
the controlled environment and to responses of the chenopodium seedlings to FR
at 750 to 770 nm as observed on the Beltsville Spectrograph in 1962 (discussed
in Sec. V, above). The close-spaced seedlings and those that received extra FR
in the controlled environment had less massive roots than wide-spaced plants or
those that received R. The effects of FR could be negated if a brief exposure to R
was applied immediately after the FR, indicating photoreversible phytochrome
regulation of shoot/root size relationship in the seedlings (5). Results from the
controlled environment and the morphological responses to closeness of other
seedlings in the outdoor starting bed suggested that the elongation response to
nearness of other seedlings was due to elevated FR and that the FR/R photon ra-
tio was the important variable in field plant recognition of potential competition
from other green plants (5). In addition to developing longer internodes, heavier
stems, and less massive roots in response to extra FR, plants developed leaves
with longer midveins and less biomass per area of leaf lamina. Leaves that de-
veloped when plants received the higher FR/R ratios also fixed more CO2 per
mass of leaf, and they had higher concentrations of sugars in leaves and stems
(33,34). Chloroplast ultrastructure also differed. Chloroplasts from leaves that
developed with the higher FR/R ratio had more grana with fewer thylakoid lay-
ers per granum (35). They also had fewer and smaller starch grains but greater
sugar concentrations. These results suggested phytochrome involvement in the
development of the photosynthetic apparatus and in carbon partitioning at the
cellular level (35–37).

The R-FR photoreversible control of the chemical and morphological re-
sponses listed above suggested that a high FR/R ratio (a low Pfr level) func-
tioned in metabolic events that affected photosynthate partitioning, resulting in
longer stems and less new root growth (5). Nevertheless, results did not indicate
whether a low level of Pfr initiated a chain of events leading to ‘‘competi-
tion adapted’’ development or whether the events happened because the level
of Pfr was too low to signal events leading to ‘‘sun adapted’’ characteristics
(33). Those authors also suggested that some unrecognized factor other than Pfr
level associated with the FR/R photon ratio might affect morphogenesis in the
growing plants. Whatever the mechanism of action, it was quite clear that FR
was a dominant factor in signaling the initiation of morphological responses that
might have survival value among close-spaced plants (5,33,35). That is, parti-
tioning more photosynthate to development of a longer stem should increase
the probability that a plant could keep some of its leaves in sunlight above the
competing plants. Also, leaves that are more efficient photosynthetically might
favor survival if the amount of photosynthetic light received was decreased by
shade from competing plants.
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B. FR Reflection from Green Plants

Spectrophotometric measurements of light in and near a canopy of large to-
bacco plants in 1967 supported the concept that FR transmitted through and/or
reflected from nearby green leaves affected the FR/R ratio sufficiently to obtain
the ‘‘close spaced’’ plant characteristics. Spectral measurements taken at 11 nar-
row wavebands from 391 to 686 nm and at 725 and 791 nm in the FR region
are shown in Table 4. The percentages shown in the table are relative to values
received at the same wavebands in incoming sunlight on a road away from the
green plants (to avoid possible influence of reflected FR changing the values
measured as incoming light). The values at 791 nm were about 15% greater
in sunflecks on the soil near tall tobacco plants than in sunlight on the road
surface. Also, notice in the table that values at 791 nm are greater than those
at 725 nm, which is near the absorption peak for Pfr. The significance of that

Table 4 Percentages of Incoming Sunlight Received at
Various Wavebands Within and Below a Canopy of
190-cm Tall Tobacco in a Field Near Lexington,
Kentucky, at About 1 p.m. on September 1, 1967

Percentage of incoming sunlighta
Peak
wavelength Within Below Below a
(nm) canopy canopy single leaf

391 0.9 0.5 1.7
432 0.7 0.3 0.5
448 0.7 0.3 0.7
483 0.6 0.4 0.9
511 0.8 0.6 3.3
543 11.0 6.5 22.7
576 5.0 3.4 14.7
601 2.6 2.1 10.8
629 1.7 1.4 7.9
658 2.3 1.7 6.1
686 2.2 1.9 6.6
725 11.6 8.8 27.5
791 36.3 20.3 49.5

aIncoming sunlight was measured on a road, away from the tall
plants. The value at 791 nm was about 15% greater in sunflecks
on the ground near tobacco plants than it was on the road, away
from large plants.

Source: Adapted from Ref. 5.
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difference became apparent in 1983, when canopy spectral measurements were
made at 5-nm intervals from 400 to 800 nm (see below).

In 1983, I became aware of experiments by P. G. Hunt and colleagues on
sandy soils with low water-holding capacity in South Carolina. They obtained
higher soybean yields in north-south oriented rows when irrigated and higher
yields in east-west rows when there was occasional water stress. In an early dis-
cussion, we hypothesized that such a response pattern could occur if something
associated with north-south row orientation caused plants to put more growth in
shoots and less in roots. I recalled some controlled-environment experiments in
which more FR and a higher FR/R photon ratio acted through the phytochrome
system to allocate more growth to shoots and less to roots (5). We then measured
reflection at 5-nm intervals from 400 to 800 nm from green soybean leaves and
found that the reflection reached maximum percentage at about 750 to 760 nm
(Fig. 6). This was the same waveband in the FR range that resulted in altered
stem and leaf morphology on the Beltsville Spectrograph in 1962 (see discus-
sion in Sec. V). We also measured the spectra of light coming to the upper
parts of soybean plants growing in north-south versus east-west rows. We found

Figure 6 Spectrum of light reflected from the upper surface of a fully expanded
field-grown soybean leaf (the curve shows percentages reflected relative to the quantity
of incoming light at 5-nm intervals). (Adapted from Ref. 7.)
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that those in north-south rows received more FR reflected from adjacent rows
and higher FR/R photon ratios near the end of day (6). This was attributed to
the heliotropic (sun-tracking) leaves functioning as directional FR reflectors. A
companion controlled-environment experiment with the same variety of soybean
did indeed allocate more growth to shoots and less to roots if they received a
higher FR/R ratio at the end of each day (6). The experiment was repeated with
southern pea (Vigna unguiculata L) , which also has heliotropic leaves and direc-
tional reflection of FR. Experiments with wheat (Triticum aestivum L.) and corn
(neither has heliotropic leaves) showed high morphological responses to near-
ness of neighbor plants but not to row orientation (38,39). These and many other
experiments have shown that FR reflected from green leaves of nearby plants
affected the FR/R ratio enough to act through the plants’ natural phytochrome
system to affect morphology and yield (40,41). Hence, effects of reflected FR
and its action through the phytochrome system should be considered in devel-
oping new crop-management systems that involve innovative plant spacing and
row orientation.

C. Reflection from the Soil Surface

After it was apparent that plants growing outdoors responded morphologically
to FR reflected from nearby growing plants (6,38), we wondered whether grow-
ing plants would also respond morphologically to spectral differences reflected
upward from different colored soils or from dead plant residue left on the soil
surface, as in a conservation tillage system. Upward reflection from different col-
ored bare soils and from the different colored soils that were partially covered
(about 80%) with dead plant residue were measured in 1984 and 1985 (42). The
upward reflections were measured 10 cm above the surface because that is within
the seedling establishment zone, and young seedlings are morphologically very
responsive to reflected FR (38,40,41). The working hypothesis was that plants
growing in sunlight would be influenced morphologically by the wavelength dis-
tribution (particularly the amount of FR and the FR/R photon ratio) in upwardly
reflected light, just as they respond to FR reflected from nearby growing plants.
That is, plants growing over materials that reflected a FR/R ratio higher than the
ratio in incoming sunlight (at the same time and place) would develop larger
shoots and a higher shoot/root biomass ratio, whereas plants that received a lower
FR/R ratio in the reflected light would develop a lower shoot/root biomass ratio.
To test the hypothesis, we grew seedlings of soybean (43), cotton (Gossypium
hirsutum L.) (44,45), and other plants in large pots on a greenhouse bench.
A 48 × 48 in. polystyrene foam panel with equispaced 2-in. holes was placed
over each group of five pots, and each panel was covered with different colored
soils or plant residue. This procedure allowed study of plant response to soil
surface color while rhizosphere temperature (in the pots below the insulation
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panels) was the same below all surface colors within an experiment. Seedling
shoot and root growth responses to the FR/R ratio in upwardly reflected light
were as hypothesized (5,42). When it was apparent that sun-grown seedlings
of the different crop plant species all responded to wavelength distribution in
upwardly reflected light over different colored soils and plant residues in the
greenhouse, the studies were expanded to include painted panels. In addition to
allowing a wider selection of colors, the painted panels were better suited for
outdoor experiments because the different colored soils and dead plant residues
were easily blown away. The important point was that seedlings responded in
the same way to a given reflection spectrum whether they were over painted
or soil-covered panels (44). Following many outdoor experiments with painted
panels, it became obvious that plants did not always respond in the same way to
a given color, such as red. After the initial observation of different morphologi-
cal responses to the ‘‘same color,’’ we measured reflection spectra from several
different batches of red paint and found that even though reflection was almost
identical in the visible range (400 to 700 nm), there were differences in the
FR range (700 to about 800 nm) and in the FR/R photon ratios reflected from
the surface. This provided evidence that two or more batches of a given color
could appear identical to human vision while reflecting a distinctly different
FR/R ratio and could have quite different morphological effects on the growing
plants. Following that experience, we concluded that a reflection spectrum from
each batch of paint was needed before plant response to a given color could be
interpreted. This observation carried through to development of colored mulch
technology (described below).

VI. COLORED MULCH TECHNOLOGY

Development of colored mulch technology was a natural progression from the
research with plants growing in sunlight over panels with different surface colors,
as described above. Use of exterior enamels to provide the different panel sur-
face colors was an economical and convenient approach for obtaining a range
of reflection spectra for small plots. Because the visible and FR parts of the
spectrum were both important for plant growth, it was necessary to know the
reflection spectrum for each batch of paint before we could interpret the plant
growth responses. The approach with painted panels was to allow plants to grow
in summer sunlight for photosynthesis and to use a reflected FR/R photon ratio
to act through the natural photomorphogenic pigments (primarily phytochrome)
within the growing plant to regulate partitioning of the photoassimilate to devel-
oping roots, shoot, and fruit. The working hypothesis (based on previous obser-
vations of seedling growth responses to FR at 750 to 760 nm on the Beltsville
Spectrograph, experiments in controlled environments, reflection from nearby
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growing plants, upward reflection from different colored dead plant residue, and
reflection from painted panels) for use of different colored panels in sunlight was
that an upwardly reflected FR/R photon ratio higher than the ratio in incoming
sunlight would signal the plant to allocate more of its new resources to shoot
(including fruit) growth, while a FR/R ratio lower than that in the incoming
sunlight would favor root growth.

In 1986 D. R. Decoteau, who was a new horticulturist at the Clemson Pee
Dee Research Center at that time, asked if he could join in for a field test with
trickle-irrigated tomato (Lycopersicon esculentum Mill.). It was an ideal choice,
because we had already tested R-FR photoreversible control of allocation of pho-
tosynthate in tomato and other food-crop seedlings in a controlled environment.
In that experiment, all seedlings were of the same age and received the same
amount of photosynthetic light. Nevertheless, those that received a brief expo-
sure to FR (a higher FR/R photon ratio) at the end of each day had larger shoots
and a higher shoot/root biomass ratio than those that received R (a low FR/R
ratio). Shoots of seedlings that received a brief exposure to R immediately after
the FR remained smaller and appeared the same as those that did not receive the
FR treatment. This strong photoreversible control of seedling morphogenesis by
phytochrome indicated a high probability that sun-grown tomato plants would
be responsive to the FR/R photon ratio reflected from the soil surface.

The experiment that contributed greatly to early stages of the colored
mulch technology was relatively simple. Standard black plastic mulch was placed
over trickle-irrigation tubes in raised-bed field plots. A range of upwardly re-
flected spectra was obtained by painting some of the plastic with exterior enamel.
Subplots were painted red or white and some were left as unpainted black (con-
trols). These colors were selected because black plastic mulch (over trickle-
irrigation tubes) was widely used in commercial tomato production to conserve
water, control weeds using less herbicides, and keep fruit clean. Red and white
were used because of our previous experiments with small painted insulation
panels (discussed above). The red paint that we used reflected a higher FR/R
photon ratio than was present in incoming sunlight at the same time and place,
whereas the white paint reflected much more photosynthetic light than the red
paint but a FR/R photon ratio very similar to the ratio in the incoming sunlight.
Soil temperature was cooler under white-painted plastic but very similar below
red and black. The basic experiment was conducted for 2 years and in two
locations. The early-crop tomato yields were 12 to 20% higher over red than
over the standard black (control) (46). Early crop yields over the white surfaces
were lower than those over black or red. In follow-up experiments, we found
that yields sometimes differed over different batches of red paint. All of these
observations contributed to the development of the colored mulch technology.

Patent applications were filed and the technology was licensed by a major
manufacturer of plastic mulch. The next step was the development of a ‘‘theo-
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retically ideal’’ reflection spectrum for yield of tomato, strawberry (Fragaria ×
ananassa Duch.), and other small fruit crops. Pigment combinations that reflect
the ‘‘ideal’’ spectrum were incorporated into plastic sheets and are now avail-
able to large- and small-scale growers as selective reflective mulch (SRM-red).
Other colors are in development for enhancement of flavor and quality of food
crops.

A. Tomato Fruit Yield

Early-crop tomato yields over clean, intact sheets of the specially formulated red
plastic mulch (over trickle-irrigation tubes) were consistently higher than those
over standard black plastic (47). In that series of experiments, it was found that
the photodegradable red plastic used in 1994 was effective only while it remained
intact and capable of reflecting to the developing tomato fruit and the nearby
parts of the growing plant. Also, the yield advantage over the photodegradable
red versus standard black plastic returned after the degraded red plastic was
replaced with a new intact layer of the red plastic (47).

Yields over the light-stable red plastic used in 1995 (and thereafter in our
experiments) were consistently superior to those over standard black plastic (47).
Several important aspects of the colored mulch technology became apparent in
those experiments with tomato: (a) the mulch surface had to reflect a wave-
length combination that could act through photomorphogenic pigments within
the plant to cause allocation of more photoassimilate to developing fruit, (b) the
reflecting surface had to remain intact to reflect its morphogenic light signal
to the developing fruit for the entire season, (c) spray residues or dust on the
mulch surface altered the spectrum reflected from that surface and made it inef-
fective, and (d) both increased number and size of fruit per plant contributed to
the early-crop tomato yield increases with the red versus standard black plastic
mulch.

B. Strawberry Fruit Yield

Like tomato, strawberry fruit yields were greater over the specially formulated
red versus the standard black plastic mulch in raised-bed, trickle-irrigated field
plots (48). The light-stable formulation from 1995 was used in the 2-year two-
location test. The enhanced yield over the red mulch resulted primarily from
larger berries. It is of interest that the percent increase in size of strawberries
grown over red versus black plastic was greater than the percent increase in size
of tomatoes grown over red versus black (47,48). A possible explanation is that
strawberries are closer to the reflecting surface during fruit development. This
explanation is consistent with the seedling stem elongation response to nearness
of other growing (FR-reflecting) plants, as discussed earlier in this chapter. If this
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interpretation is correct, one should expect diminishing effect on size per fruit
as distance of the developing fruit from the red mulch increases. For example,
strawberry size per fruit should be influenced more percentagewise than tomato,
but tomato should be influenced more than a tree fruit if the red reflector was
the same size and on the soil surface in all of these examples.

C. Quality of Plant Products

In addition to effects of morphogenic light reflected from colored mulches (spe-
cially formulated plastic or painted panels) on yield and on individual compo-
nents of yield, it is already evident that light reflected from colored mulches
can alter flavor, nutrient, and other quality characteristics of plant products. For
example, a few years ago we used turnip (a root crop) to determine whether
reflection from different colored mulches could affect the shoot/root biomass
ratio in sun-grown plants in field plots. Although cotton and corn were used in
preliminary experiments with potted plants in the greenhouse, turnip (Brassica
rapa L.) was suggested as the species of choice for the field test by the person
who realized he would be responsible for digging up the roots. After weigh-
ing the turnip shoots and roots from a number of field plots, it was obvious
that plants that received a higher FR/R ratio in reflected light developed larger
shoot/root biomass ratios, and vice versa. At that point, we temporarily stopped
weighing to determine whether the flavor of the edible roots was altered by
the color of mulch. Roots from the different colored (painted) mulches ranged
from almost sweet to quite sharp in flavor as expressed by the majority of the
25 volunteer ‘‘taste testers.’’ Roots from plants grown with blue mulch had the
sharpest flavor, and those grown with green were mildest, even though both the
blue and the green surfaces reflected about the same FR/R ratio and the plants
had developed similar root size and shoot/root biomass ratios.

The next step was to do chemical analyses. Concentrations of flavor com-
ponents such as glucosinolates and sugars in turnip roots were indeed affected
by the color of light reflected to the growing leaves (49). Roots from plants
grown with blue had the higher concentration of glucosinolates. This may be
of more than academic interest, because it has been reported by Wattenberg
(50) and others that certain glucosinolates or their derivatives may function as
protective agents against carcinogens.

VII. SUMMARY

The growth and development of a plant are regulated by its genetics and the
environment in which it grows. Genetic factors set the potential size and com-
position of the plant, but its growth environment determines the degree to which
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that potential is attained. Light is a component of the environment that follows
a generally predictable pattern year after year at a given geographic location.
Light involvement in photosynthesis is well known and widely studied. How-
ever, photomorphogenesis is involved in the allocation and use of the products
of photosynthesis in a manner that favors survival of the plant as it proceeds
through its life cycle. Knowledge of the natural regulatory systems involved in
photomorphogenesis is important in developing innovative strategies for crop
improvement.

Phytochrome is an important photomorphogenic pigment system that sig-
nals seedlings when other plants are nearby and they must adapt to the compe-
tition; it also tells grown plants when to flower, so that the seed will have time
to ripen before adverse weather sets in. Knowledge of phytochrome action in
regulation of photoperiodic control of flowering has resulted in development of
cyclic lighting, which is now used internationally to control time of flowering
in the floral industry at a fraction of the cost of continuous lighting to extend
photoperiod. Awareness that the phytochrome system in growing plants (espe-
cially seedlings) responds to FR reflected from nearby growing plants and that
an increased FR/R photon ratio acts through the natural phytochrome system
within the plant to allocate more growth to shoots is important in developing
new field-crop management systems. For example, plant spacing, row orienta-
tion, and even the color of soil and dead plant residue on the soil surface can
reflect morphogenic light patterns that affect yield and quality.

The accumulated information on phytochrome regulation of morphogen-
esis in controlled environments as well as the phytochrome-regulated growth
response to FR reflected from nearby growing plants has led to development
of colored mulch technology. Although other photoreceptors are involved in
affecting some flavor and nutrient components in food crops grown over col-
ored mulches, the FR/R photon ratio reflected from mulch on the soil surface
to sun-grown plants can have a major impact on the allocation of new growth
among developing roots, stems, leaves, fruit, and seed. An objective of the col-
ored mulch technology is to retain the water-conservation, soil-warming, and
weed-control benefits of standard black plastic mulch and to add the yield- and
quality-enhancing benefits of reflected morphogenic light at little added cost to
the grower. Enhanced yield of tomato and strawberry have already been doc-
umented over the red selective reflective mulch versus standard black plastic
mulch, as have some effects on the flavor and nutrient quality of food crops.
Many other experiments on yield and quality of shoot and root crops are in
progress with red and a range of other colors versus standard black plastic
mulch. The colored mulch technology has advanced during the last 15 years
from a laboratory theory to reality in improving crop yield and quality, with
worldwide implications.
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Phytoremediation
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I. INTRODUCTION

Phytoremediation uses living higher plants for cleaning up of environment con-
taminated with organic or inorganic pollutants by removing, sequestering, or
chemically decomposing the pollutant (1,2). Microorganisms fostered by plants
in their root zone may enhance the availability of the pollutant for uptake by the
plant root system and may efficiently contribute to the degradation of organic
pollutants (3–5). From the point of view of phytoremediation a plant may be
viewed as a solar-driven pump-and-treat system, which may contain a contami-
nant plume and prevent the spread of contamination by reducing the movement
of contaminated water and the erosional transport of contaminated soil. The ef-
ficiency of plants as detoxifiers, filters, or traps has been proven in the cleaning
up soils polluted with crude oil, explosives, landfill leachates, metals, pesticides,
polycyclic aromatic hydrocarbons, and solvents (1,2).

Plants with phytoremediation potential can be chosen from wild species
growing on polluted sites, or, alternatively, crop plants may be selected that have
specific characteristics determined by the particular environment and pollutant
(6,7). At medium or large sites where contamination is shallow and its level
is low to moderate phytoremediation is a viable alternative to ‘‘traditional’’
mechanical or chemical cleanup methods. When compared with ‘‘traditional’’
remediation technologies, phytoremediation has two major advantages: it is rela-
tively inexpensive, and it is associated with minimal environmental disturbance.
Since it is also an aesthetically pleasing technology, phytoremediation has high
public acceptability. On the other hand, phytoremediation is time-consuming
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(usually several growing seasons are necessary), it is limited to soil depths that
are within the reach of plant roots, much research is needed, and there is a possi-
bility that the contaminant will reach the food chain through animal consumption
of plant material (1,2).

The following methods of phytoremediation are applicable (7):

1. Phytoextraction (also called phytoaccumulation): the uptake and translo-
cation of pollutants from the soil or water by plant roots into the
above-ground portions of the plants.

2. Phytotransformation (also called phytodegradation): the pollutants are
detoxified in the plant root zone or within the plant tissue via chem-
ical reactions with natural compounds and enzymes produced by the
plants. This process may convert the inorganic pollutant into a non-
soluble derivative, thereby preventing its entry into the food chain.

3. Phytovolatilization: the pollutants are taken up by the root system of
the plant, are translocated to the leaves (in unaltered form or after
[bio]chemical transformation), and volatilize into the atmosphere.

4. Rhizotransformation: soil pollutants are detoxified by microorganisms
living in the rhizosphere.

5. Rhizofiltration: contaminated water is cleaned by using the ability of
plant root systems to bind contaminants.

II. THEORETICAL GROUNDS

The environmental fate of pollutants in the plant–soil system is determined by a
highly complicated set of chemical, biochemical, physical, and biophysical reac-
tions, elements of which may play significant roles in determining the ultimate
success of the solution of a particular pollution problem by phytoremediation
(1,2). Considerable variation in ability to take up and tolerate environmental pol-
lutants exists between plant species. Only those plants having the appropriate
biochemical pathways are effective for phytoremediation purposes. Basic re-
search in the fields of plant physiology, biochemistry, and molecular biology of
the preceding processes paved the way for the development of phytoremediation.

A. Uptake and Translocation of Pollutants in Plants

Bioavailability of soil pollutants is often the fundamental limiting factor in phy-
toremediation efficacy (1). Rate and efficiency of phytoremediation of polluted
soils depends on the physical and chemical properties of the pollutant and those
of the soil: pollutants may be bound to soil particles or taken up by microorgan-
isms, plants, and animals. In the process of phytoremediation the availability of
the pollutant for uptake by microorganisms of the rhizosphere and the plant root
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system is of crucial importance (8). Although differential uptake between crop
and weed plant species has been implicated in the selective phytotoxic action
of herbicides, this process usually does not play a role in plant sensitivity to
environmental chemical stress (9).

Uptake of inorganic and organic pollutants dissolved in water and their
translocation within plant tissues may be mediated by membrane-bound trans-
porter systems (10) or, alternatively, it may be a passive process, regulated by the
water transport into the cells. Penetration through the cell membrane of a solute
and its transport within the organism is strongly affected by the water solubility
of the chemical as well as by its size, shape, and charge distribution (11). The
extent of uptake of some contaminants depends on the relative rates of metal in-
flux and efflux (12). In mammalian tissues expression of the multiple resistance
protein MDR renders cells tolerant to cytotoxic organic chemicals by pumping
the toxicant out of the cell. Recently, the existence of similar systems in plants
has been described (13). Synthetic chemicals may also serve as amendments of
the phytoremediation process. These are being used for enhancing desorption
of pollutants in soils thereby improving the bioavailability of soil pollutants for
uptake by plants and microorganisms in the rhizosphere (1,2).

B. Biotransformation and Compartmentation of the
Pollutant in Plant Tissues

In living plant tissues pollutants are transformed by a wide variety of chemi-
cal/biochemical metabolic reactions. Metabolism of a pollutant is involved in
determining sensitivity and tolerance between plant species and has been found
to play an important role in the development of stress-resistant plants. Biotrans-
formation reactions of xenobiotics are generally referred to as Phases I and II,
where Phase I includes oxidation of xenobiotics and Phase II deals with the con-
jugation of Phase I products. In plants, the oxidative metabolism in the Phase I
system is usually mediated by cytochrome P-450 mixed-function oxygenases. In
the Phase II systems activated hydrophobic xenobiotics are converted to more
hydrophilic forms via conjugation with sugars or the sulfhydryl (-SH) group
containing tripeptide glutathione (γ -L-glutamyl-L-cysteinyl-glycine, GSH) (9).
Since cellular -SH groups give protection against toxic metal ions as well as
against alkylating organic compounds, it is not surprising that sulfur assimila-
tion is powerfully regulated by pollutants such as the heavy metal cadmium
(14–17), or the -SH-reactive chloroacetanilide herbicides (9).

1. Transformation Products

Detailed information on the chemistry of metabolites of inorganic and organic
pollutants and metabolic pathways in susceptible and tolerant plants are scarcely
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available. In tolerant plants heavy-metal ions may be detoxified via chemical
transformation into insoluble forms or chelated with cellular thiols or carboxylic
acids and are eventually sequestered into the cell vacuole (1,2). Of the different
Phase II reactions that are most commonly involved in pollutant metabolism in
plants, conjugation with GSH or homoglutathione (γ -L-glutamyl-L-cysteinyl-β-
alanine) in some plants is one of the most important reactions and is often the
rate-limiting step in the detoxication of an organic compound (9).

It has long been shown that GSH transferases (GST, E.C. 2.5.1.18) mediate
the GSH conjugation of many herbicides according to the reaction shown in
Figure 1 (9,18):

GSTs represent a family of enzymes with usually broad and overlapping
substrate specificities, which facilitate the preceding reactions of hydrophobic
electrophilic substrates. Our knowledge of plant GSTs has expanded greatly in
recent years. Evidence is accumulating on the regulation of gene expression,
molecular characteristics, and specific catalytic action of the multiple forms of
these enzymes. Most of the information on plant GSTs concerns enzymes that
are involved in the detoxification of a number of herbicides (9), but evidence is
gathering that plant GSTs have a much wider role, and may be involved in gen-
eral plant stress phenomena. The microsomal fraction of maize (Zea mays L.)
shoot extracts contains measurable levels of GST. It has been suggested that mi-
crosomal GSTs may be effective in the detoxification of lipophilic electrophilic
chemicals (9).

The Phase II conjugation system is regarded as a detoxification process
of xenobiotics. GSH conjugates, however, are not devoid of biological activity.
Thus, accumulation of the resulting metabolites in cells can lead to a reduction
in the detoxification activity of the Phase II system. Several GSH conjugates
have been found to inhibit both GSTs and GSH reductase (GR, E.C. 1.6.4.2).
Accordingly, rates of biochemical transformations of GSH conjugates of xeno-
biotics reducing their concentration in the cytosol are important detoxification
steps (9).

Figure 1 Glutathione conjugation reaction of a pollutant containing an X− leaving
group.
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2. Compartmentation

Plants lack the excretion system of animals. In plant cells toxic metabolites and
pollutants are sequestered into the vacuole. This Phase III type process is an ac-
tive one and is catalyzed by membrane-bound ATP-driven pumps. Recent studies
showed the existence of a Phase III system that is involved in the elimination
of GSH conjugates from the cytosol (19).

C. Detoxification of the Active Oxygen Species Generated
by the Pollutant

Oxygen radicals are produced at various electron transfer sites or via different
oxidation reactions in plant tissues. Under chemical stress conditions production
of these radicals is powerfully enhanced. For example, micromolar concentra-
tions of mercury(II) ions induce lipid peroxidation reactions in leaf tissues of
maize plants (6).

Plants contain a variety of defenses to protect against the damaging effects
of oxygen radicals that are produced. It has been shown that a critical balance
exists between oxyradical-generating factors and the activities of the systems
that protect the cell from their harmful effects. Antioxidant defenses belong to
three general classes, including:

1. Water-soluble reductants, e.g., compounds that contain thiol groups
(cysteine, GSH, etc.), ascorbate, and catechols.

2. Lipid-soluble compounds, e.g., -tocopherol and -carotene.
3. Enzymatic antioxidants, e.g., GSH peroxidase (GP, E.C. 6.4.11.6),

ascorbate peroxidase (E.C. 1.11.1.11), catalase (E.C. 1.11.1.6), and
superoxide dismutase (E.C. 1.15.1.1) (20). Microsomal and cytosolic
GST enzymes in mammals may act as GP by catalyzing the reaction
between GSH and lipophilic hydroperoxides (Fig. 2), thereby protect-
ing cell membrane polyunsaturated fatty acid moieties against lipid
peroxidation (20). Recently reported in plants (21), such activity of
some GST enzymes may contribute to phytoremediation ability.

Figure 2 Glutathione peroxidase activity of plant GST enzymes.



442 Kömives and Gullner

III. INORGANIC POLLUTANTS

A. Uptake and Translocation

Metal ions are strongly bound to soil particles. To overcome this barrier, plants
have evolved strategies to improve the bioavailability of essential metallic mi-
cronutrients (1,5). These include the production and secretion of metal-chelating
natural products, which, by chelation, mobilize iron, copper, and zinc and exude
protons to change the pH of the soil in the root zone, thereby solubilizing the
adsorbed metal ions (22,23). An analogous solubilization-based mechanism is
involved in the synergistic action of rhizosphere bacteria in phytoremediation of
soils polluted with inorganics (24). Uptake and accumulation of zinc as well as
the tolerance of Arabidopsis plants to this heavy metal is positively influenced
by a zinc-transporter protein (25). In wheat (Triticum aestivum) zinc fluxes at
supra-optimum levels of zinc supply (corresponding to a phytoremediation sit-
uation) appears to be controlled primarily by zinc efflux and not by short- or
long-term regulation of zinc influx (12). A calmodulin-binding protein (involved
in metal uptake across the plasma membrane) has been found to modulate plant
(tobacco, Nicotiana tabacum) tolerance and accumulation of lead (26).

In plants metals are transported through the xylem. Metal ion mobility
toward the shoots may be strongly retarded by the high cation exchange capacity
of the xylem cell walls. Therefore, anionic metal–chelate complexes should be
transported more efficiently in the transpiration stream (1).

1. The Role of Amendments

Certain synthetic and natural chelating agents were found to greatly facilitate
metal uptake by roots of soil-grown plants as well as metal transport to plant
aerial parts. Thus, in the practice of phytoremediation, uptake and accumulation
of metals in aerial tissues of plants can be enhanced through the application of
synthetic and/or natural chelators to the soil. High shoot tissue concentrations in
Brassica juncea of lead were obtained from lead-containing soils amended with
synthetic chelates, such as ethylenediamine tetraacetic acid (EDTA). Tissue ac-
cumulation levels were proportional to lead and EDTA concentrations in the soil.
EDTA was also found to enhance the accumulation of cadmium, copper, nickel,
and zinc (27). Chelators with higher efficiency in enhancing soil lead desorption
were found to have higher efficiency in total lead accumulation in plant shoot
tissues of pea (Pisum sativum) and maize plants (28). Within the plant, lead
atoms are transported in EDTA-chelated form, indicating that EDTA increases
not only the uptake of metal into the plant roots but also its translocation to the
shoot tissues (29).

The high efficiency of anionic chelators in promoting uptake, transloca-
tion, and accumulation of inorganic pollutants has been shown in a comparative
study on the effects of organic acids on uranium desorption from soil to soil
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solution. Of the acids studied (acetic acid, citric acid, and malic acid), citric
acid was the most effective in enhancing uranium desorption and subsequent
accumulation in plants. In shoot tissues of B. juncea and B. chinensis grown
in citric acid–amended soils thousandfold increases in uranium concentrations
were found (30).

B. Biotransformation

The intrinsic metal uptake systems render plants vulnerable to toxic levels of
metals in their rhizosphere. Therefore, plants have evolved mechanisms to tol-
erate high concentrations of toxic metal ions in their tissues. One mechanism
involves metal-chelate formation with thiol-rich oligopeptides (phytochelatins,
PCs) and proteins (metallothioneins, MTs) and other low-molecular-weight natu-
ral products, such as amino acids and carboxylic acids (31–33). PCs are cysteine-
rich oligopeptides known to bind cadmium and copper in plants. They are syn-
thesized from GSH (34) in an enzyme- (phytochelatin synthase, E.C. 1.2.3.4)
catalyzed reaction powerfully upregulated by traces of heavy metal ions in the
cytosol. In addition, coordinated changes of gene expression occur for several
sulfur assimilation enzymes in response to an increased demand for cysteine
during PC synthesis (35). MTs, on the other hand, are gene-encoded, low-
molecular-weight, cysteine-rich proteins. MTs are induced by copper and have
high affinity for this metal. Accumulation of the essential amino acid proline
and the dicarboxylic acid anions malate and citrate in response to exposure to
cadmium and zinc has been attributed to metal-complex formation, resulting in
protection against phytotoxicity of these metals (36). Further research is neces-
sary to clarify the importance of the ability to precipitate metals in the forms of
phytate or phosphate (zinc) or carbonate (lead) in determining metal tolerance
of plants (1,37).

The toxicity of such metals and metalloids as chromium, selenium, and
arsenic can be reduced in plants by chemical reduction of the element and/or by
its incorporation into organic compounds. Selenium, for example, is an essential
trace element but is also toxic at higher concentrations, because it is metabolized
to selenocysteine and selenomethionine, which replace cysteine and methionine
residues in proteins (38). By channeling selenium into the synthesis of selenium
analogs of the sulfur-containing nonprotein amino acids methylselenocysteine
and selenocystathione, selenium accumulator species of Astragalus are able to
reduce the amount of selenium incorporated into proteins, thereby tolerating
higher levels in the shoots (1). Selenium is also volatilized by plants in the form
of dimethylselenide, which is several hundred times less toxic than inorganic
forms of this element (39). Thus, mechanisms increasing selenate reduction
may be useful for improving selenate uptake and detoxication (38). Similarly,
the reduction of chromium(VI) to chromium(III) and mercury(II) to mercury(0)
is part of a detoxication mechanism in plants (1,40). Interestingly, transgenic
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Arabidopsis plants containing and expressing the bacterial gene merBpe convert
the highly toxic methylmercury to mercury(II) and show high resistance to toxic
levels of methylmercuric chloride and phenylmercuric acetate (41).

C. Compartmentation

Accumulation of metals in plant leaves may not be homogenous among the
various tissue cells, as shown in nickel-tolerant Thlaspi montanum. This species
shows a preferential nickel accumulation in epidermal cells (42). In a related
study on the cellular compartmentation of zinc in the leaves of Thlaspi caeru-
lescens a greatly enhanced zinc accumulation was found in the epidermis com-
pared with the mesophyll cells. Zinc concentrations in the epidermal vacuolar
sap reached 5 to 6.5 times higher levels than those in the mesophyll sap (43).

Within cells, inorganic pollutants accumulate in the vacuole. The process
of accumulation is usually driven by a metal/proton antiport. Thus, vacuolar
storage of cadmium plays an important role in the mechanism of cadmium
tolerance of Silene vulgaris (44).

IV. ORGANIC POLLUTANTS

The fate of some organic chemicals (e.g., those belonging to chloroacetanilides,
sulfonylureas, thiolcarbamates, and triazines) in plants has been extensively stud-
ied because of their importance in the selective phytotoxic action of herbicides.
Up until recently, however, surprisingly little progress has been made in the field
of common organic pollutants.

Organic contaminants are present at high concentrations in the soil and
groundwater at many hazardous waste sites. Such chemicals may be by-products
of agricultural and industrial production or may have leaked from fuel storage
tanks or ruptured soil liners at disposal sites. In addition, contamination of some
soils as a result of continuous use of agrochemicals (primarily herbicides) has
also become a serious environmental problem. Soil contamination involved in
these types of problems is often very dispersed so that conventional soil and
groundwater remediation techniques would be expensive or, in some cases, im-
practical. Phytoremediation is a viable alternative, but it is made highly compli-
cated by the great variation from site to site in the chemistry and the distribution
(concentration, depth, etc.) of the pollutant.

A. Uptake and Translocation

The uptake of organic chemicals by plant roots from soil could be correlated to
some physicochemical and structural substance properties. Barley root concen-
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tration factors due to root uptake, expressed as concentration in roots divided
by concentration in soil, gave a fairly good negative correlation to adsorption
coefficients based on soil organic carbon and gave a positive correlation to the
n-octanol/water partition coefficients. Both root and foliar uptake by barley could
be correlated well with the molecular weight of 14 chemicals (11,45).

1. The Role of Amendments

A major problem of organic contamination is the lack of bioavailability of the
pollutant for phytoremediation. In comparison with the solubilization of soil-
bound inorganics, much less is known about the roles of amendments in the
phytoremediation of soils polluted with organic compounds.

With the aim of maximizing the bioavailability of soil-applied herbicides
to weeds, agrochemical companies formulate their products with surfactants to
overcome the low aqueous solubilities of lipophilic herbicidal active ingredients
by reducing the surface tension at the chemical/water interface. Once solubilized
by the surfactant the herbicide becomes bioavailable for uptake by the weed
species (46).

Contamination by the aromatic chemicals benzene and its alkyl derivatives
(toluene, ethylbenzene, and xylene) seems to be ideally suited for phytoremedi-
ation. Being light, lipophilic contaminants, these compounds are often located
near the surface at hazardous waste sites. However, removal of these aromatics
from soil is possible only by increasing their apparent water solubility. A new
and interesting approach takes advantage of the ability of cyclodextrins to in-
crease the elution of organic compounds from soils. These chemicals have dual
solubilizing potency, because they may act as surfactants as well as complexing
agents that form inclusion complexes with hydrophobic compounds (47). A study
on the effects of natural cyclodextrins (CDs) and hydroxypropyl-cyclodextrins
(HP-CDs) on the apparent solubilities of benzene, toluene, and xylenes found a
significant solubilizing effect when HP-CDs were added. Efficiency of solubi-
lization of these aromatics depended on the relationship between the molecular
diameters of the compounds, their 1-octanol–water partition coefficient, and the
CD cavity size (48).

B. Biotransformation

Most of the information available on the biotransformation reactions of organic
chemicals in plants deals with the decomposition reactions of pesticidal active
ingredients, and excellent reviews have been published on these findings. This
paper will attempt to cover studies on the biotransformation reactions of common
organic pollutants (aromatic and chlorinated aliphatic solvents, and explosives),
with emphasis on phytoremediation-related issues.
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The halogenated organic aliphatic compounds, such as carbon tetrachlo-
ride, chloroform, and trichloroethylene (TCE, Fig. 3) are widely used organic
solvents and are among the most common of the toxic substances found at
hazardous waste sites. Plants can play an important role in remediating soil and
groundwater contaminated with these chemicals. Axenic cultures of poplar (Pop-
ulus spp.) tissues were shown to convert TCE to trichloroethanol, trichloroacetic
acid, dichloroacetic acid, and a small amount of CO2. At the whole-plant level
TCE was not toxic to the poplar trees at concentrations much higher than those
usually found at hazardous waste sites. The trees did not release significant
amounts of TCE into the air, because they not only took up the compound, but
are also metabolized it within their tissues to a far greater extent than was found
in the laboratory studies. Similar results were obtained with carbon tetrachlo-
ride (CCl4); that is, about 90% of the material was removed from the water
at 20 ppm and no CCl4 could be detected in the transpirate. Thus, in tissues
of poplar trees chlorinated aliphatic hydrocarbon pollutants can undergo ox-
idation and dechlorination processes, and finally, complete mineralization to
CO2 (49).

Figure 3 Chemical structures of acetochlor, TCE, benoxacor, TNT, RDX, and GTN.
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Soil and groundwater contamination due to explosives such as glycerol
trinitrate (GTN, nitroglycerin, Fig. 3), hexahydro-1,3,5-trinitro-1,3,5-triazine
(RDX, Fig. 3), and 2,4,6-trinitrotoluene (TNT, Fig. 3) is a problem at many
ammunition plants. The presence of plants did enhance removal of these explo-
sives from groundwater. TNT and RDX removal and fate was evaluated using
hydroponic batch incubations of aquatic and wetland plant species and substrate
treatments with explosives-contaminated groundwater. It was demonstrated that
TNT disappeared completely from groundwater incubated with plants, while re-
moval of RDX by plants was slower. Mineralization of TNT and RDX by plants
to CO2 was low, and evolution into volatile organics negligible (50).

The ecotoxicological threshold of TNT in two soils of different properties
was investigated by seed germination and early stage seedling growth tests. Four
representative species of higher plants, two dicotyledons and two monocotyle-
dons, were assessed. Oat (Avena sativa) was capable of tolerating as much as
1600 mg TNT kg−1 and demonstrated a potential ability of TNT detoxifica-
tion in one of the soils tested, suggesting that this plant might be useful in the
bioremediation of TNT-contaminated sites (51).

The ability of plants to metabolize the nitrate ester GTN was examined
using cultured sugar beet (Beta vulgaris) plant cells and plant cell extracts. Intact
cells rapidly degraded GTN with the initial formation of glycerol dinitrate (GDN)
and the later formation of glycerol mononitrate. A material balance analysis of
these intermediates indicated little, if any, formation of reduced, conjugated, or
cell-bound carbonaceous metabolites. Cell extracts were shown to be capable
of degrading GTN with the simultaneous formation of GDN in stoichiometric
amounts (52).

The enzyme pentaerythritol tetranitrate reductase of an explosive-degrading
bacterium enables it to decompose the nitrate ester and the nitroaromatic explo-
sives. Seeds of transgenic tobacco plants expressing this enzyme were able to
germinate and grow in the presence of GTN and TNT concentrations that in-
hibited germination and growth of wild-type seeds. Transgenic seedlings also
showed more rapid and complete denitration of GTN than wild-type seedlings
(53).

Contamination of some soils with herbicides has become a serious environ-
mental problem. The chloroacetanilide herbicides, especially acetochlor (Fig. 3),
alachlor, and metolachlor, are common containants in agricultural settings. Phy-
toremediation is an attractive option to reduce soil levels of certain pesticides
(54). Benoxacor (Fig. 3) is a safener that protects maize from chloroacetanilides
by inducing increased herbicide metabolism via GSH conjugation (55). An
integrated model system for phytoremediation using maize, benoxacor, and a
rhizosphere-competent Pseudomonas strain capable of catabolizing these herbi-
cides in soil was developed. A combination of chemical and biological safeners
(competent rhizobacteria) is a useful novel approach to increase herbicide tol-
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erance in a crop plant for enhanced phytoremediation. It should be noted that
the possibility of using herbicide safeners to improve the efficiency of phy-
toremediation was first raised by Christian Brunold (personal communication,
1991).

V. CONCLUSIONS

Our knowledge of the factors that determine the efficacy of phytoremediation has
expanded greatly in recent years. It became evident that pollutant phytotoxicity
is determined by a highly complicated sequence of events, elements of which
may play a significant role in promoting or antagonizing plant tissue damage,
depending on the plant–pollutant system. Phytoremediation efficiency seems to
be strongly influenced by the ability of the plant to escape deleterious concentra-
tions of the toxic form of the pollutant and the active oxygen species that might
be generated in the treated tissue. The key role of the GSH-related detoxifica-
tion system in the biotransformation of electrophilic pollutants in some tolerant
plants and the importance of the antioxidant systems to counteract peroxidative
damage has been clearly established. However, much is yet to be learned about
these systems in plants, especially, with respect to their specificity and their
mechanism of induction. In vivo and in vitro studies to follow pollutant-induced
changes in plant biochemistry, biophysics, and molecular biology provide us
with intriguing challenges for further research. Given the existing advances in
plant molecular biology, the use of transgenic plants in the daily practice of
phytoremediation could soon become a reality.
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