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PREFACE

Despite the intensive management practices available to modern agriculture, drought
and salinity are still major constraints on crop production and food security. Yield
losses to drought and salinity stress are commonly 80% and more, with actual losses
dependant on the timing, intensity, and duration of the stress, and other location-
specific environmental conditions. An appropriate yield capacity for sustainable
food security could be greatly facilitated by improving crop plant productivity in
drought and saline environments. A major constraint however to improving crop
yield under these forms of abiotic stress is our lack of understanding of the complex
physiological, biochemical, developmental, and genetic mechanisms that underlie
this environmental stress tolerance, and the subsequent difficulty in combining
favorable alleles to create improved high yielding genotypes. Furthermore, it appears
certain that domestication has narrowed the genetic diversity within crops for stress
tolerance, and thus limited options in traditional crop breeding. It’s also likely that
selection for high yield potential has negatively influenced crop plant responsiveness
to environmental challenges. Consequently, traditional breeding strategies have
made limited progress in enhancing harvest indices in environments plagued by
drought and salinity stress.

Recent discoveries reveal a highly complex integration of response mecha-
nisms involved in regulating plant adaptation to drought and salinity. For example,
common genetic and biochemical networks and shared signal transduction pathways
are a typical part of plant stress response. Emerging views of this interconnectedness
in stress adaptation provides a platform for new thinking about crop improvement
strategies. Merging recent discoveries in basic science with recent advances in
molecular genetics and molecular breeding now offers new avenues for improving
plant tolerance to drought and salinity. The application of new biotechnologies
like gene and trait pyramiding, molecular-assisted selection, crop transformation,
and mutation breeding may lead, not only to the development of new improved
crop production systems, but also to advancing our fundamental understanding of
drought and salt stress tolerance. This book will discuss a broad spectrum of reports
and expertise regarding drought and salt tolerance determinants from the physio-
logical, biochemical, developmental and genetic levels, and the new technologies
now available to manipulate these determinants for germplasm improvement. Impor-
tantly, our new awareness of the remarkable complexity and interconnectedness
of stress response mechanisms reveals a need to recognize that a more systems
approach provides a more accurate means of integrating the traditionally diverse
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X PREFACE

fields within plant stress studies, fields as diverse as water relations, biochemistry,
genetics, and development. To emphasize the point, it is increasingly recognized
that the relative importance to stress tolerance of individual determinants (whether
genes, QTLs, or traits) often has more to do with genomic background and subse-
quent integration of diverse phenotypes than to the presence or absence of that
single determinant.

This book will present a contemporary understanding of plant adaptation to
drought and salinity that emphasizes fundamental physiological, biochemical, devel-
opmental and genetic mechanisms, as a prelude to thoughtful analyses of the
integrated regulation of these determinants. The following section of this book will
examine new strategies being employed to identify and then enhance these tolerance
mechanisms. Later chapters are focused on efforts to discover existing genetic
variation in crop germplasm and wild relatives, and manipulate genetic variation
using mutation, transgenic, and molecular marker-assisted breeding approaches.
This book seeks to integrate a broad cross-section of scientific knowledge and
expertise about key determinants of drought and salt stress tolerance with modern
crop improvement strategies. Information presented here will be especially useful to
agronomists and horticulturists, crop breeders, molecular-geneticists, and biotech-
nologists, and serve as an important scholarly text for post-graduate students and
researchers.

We, the editors, would like to thank the authors for their outstanding and
timely work in producing such fine chapters. We would also like to thank Katie
Vanvekoven for her clerical assistance, and Jacco Flipsen and Noeline Gibson
of Springer for their advice and encouragement during the development of this
important book.

Matthew A. Jenks, Paul M. Hasegawa, and S. Mohan Jain
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CHAPTER 1

PLANT GROWTH AND DEVELOPMENT UNDER
SALINITY STRESS

A. LAUCHLI AND S.R. GRATTAN
Department of Land, Air and Water Resources, University of California, One Shields Ave.,
Davis, CA 95616, USA

Abstract:

Keywords:

Plant growth and development are adversely affected by salinity — a major environmental
stress that limits agricultural production. This chapter provides an overview of the
physiological mechanisms by which growth and development of crop plants are affected
by salinity. The initial phase of growth reduction is due to an osmotic effect, is similar
to the initial response to water stress and shows little genotypic differences. The second,
slower effect is the result of salt toxicity in leaves. In the second phase a salt sensitive
species or genotype differs from a more salt tolerant one by its inability to prevent salt
accumulation in leaves to toxic levels. Most crop plants are salt tolerant at germination
but salt sensitive during emergence and vegetative development. Root and shoot growth
is inhibited by salinity; however, supplemental Ca partly alleviates the growth inhibition.
The Ca effect appears related to the maintenance of plasma membrane selectivity for
K over Na. Reproductive development is considered less sensitive to salt stress than
vegetative growth, although in wheat salt stress can hasten reproductive growth, inhibit
spike development and decrease the yield potential, whereas in the more salt sensitive
rice, low yield is primarily associated with reduction in tillers, and by sterile spikelets
in some cultivars.

Plants with improved salt tolerance must thrive under saline field conditions with
numerous additional stresses. Salinity shows interactions with several stresses, among
others with boron toxicity, but the mechanisms of salinity-boron interactions are still
poorly known. To better understand crop tolerance under saline field conditions, future
research should focus on tolerance of crops to a combination of stresses

Vegetative growth, reproductive growth, development, salinity stress, boron, osmotic,
ionic, crop

1. INTRODUCTION

In the preface to the ‘Special Issue: Plants and salinity’, Tim Flowers (2006) empha-
sized that “Salinity has been a threat to agriculture in some parts of the world for
over 3000 years; in recent times, the threat has grown”. As the world population
continues to increase, more food needs to be grown to feed the people. This can

1
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2 LAUCHLI AND GRATTAN

be achieved by an increase in cultivated land and by an increase in crop produc-
tivity per area. The former has brought agriculture to marginal, salt-affected lands.
Moreover, the salinity problem has been aggravated by the requirement of irrigation
for crop production in arid and semiarid environments. It is estimated that at least
20% of all irrigated lands are salt-affected (Pitman and Lauchli, 2002). About 17%
of the cultivated land is under irrigation; yet, irrigated agriculture contributes more
than 30% of the total agricultural production (Hillel, 2000). The total global area
of salt-affected soils has recently been estimated to be approximately 830 million
hectares (Martinez-Beltran and Manzur, 2005). The different types of soil salinity
that impact agricultural productivity, i.e. irrigation-induced salinity and ‘transient’
dry-land salinity have been characterized in detail by Rengasamy (2006), with
special emphasis on Australia. Clearly, soil salinity is one of the major environ-
mental stresses that limit agricultural productivity worldwide.

Population growth on the one hand and land degradation by salinization on the
other have led plant scientists to the concept of developing salt-tolerant crops by
genetic approaches (see recent reviews by Cuartero et al., 2006; Munns, 2005;
Munns et al., 2006; Yamaguchi and Blumwald, 2005). However, the physiological,
biochemical and molecular mechanisms of salt tolerance in plants are not yet suffi-
ciently understood, and hence progress in developing salt tolerant crops has been
slow. This chapter provides a brief overview of our present physiological knowledge
of how growth and development of plants are affected by salinity. The focus is on
annual crop species with special emphasis on cereals. Furthermore, crop growth and
development under salinity stress will be discussed for both controlled and natural
agricultural environments. The still poorly-understood relationship between sodium
uptake and salt tolerance has been assessed in depth by Tester and Davenport (2003)
but will only be covered briefly in this chapter. In the context of saline agricultural
environments, soil salinity is often accompanied by additional abiotic and biotic
stresses. For example, high boron concentrations often occur in saline environ-
ments. Therefore interactions between salinity and boron toxicity in crops are also
examined. Our chapter does not focus on biochemical and molecular mechanisms of
salt tolerance. For recent reviews that focus on these mechanisms, see for example
Hasegawa et al. (2000), Zhu (2002), and Koiwa et al. (2006). Finally genomics-type
technologies are beginning to enhance our understanding of how genes, proteins and
metabolite profiles and their interactions and dynamic changes respond to salinity.
For more information on these complex interactions see Bohnert et al. (2006).

2. SALINITY STRESS AND PLANT DEVELOPMENT

Salinity affects plants in different ways such as osmotic effects, specific-ion toxicity
and/or nutritional disorders (Lauchli and Epstein, 1990). The extent by which one
mechanism affects the plant over the others depends upon many factors including
the species, genotype, plant age, ionic strength and composition of the salinizing
solution, and the organ in question.
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Plants undergo characteristic changes from the time salinity stress is imposed
until they reach maturity (Munns, 2002a). This author describes these changes over
different time scales in the plant’s development. Moments after salinization, cells
dehydrate and shrink, but regain their original volume hours later. Despite this
recovery, cell elongation and to a lesser extent cell division, are reduced leading to
lower rates of leaf and root growth. Over the next days, reductions in cell division
and elongation translate into slower leaf appearance and size. Plants that are severely
salt-stressed often develop visual injury due to excessive salt uptake. After weeks,
lateral shoot development is affected and after months, clear differences in overall
growth and injury are observed between salt-stressed plants and their non-stressed
controls.

Understanding these temporal differences in response to salinity, Munns (2002a,
2005) developed the concept of the ‘two-phase growth response to salinity’
(Figure 1). The first phase of growth reduction happens quickly (within minutes)
after exposure to salinity. This response is due to the osmotic changes outside the
root causing changes in cell-water relations (osmotic effect). The osmotic effect
initially reduces the ability of the plant to absorb water. This effect is similar to
water stress and shows little genotypic differences. Several minutes after the initial
decrease in leaf growth, there is a gradual recovery of the growth rate until a
new steady state is reached, dependent upon the salt concentration outside the root
(Munns, 2002a). The second much slower effect, taking days, weeks or months
is the result of salt accumulation in leaves, leading to salt toxicity in the plant,
primarily in the older leaves (i.e. salt-specific effect). This salt toxicity can result in
the death of leaves and reduce the total photosynthetic leaf area. As a result, there is
a reduction in the supply of photosynthate to the plant, affecting the overall carbon
balance necessary to sustain growth (Munns, 2002a). Salt toxicity primarily occurs

Salt added gradually

Shoot
growth
rate == == == Tolerant plant
~
~

N sensitive plant

¢ —r —>
Phase 1 Phase 2
(osmotic stress) (salt-specific effect)

Time (days to weeks)

Figure 1. Schematic illustration of the two-phase growth response to salinity for genotypes that differ
in the rate at which salt reaches toxic levels in leaves (Munns, 2005)
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in the older leaves where Na and Cl build up in the transpiring leaves over a long
period of time, resulting in high salt concentration and leaf death. Leaf injury and
death is probably due to the high salt load in the leaf that exceeds the capacity of
salt compartmentation in the vacuoles, causing salt to build up in the cytoplasm to
toxic levels (Munns and Termaat, 1986; Munns 2002a; 2005; Munns et al, 2000).
The rate at which leaves die and thus reduce the total photosynthetic leaf area deter-
mines the survival of the plant. If new leaves are produced at a rate greater than
the rate at which old leaves die, there are enough photosynthesizing leaves for the
plant to flower and produce seeds, although at reduced numbers. If, however, old
leaves die faster than new leaves develop, the plant may not survive long enough
to supply sufficient photosynthate to the reproductive organs and produce viable
seeds. Based on this two-phase concept, the initial growth reduction for both salt
sensitive and salt tolerant plants is caused by an osmotic effect of the salts in the
medium outside the roots. In contrast, in the second phase, a salt-sensitive species
or genotype differs from a more salt tolerant one by its inability to prevent salt
from accumulating in transpiring leaves to toxic levels (Munns et al, 20006).

In light of the different mechanisms of plant response to salinity (Lduchli and
Epstein, 1990) and characteristic sequential changes which the plants endure after
being exposed to salinity (Munns, 2002a), are their specific developmental stages
where the plants are more or less sensitive to salinity?

2.1. Salt Sensitivity in Relation to Developmental Growth Stage

It has long been recognized that a crop’s sensitivity to salinity varies from one
developmental growth stage to the next (Bernstein and Hayward, 1958). Although
there are exceptions, the majority of the research indicates that most annual crops
are tolerant at germination but are sensitive during emergence and early vegetative
development (Lduchli and Epstein, 1990; Maas and Grattan, 1999). As plants
mature, they become progressively more tolerant to salinity, particularly at later
stages of development. While these statements are generally true (with the exception
of perhaps a few crops), it is important to emphasize that the definition of salt
tolerance is not the same for each growth stage. During germination and emergence,
tolerance is based on percent survival, while during the later developmental stages,
tolerance is usually based on relative growth reductions.

Salinity affects both vegetative and reproductive development which has profound
implications depending on whether the harvested organ is a stem, leaf, root, shoot,
fruit, fiber or grain. Salinity often reduces shoot growth more than root growth
(Lauchli and Epstein, 1990) and can reduce the number of florets per ear, increase
sterility and affect the time of flowering and maturity in both wheat (Maas and
Poss, 1989a) and rice (Khatun et al. 1995). Since salt-tolerance from an agronomic
or horticulturist perspective is based on the yield of the harvestable organ, relative
to that in non-stressed environments, understanding how salinity affects vegetative
and reproductive development is important for developing management strategies
that can minimize stress at critical times.
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2.1.1. Germination and seedling emergence

Although most plants are tolerant during germination, salinity stress delays this
process even though there may be no difference in the percentage of germi-
nated seeds from one treatment to another (Maas and Poss, 1989a). It is this
observation that categorizes this developmental stage for most crops as ‘salt
tolerant’. For example, salinity up to 10 dS/m actually stimulated the germi-
nation of Limonium perezii seeds, a commercially grown ornamental flower, yet
salinities above 6 dS/m reduced stem length, adversely affecting quality and
marketability (Carter et. al., 2005). Even though salinity delays germination, higher
salt concentrations will eventually reduce the percentage of germinated seeds (Kent
and Liuchli, 1985; Badia and Meiri, 1994; Mauromicale and Licandro, 2002)
(Figure 2). While most crops show enhanced tolerance to salinity during germi-
nation, this is not true for sugar beet, a crop categorized as salt tolerant which
is somewhat sensitive to salinity at germination (Lduchli and Epstein, 1990).
There are even differences in tolerance among cultivars (e.g. Ahmad et al., 2005;
Bayuelo-Jimenez et al., 2002) and these differences do not necessarily corre-
spond to seasonal tolerance, as shown for melon (Nerson and Paris, 1984), bean
(Bayuelo-Jimenez et al., 2002) and rice (Heenan et al., 1988). On the other hand,
salt tolerant barley varieties germinated faster and showed a much higher germi-
nation percentage than the more sensitive ones (Tajbakhsh et al., 2006). Regardless,
salt tolerance screening at germination provides little basis for assessing crop salt
tolerance.

The vast majority of these germination studies have been conducted in the
laboratory using Petri-dish like containers with germination paper saturated with
solutions that vary in salinity. While easy to observe germination, such artificial
environments are uncharacteristic of field conditions (Esechie et. al., 2002). In
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Figure 2. Generalized relationship between percent germination and time after water addition at low,
moderate and high salinity. The germination rates and percentage of germinated seeds at a particular
time various considerably among species and cultivars
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addition, other variables such as seed viability, dormancy, seed coat pretreatment
and permeability to water may complicate data interpretations and comparisons
with other crops or to other developmental stages.

Unlike at germination, most crops are susceptible to salinity during emergence,
which is based more on observation than quantitative research. Emergence studies
have been conducted using different root media under various environmental condi-
tions, making interpretation of the results and comparisons with other studies
difficult, if not impossible. Moreover, most studies were conducted using NaCl as
the sole salinizing salt, which is uncharacteristic of most salt-affected soils. When
studies are conducted in mineral soils using NaCl solutions, sodicity (high sodium
relative to calcium plus magnesium) can cause adverse effects on soil physical
conditions, reducing oxygen diffusion rates and increasing soil strength (Grattan
and Oster, 2003). This could inadvertently add unwanted stresses to the emerging
seedlings.

Salinity delays emergence and if the stress is severe enough, stand establishment
can be reduced (Maas and Grattan, 1999). Crop tolerance during this sensitive
growth-stage differs considerably among crops and like germination, does not
correlate well with crop tolerances based on yield-response functions. For example
cotton, a crop known to be salt tolerant based on lint yields, is particularly prone to
poor stands in fields that were previously irrigated with saline-sodic water (Grattan
and Oster, 2003), despite the fact that salinity in the upper soil profile was less
than the soil-salinity threshold' for cotton. In a related long-term field study, plant
density of cotton was severely reduced by irrigation with saline drainage water of
4,500 mg/L. TDS (EC~ 7ds/m) for three consecutive years (Goyal et al., 1999).
These authors concluded that stand establishment was possibly the main reason for
reduction in lint yield.

Under field conditions, germinated seedlings encounter a number of biotic and
abiotic stresses. In addition to salinity, young seedlings near the soil surface are
subjected to water stress (Katerji et al., 1994), fluctuating salinities due to capillary
rise and evaporation (Pasternak et al., 1979), diurnal changes in soil temperature and
surface crusts. Studies have shown that salinity is more detrimental to germination
of seeds outside their optimal temperature range for germination (Vinizky and
Ray, 1988). Also, because salinity delays germination and emergence, the young
salt-stressed seedlings may be more susceptible to hypocotyl and cotyledon injury
(Miyamoto et al., 1985; Esechie et al., 2002) or attack by pathogens. Although it
is likely that this unavoidable combination of stresses that the emerging seedlings
endure under field conditions can reduce the percentage of emerged seedlings,
we are not aware of any in-depth evaluation on the tolerance of young seedlings
under field or simulated field conditions. Such research would be valuable to
better understand how crops respond to integrated biotic and abiotic stresses they
encounter between germination and emergence.

! Yield threshold refers to the maximum soil salinity (expressed as the electrical conductivity of the
saturated soil paste, ECe) that a plant can endure in the rootzone and still maintain optimal yield.
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2.1.2. Vegetative growth

Most of the literature indicates that plants are particularly susceptible to salinity
during the seedling and early vegetative growth stage as compared to germination.
Examples are found in barley (Ayers et al., 1952), corn (Maas et al., 1983), cotton
(Abul-Naas and Omran, 1974), cowpea (Maas and Poss, 1989b), melon (Botia et al.,
2005), New Zealand spinach (Wilson et al., 2000), red orach (Wilson et al., 2000),
rice (Pearson and Ayers, 1966), sorghum (Maas et al 1986), tomato (del Amor et al.,
2001), and wheat (Maas and Poss, 1989a). In greenhouse experiments with corn and
wheat, the total shoot biomass of salt-stressed plants relative to non-stressed plants
was much lower than salinity’s overall effect on relative grain yield (Maas et al,
1983; Maas and Poss, 1989a). Although it may not be true for most crops, some
investigators found that salt tolerance among melon cultivars during early seedling
growth correlated well with salt tolerance based on fruit yield at the end of the
season (Nerson and Paris, 1984).

2.1.3. Roots

Why is early vegetative development so susceptible to salinity? It is well known that
salinity with an adequate supply of calcium reduces shoot growth, particularly leaf
area, more than root growth (Lduchli and Epstein, 1990). However, inadequate Ca
supply under saline conditions can adversely affect membrane function and growth
of the root within minutes (Epstein, 1961; Léauchli and Epstein, 1970; Cramer et al.,
1988). When supplemental Ca was added to a salinized medium, cell elongation of
cotton roots was favored at the expense of radial cell growth and cell production
rates were maintained (Kurth et al., 1986). Additional studies with cotton roots
revealed that supplemental Ca partly alleviated the inhibition of the elongation rate
due to high salt in the medium but the shortening of the growth zone of the root
caused by high salt stress was not restored by supplemental calcium (Zhong and
Liuchli, 1993). High salt stress increased the deposition rate of Na in the growing
region of the root and hence decreased the selectivity for K versus Na. The latter
effect was partly mitigated by supplemental Ca, but only in the apical 2mm region
(Zhong and Lauchli, 1994). The conclusion of these studies is that supplemental Ca
alleviates the inhibitory effect of salt on cotton root growth by maintaining plasma
membrane selectivity of K over Na (Zhong and Lauchli, 1994; reviews: Lauchli,
1990, 1999).

2.14. Shoots

Reduction in shoot growth due to salinity is commonly expressed by a reduced
leaf area and stunted shoots (Lduchli and Epstein, 1990). Final leaf size depends
on both cell division and cell elongation. Leaf initiation, which is governed by
cell division, was shown to be unaffected by salt stress in sugar beet, but leaf
extension was found to be a salt-sensitive process (Papp et al., 1983). Thus, cell
division in leaves of sugar beet appears less salt sensitive than cell elongation. On
the other hand, cell numbers in grass leaves were reduced by salinity (Munns and
Termaat, 1986). As already described for roots the effect of salt stress on shoot
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growth in several species can also be partly alleviated by supplemental Ca (Léuchli
and Epstein, 1990; Cramer, 2002). If, however, plants are exposed to high Na/Ca
ratios, Ca-deficiency in the shoot can be induced, as for example demonstrated for
developing corn leaves by Maas and Grieve (1987). The Ca status of the growing
region of leaves is particularly sensitive to salt stress (Lauchli, 1990). This appears
to be the consequence of inhibition by salt of symplastic xylem loading of Ca in the
root (Lynch and Lauchli, 1985; Halperin et al, 1997), leading to reduced Ca status
in growing region of leaves (Lynch et al., 1988; Lazof and Lauchli, 1991; Neves-
Piestun and Bernstein, 2005; review: Lazof and Bernstein, 1999). The importance
of supplemental Ca to alleviate salt stress effects in the shoot, as demonstrated
originally by La Haye and Epstein (1971), has been clearly emphasized by Cramer
(2002) and Munns (2002 b) who recommended adding at least 5~10 mM Ca to the
medium for salinities of 100-150 mM NaCl, to counteract the inhibitory effect of
high Na concentrations on growth.

As recently summarized in detail by Cramer (2002), many of the well known
Na-Ca interactions in plants can be linked to Na-Ca interactions at the surface of
the plasma membrane and subsequent Ca signaling events (Cramer et al., 1985).
For a quantitative description of these Na-Ca interactions, ion activities instead of
ion concentrations must be used (Cramer and Liduchli, 1986; Cramer et al., 1986;
Yermiyahu et al., 1997; Kinraide, 1999). Ion activities usually are lower than their
concentrations, particularly for Ca because of ion pair formation and precipitation
as calcite (Cramer and Léuchli, 1986).

A detailed, quantitative study of the responses of leaf growth and development in
sorghum to salt stress showed that the length of the growth zone was shortened by
20% under salt stress, and that salt stress also reduced the maximal relative elemental
growth rate, particularly in the youngest region of the leaf (Bernstein et al, 1993a).
Increasing the external Ca supply restored the length of the growing zone of the
leaf and increased also the relative elemental growth rate (Bernstein et al., 1993Db).
This contrasts with the finding on roots where the shortening of the growing zone
of cotton roots was not restored by supplemental Ca (Zhong and Liuchli, 1993).
In barley leaves, salt stress did not affect the length of the elongation zone, but
the Ca supply to the plant was not varied in this study (Fricke and Peters, 2002).
Salt stress induced a dramatic decrease in Ca in the growing sorghum leaf which
could be at least partly responsible for leaf growth inhibition (Bernstein et al.,
1995). Sodium was preferentially accumulated in the basal part of the growing
zone where growth was least affected by salt stress. Hence, it was concluded that
high Na concentration in the salt-affected leaf tissue was not the primary cause
for growth inhibition (Bernstein et al, 1995). Hu, Schmidhalter and coworkers
(review by Hu et al, 2005a) conducted similar research on growing wheat leaves
and also concluded that direct effects of Na and Cl toxicity on cell expansion and
formation of the leaf cross-sectional area can be ruled out. However, one would
need to know the cytoplasmic versus vacuolar Na concentrations in these tissues to
draw more definitive conclusions. An additional important feature is that salinity
has been demonstrated to reduce the area of proto-and metaxylem in growing
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leaves of sorghum (Baum et al, 2000) and wheat (Hu et al., 2005b) which may be
responsible for decreased water deposition into the growing region of leaves. This
could indirectly affect transport of Na and Cl and of nutrient ions to the growing
leaves.

2.1.5. Reproductive growth

After the salt-sensitive early-vegetative growth stage, the bulk of the research
suggests that most crops become progressively more tolerant as the plants grow older
(Lauchli and Epstein, 1990; Maas and Grattan, 1999). There have been numerous
studies characterizing crop response to salinity at various developmental growth
stages. However, many of them did not evaluate plant response during the entire
lifespan of the crop and those that did, most studies imposed salt stress at various
times after emergence and continued the stress until harvest. The difficulty with
the latter group of studies is that treatments give preferential favoritism to the later
growth stages since the duration of salt-stress was less.

There were several studies, however, where the duration of salinity stress was
held constant but the period of salt-stress imposition varied from one developmental
stage to the next. These studies were conducted using re-circulating sand tanks
where transient salinity conditions can readily be controlled. In experiments with
wheat (Maas and Poss, 1989a), sorghum (Maas et al., 1986) and cowpea (Maas
and Poss, 1989b), investigators found that these crops were most sensitive during
vegetative and early reproductive stages, less sensitive during flowering and least
sensitive during the seed filling stage. In all these studies, seed weight is the yield
component of interest but similar conclusions regarding growth stage sensitivity
were obtained with both determinate crops (the grain crops) and indeterminate
(cowpea) crops.

Wheat and rice are not only two of the most important grain crops in the world
but they have been the most intensively studied agronomic crops regarding salt
sensitivity at different growth stages. Studies on these grain crops were conducted
in the field, greenhouse and laboratory to better understand detailed changes in
vegetative and reproductive developmental processes, as the plants endure various
degrees of salt stress at different growth stages. Because of the extensive nature
of the research on these crops, a summary of the key findings is presented below.
Extensive research has also been conducted on the important horticultural crop
tomato, but research on this crop will not be covered in a separate section of this
chapter and the reader is referred to review articles by Cuartero et al. (2006) and
Cuartero and Fernandez-Munoz (1999).

2.2. Wheat

It has long been known that salinity reduces the growth rate of the entire wheat
plant and its specific organs, but it also affects plant development. The architecture
of expanding wheat leaves from recently emerged seedlings subjected to 200 mM
NaCl was greatly affected (Hu et al., 2005b). By close examination of the transverse
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section of leaf 4, investigators found that salinity reduced the cross sectional area,
width and radii of epidermal and mesophyll cells along the leaf axis, indicating that
adverse effects from salinity were occurring during leaf initiation.

The duration of plant development is also affected by salinity. The salt sensi-
tivity of wheat at various growth stages was evaluated by Maas and Poss (1989a)
by imposing salt stress [-0.05 to -1.25 MPa (1.4-28 dS/m)], using a combination
of NaCl and CaCl, salts, either 10, 56, or 101 days after planting (referred to as
vegetative and spikelet differentiation, reproductive, and maturation stages, respec-
tively). At each developmental stage, the stress was imposed for a 45-day duration
and then removed. Salt stress retarded leaf development and tillering but hastened
plant maturity. When grain yield data were compared among treatments, ‘Aldura’
and the more tolerant variety ‘Probred’, became less sensitive to salinity the later
plants were stressed, even though the duration of stress was held constant.

Salt stress, imposed while the shoot apex is in vegetative stage, can adversely
affect spike development and decrease yields of wheat (Maas and Grieve, 1990).
When wheat was salt-stressed during spike or panicle differentiation, reproductive
development was stimulated but the number of spikelets was reduced. They found
that salt stress accelerated the development of the shoot apex on the mainstem and
decreased the number of spikelet primordia. The terminal spikelet stage occurred
about two weeks earlier in salt-stressed wheat as compared to non-stressed controls.
Anthesis also occurred earlier in salt-stressed plants but tillering was delayed several
days. The investigators found that salt stress increased the phyllochron (the interval
between appearance of successive leaves on the main stem based on thermal time)
and reduced the number of leaves initiated on the main stem. Salt stress decreased
the yield potential mostly by reducing the number of spike-bearing tillers. This
conclusion was also reached by El-Hendawy et al. (2005) in a comprehensive
evaluation of numerous wheat cultivars using cluster analysis. Therefore Maas and
Grieve (1990) concluded that salinity stress needs to be avoided prior to and during
spikelet development on all tiller spikes if full yield potential is to be achieved.

Grieve et al. (2001) conducted another salt stress release study on spring wheat
where salinity was imposed and withdrawn, before or after, three growth stages; 1)
late leaf primordial initiation, 2) double ridge stage, and 3) terminal spike formation.
They found that grain yields were maximized when salt stress was delayed until
after the terminal spike formation or by withdrawing stress at the late leaf primordial
stage or double ridge stage. They found that short periods of salt stress during
organogenesis have irreversible consequences on wheat growth and development.

In a more in-depth examination of semidwarf wheat varieties, Grieve et al (1993)
used a three-piece linear-spline model and found that salinity decreased the rate of
leaf primordium initiation but did not affect the duration of this phase. On the other
hand, they found salinity reduced the duration of the spikelet primordium initiation
phase, even though it had no effect on the rate of spikelet primordium initiation.
This combination of effects resulted in less leaves and caused a reduction in the
number of grain-bearing spikelets, severely affecting the yield potential of these
wheat types.
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Additional studies on wheat were conducted to examine salinity’s effect on
reproductive physiology. Khan and Abdullah (2003) found that pollen viability in
two wheat cultivars differing in salinity tolerance was reduced 24-37%; depending
upon cultivar. They also suggested that 80-90% of the carbon that fills wheat grains
comes from current photosynthesis and not from stored vegetative carbon sources.
While most of the carbon that is filling grains comes from active photosynthetic
sources, the carbon is not distributed uniformly among tillers. Grieve et al (1992)
analyzed the main spike yield components of salt-stressed wheat and found that
grain yield from the main spike of two semidwarf Mexican wheat varieties increased
up to 15% more in salt-stressed plants (-0.65 MPa OP) than non stressed plants.
They found that decreases in kernel numbers per spike were offset by increases
in kernel weight. Therefore moderately salt-stressed wheat plants distributed their
carbohydrates preferentially towards the main stem tillers.

Other studies were directed towards ion relations in salt-stressed grain crops.
Maas and Poss (1989a) found that K uptake was severely inhibited by salt stress
imposed to wheat during the vegetative growth stage but not at later stages, even
though the more tolerant variety ‘Probred’ accumulated less Na than the more
sensitive “Aldura’. The effect of NaCl salinity on salt accumulation and reproductive
development in the meristem of wheat and barley was studied by Munns and Rawson
(1999). They selected two varieties of each species differing in salt tolerance to
observe changes in the development of the apex as it changed from vegetative
to reproductive growth. Apices were analyzed for ion contents when most of the
spikelet primordia had been produced and the process of differentiation into floral
organs had started. Potassium concentrations were unaffected by salinity (up to
175mM NaCl). In addition, they concluded that Na and Cl concentrations were
too low to affect metabolism. Nevertheless, despite the small effect of salinity on
apex ion relations, salinity still affected reproductive development; fewer spikelet
primordia formed and the final spikelet numbers at ear emergence were reduced.

In summary, a mature wheat plant is a consequence of sequential developmental
processes that are characterized by changes in shoot apex morphology. The yield
components such as tillers per plant, number of spikelets per spike and individual
grain weights, are developed sequentially as the crop develops. If salt stress is
applied before and during the shoot apex transition from vegetative to reproductive
stage, it can significantly affect vegetative and reproductive development. Salt
stress can hasten reproductive development but also can adversely affect spike
development and decrease the yield potential of wheat.

2.3. Rice

Although rice is one of the most important food crops in the world, both econom-
ically and nutritionally, it ranks among the most sensitive to salinity (Maas and
Grattan, 1999). Not only is rice considerably less tolerant to salinity than wheat,
but salinity affects its reproductive development quite differently.



12 LAUCHLI AND GRATTAN

Rice sensitivity to salinity varies considerably from one growth stage to the
next. In terms of grain yield, rice is tolerant during germination (Heenan et al.,
1988), sensitive to salinity during emergence and early seedling growth, becomes
more tolerant later on in vegetative development, and then can becomes sensitive
again during reproductive growth (Pearson and Bernstein, 1959; Flowers and Yeo,
1981; Khatun and Flowers, 1995; Abdullah et al., 2001). The vegetative shoot
biomass of rice, on the other hand, is often affected much less than reproductive
growth (except for young seedlings) (Khatun and Flowers, 1995; Munns et al.,
2002). Field and greenhouse studies showed that salinity had a negative impact
on stand establishment and adversely affected a number of yield components and
even delayed heading (Grattan et al 2002). In one study, investigators found linear
decreases in several yield components with increased salinity including the percent
of sterile florets, tillers per plant and spikelets per panicle which translated into
larger reductions in grain weight per plant at a given salinity (Zeng and Shannon,
2000 (Figure 3). However these investigators suggested that seedling emergence
and early seedling growth stages were most sensitive to salinity, as was the 3-leaf
panicle stage.

Being aware that rice response to salinity is a combination of the level of salinity,
the duration of exposure and timing of exposure, Lee et al (2004) proposed a salt
stress index that incorporates these factors. Using solution cultures, they found that
the growth of rice was reduced over three times more with NaCl than synthetic sea
water and that rice was two times more sensitive to salinity at the seedling stage
than it was at the tillering stage. This not only implies that the tolerance of rice
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Figure 3. Relationship between salinity and various yield components of rice (Oryza sativa L. cv
M-202). Fertility is inversely proportional to sterility. From Grattan et al., 2002 originally adapted from
Zeng and Shannon, 2000
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varies with stage of growth but it is strongly affected by the composition of the
root media, particularly when NaCl is used as the sole salinizing salt.

Unlike what was observed on wheat, it has long been recognized that salinity
can cause sterility in rice, particularly if imposed during pollination and fertil-
ization (Pearson and Bernstein, 1959). However this effect has not been consistently
observed. Akbar and Yabuno (1977) found that salinity caused panicle sterility in
only some rice cultivars suggesting some genetic control (Khatun et al., 1995).
Salinity’s effect on rice resulted in delayed flowering, a decrease in the number of
productive tillers and fertile florets per panicle and a reduction in individual grain
weight (Khatun et. al, 1995; Lutts et al., 1995).

Zeng and Shannon (2000) examined salinity effects on seedling growth and yield
components of rice. They found that seedling growth was adversely affected at
salinity levels as low as 1.9 dS/m, but this effect did not translate into a reduction
in grain yield. They also found that seedling survival was adversely affected at
salinities >3.4 dS/m, confirming what has been known for decades that rice is
extremely sensitive during early vegetative growth (Pearson and Ayers, 1966).
Furthermore, individual seed size was not significantly affected by salinity but grain
yield per plant was reduced primarily by a reduction in number of tillers per plant,
number of spikelets per panicle, and the grain weight per panicle. Finally, they also
found a substantial reduction in filled grains at 6 dS/m and higher suggesting that
high salinity was causing some sterility.

Khatun and Flowers (1995) studied the effect of NaCl salinity on sterility and
seed set in rice. Salinity increased the number of sterile florets and viability of
pollen, becoming more pronounced with increased salinity. Seed set was reduced
by 38% when female plants were grown in as low as 10 mM NaCl. When they
compared crosses involving male and female parents grown at different salinities,
effects on female plants dominated those on the pollinator plants.

The effects of 50 mM NaCl on floral characteristics, yield components and
biochemical and physiological attributes of rice were studied to better understand
the causes of sterility in rice (Abdullah et al., 2001). They concluded that sterility
and reduction in seed set were primarily due to reduced translocation of soluble
carbohydrates to primary and secondary spikelets, accumulation of more sodium
and less potassium in all floral parts and inhibition of the specific activity of starch
synthetase in developing rice grains, thus reducing seed set.

In summary, the reduction in number of spike-bearing tillers by salt stress during
the vegetative and early reproductive development in most cereal crops appears to
have a greater negative impact on grain yield than any other yield component. The
time from planting to maturity in cereal crops typically decreases with increased
salinity (Grieve et al (1993) but salinity has just the opposite effect on rice (Khatun
et. al, 1995; Lutts et al., 1995). When salinity was applied to wheat from seedling
emergence, it had a profound influence on reproductive development (Grieve et al,
1993). Leaf initiation rate decreased even though the time of flag leaf initiation
was unchanged indicating salinity had no influence on the timing of the transition
from vegetative to reproductive development, but greatly reduced the number of
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tillers and overall grain yield. Salt stress in rice can reduce seedling emergence and
when imposed at early vegetative stages, it reduces tillers and grain-bearing panicles
leading to low yields. However unlike wheat, certain rice cultivars can develop
sterile spikelets, which appears to be genetically controlled, leading to further grain
yield losses.

3. CELL ELONGATION AND CELL WALL PROCESSES UNDER
SALINITY STRESS

Cell expansion is controlled by processes related to cellular water uptake and
cell wall extension (Cramer and Bowman, 1993). Cell expansion is initiated by
biochemical loosening of the cell wall under turgor pressure and uptake of water and
solutes (Cosgrove, 1987, Hsiao et al., 1976; Boyer 1987). Although cell expansion
is three-dimensional, it can be described in one dimensional space as a change in
length (Nonami and Boyer, 1990). Quantitatively, cell growth can be described by
the equation:
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where v is the cell volume, 7 is the time, E describes the cell wall yielding properties,
and W, is the turgor pressure. More comprehensively, a quantitative description of

growth should include mechanical and hydraulic components (Boyer, 1987):
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where m, L, ¥, W, and Y denote cell wall extensibility, hydraulic conductance,
xylem water potential, cell osmotic potential and yield threshold, respectively. E in
equation 1 and mL/(m+L) are comparable; the expression ¥, - W, — Y denotes the
driving force for cell growth (Cramer and Bowman, 1993). The yield threshold is
the minimum turgor pressure (turgor threshold) at which cells expand. Thus, cell
wall extensibility, hydraulic conductance, turgor and yield threshold are important
components of these complex cell- growth processes and control the rate of leaf
elongation. These growth parameters can be readily affected by salinity stress.

In an overview article, Hu and Schmidhalter (2004) concluded that the reduction
of leaf elongation by salinity may either be related to decreases in cell wall exten-
sibility or increases in yield threshold (see for example Cramer, 1991; Neumann,
1993). Other investigators focused on the response of W, to salinity; the result
of these studies, however, were varied and not entirely conclusive (Cramer and
Bowman, 1993). Whereas Thiel et al. (1988) found that W, in leaf epidermal cells
was reduced by salinity, Yeo et al. (1991) determined that leaf elongation in rice
declined after exposure to salinity, but no effect on W, in the growing zone was
detected. In maize, leaf elongation was inhibited rapidly by salinity and then partially
recovered to a new steady-state, while W, initially declined but then completely
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recovered to control values during the new but reduced steady-state elongation rate
(Cramer and Bowman, 1991).

The role of turgor in the response of leaf elongation to salinity remains unclear.
Cramer and Bowman (1993) considered the speed at which leaf elongation is
reduced, suggesting a hydraulic signal might be occurring. In a more recent study
(Cramer, 2003) the effects of salinity on leaf elongation rates of three grass species
indicated that the inhibition of elongation was related either to the yield threshold
or to hydraulic conductance or both, but cell-wall extensibility was not significantly
affected by salinity. Other experiments showed variable effects of salinity on cell
wall extensibility (Cramer and Bowman, 1993). Also, hydraulic conductance was
not always reduced in salt-stressed plants (Cramer and Bowman, 1993). Focusing
more specifically on cell wall properties, Cramer et al, (2001) argued that an
increase in the yield threshold caused by salinity could be explained through an
effect on the physical properties of the leaf cell walls. However, no changes in
physical properties were detected in cell walls in vitro. Therefore the inhibition
of cell elongation by salinity may not be related to a hardening of the physical
structure of the cell walls. On the other hand, cell elongation has been considered
to be stimulated by increased acidification of the cell wall (apoplast) space (see
for example Hu and Schmidhalter, 2004) and hence salinity-induced inhibition of
elongation growth would be related to a decrease in apoplastic acidification rate,
as demonstrated for water stress-induced growth inhibition (e.g. Von Volkenburgh
and Boyer, 1985). In contrast, Neves-Piestun and Bernstein (2001) did not find a
significant effect of salinity on cell-wall acidification in maize leaves. This appears
to be an important difference in the primary cause of inhibition of leaf elongation
by water and salinity stress.

An early hypothesis proposed by Oertli (1968) stated that inhibition of leaf
growth and leaf death by salinity could be caused by excessive salt accumu-
lation in the apoplast of leaves, causing dehydration of leaf cells and loss of W,
Flowers et al. (1991) presented X-ray microanalysis data in support of the Oertli
hypothesis. They found up to 600 mM Na in the leaf apoplast of rice plants that
were subjected to 50 mM NaCl for a week. However, there is uncertainty whether
the used technique would permit the required high spatial resolution for precise
apoplastic ion localization. More recent studies using both an infiltration technique
(Miihling and Léauchli, 2002a) and in vitro fluorescence imaging (Miihling and
Léuchli, 2002b) showed that Na™ concentrations in the leaf apoplast of maize
and cotton remained too low to cause a decline in leaf growth under salinity
stress. These results are not in support of Oertli’s hypothesis. In contrast, solute
concentrations in the leaf apoplast of the halophytic shrub Sarcobatus vermicu-
latus, obtained by the infiltration technique, reached values up to 230 mM Na*
in plants subjected to 300 mM NaCl or higher (James et al., 2006). Thus, in
halophytes, salt may accumulate in the leaf apoplast to quite high concentrations
and then alter the water relations of the plant without causing salt toxicity in the
leaves.



16 LAUCHLI AND GRATTAN

According to equation (2) cell elongation also depends on the cell osmotic
potential, W,. In most plants, when leaf elongation partly recovered after the
initial rapid drop in the elongation rate upon salinization of the medium, osmotic
adjustment occurred with the solute content in the leaf cells becoming higher
under saline than non-saline conditions. This adjustment occurs primarily by an
increased accumulation of Na®™ and Cl- inside the cell but also by accumulation
of organic solutes such as sugars (Munns et al., 2006). That significant solute
accumulation, facilitating recovery of elongation growth, takes place in leaves
following salinization has recently been demonstrated clearly by W. Fricke’s group
for developing barley leaves (Fricke and Peters, 2002; Fricke, 2004; Fricke et al.,
2006). Specifically, Table 1 (see Fricke et al, 2006, Table 2) shows changes in
osmolality in bulk leaf and epidermal cells of the growing barley leaf 3 after
20h exposure to 100 mM NaCl. Both tissues responded similarly to the salt
stress. Osmolality increased by almost 200 mosmol kg~! in the elongation zone
Ez (10-30 mm from the point of leaf insertion), but only by about 75 mosmol
kg~! in the emerged, mature region of the leaf. The increase in osmolality, an
indication of osmotic adjustment in the growing region of the leaf, was not caused
by a decrease in water content but was due to a net increase in solute content
(Fricke et al., 2004).

Sodium, K* and CI- were the main inorganic solutes that contributed to osmotic
adjustment, and with duration of the stress, Na*t increasingly replaced K as the
main cation, particularly in the proximal region of the growth zone which has a high
sink strength for solutes (See Table 1). This argues against ion toxicity due to Na™
and CI- controlling leaf growth. This general and important conclusion has now
broad acceptance (e.g. Hu et al., 2005a; Fricke et al., 2006; Munns et al., 2006).
Nevertheless, the positive contribution of Nat to osmotic adjustment in growing
leaves under salinity stress can only occur if Na* is primarily compartmentalized
in the vacuoles of leaf cells, and thus cytoplasmic toxicity would not be a potential
problem. However, the volume of vacuoles in cells from young developing tissue
is quite small.

Table 1. Osmolality (mosmol kg™') in bulk leaf and epidermal cell extracts of leaf 3 of barley, 20h
following salinization of the root medium with 100 mM NaCl. Third leaves were analyzed within the
elongation zone (EZ; 10-30mm from leaf insertion) and within the emerged part of the blade. Means and
standard deviations (n=8) are shown. Reproduced from Fricke et al., 2006. J. Exp. Bot. 57: 1079-1095,
Table 2) and permission of the Journal of Experimental Botany

Extract Control (-NaCl) Salt Treatment (100 mM NacCl)
Leaf-region Leaf-region
EZ Emerged Blade EZ Emerged Blade
Epidermal Cells 386 (22) 423(22) 578(34) 492(53)

Bulk Leaf 428(16) 451(15) 595(32) 530(28)
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4. CROP GROWTH AND DEVELOPMENT IN SALINE
AGRICULTURAL ENVIRONMENTS

Most research that studies the effect of salinity on crops has been conducted in
controlled laboratory and greenhouse environments, allowing scientists to better
understand detailed responses and determine possible mechanisms the plant uses
to cope with this stress. However, such experimental conditions do not reflect the
natural conditions the plant encounters in salt-affected areas. There are a number
of additional abiotic and biotic stresses that plants may endure in the field such as
extreme temperatures, water deficits, flooding, nutritional inadequacies, poor soil
physical conditions, pathogens and pests (Mittler, 2006). Moreover, these stresses
are not constant, but vary both spatially and temporally. Therefore geneticists
must be aware that genetically-altered plants with higher salt tolerance must also
thrive under field conditions with numerous additional interactive stresses for this
improved plant to be commercially successful.

In the field, salt-affected crops must also contend with too much or too little
water. Therefore, actual crop performance during the growing season is related to
how the plant responds to both salinity and fluctuating soil water conditions, either
excessive or deficit.

1. Flooding. The combined effects of salinity and flooding are common in saline
areas, particularly where shallow saline-water tables exist or where soils are
also sodic, reducing water infiltration and causing water to pond on the soil
surface (Barrett-Lennard, 2003). In flooded or poorly-drained soils, diffusion of
oxygen to roots is reduced, thereby limiting root respiration and plant growth
(Sharpley et al. 1992). In addition, important nutrients such as nitrate, sulfate,
iron and manganese can be chemically reduced, decreasing their availability to
the plant (Kozlowski, 1997) and selective ion transport processes are disrupted
(Drew et al., 1988). Such anaerobic conditions adversely affect crop growth and
developmental processes, influence morphological and anatomical adaptations,
and cause many physiological dysfunctions in the plant. When combined with
salinity stress, Na and CI concentrations increase in the shoot further decreasing
plant growth and survival (Barrett-Lennard, 2003).

2. Water deficit. Plant stress from salinity and water deficit have much in
common (Munns, 2002a), but how the plant responds to the combination of
stresses remains unresolved (Meiri 1984; Homaee et al., 2002). Under field
conditions, water deficit is practically unavoidable since the soil-water content
varies temporally and spatially throughout the season. Therefore some degree
of both stresses can be occurring at different times and places in the rootzone
(Homaee et al., 2002). For example, stress from water deficit may predominate
in the upper portion of the rootzone while salt stress may predominate in the
lower portion. Clearly the combination of stresses is more damaging than either
one alone, but quantifying the growth-limiting contribution of each is difficult
and can vary depending upon environmental conditions.
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Sixty years have passed since Wadleigh and Ayers (1945) first demonstrated
that bean plants responded to the additive combination of matric? (i.e. related
to water deficit) and osmotic (i.e. related to salinity) stresses. This controversial
finding, however, does not imply that these stresses are additive in all situations
(Shani and Dudley, 2001). For example, Meiri (1984) concluded that the matric
potential preferentially affected the shoot growth of bean more than did the
osmotic potential. Shalhevet and Hsiao (1986) also found that pepper and cotton
were affected more by water stress than by salinity at equivalent reductions in
soil-water potential. Although matric and osmotic components are additive, from
a thermodynamic perspective, there are kinetic factors (i.e. water uptake and
transpiration) that must be considered as well (Maas and Grattan, 1999). For
example, plant response to these stresses under conditions of low evaporative
demand is likely to be different than that observed under high evaporative demand
since the matric and not the osmotic potential controls water flow to the roots
from the surrounding soil. As the soil dries, the matric potential decreases, but
increases the resistance of water flow to the roots in a non-linear fashion (Homaee,
et al, 2002). On the other hand, increases in soil salinity, at a given water content,
reduces the soil-water potential but does not reduce water flow to the root.
Moreover the root cortical cells can osmotically adjust to some extent allowing
water to readily move into the root. This is consistent with the observation of
Shalhevet and Hsiao (1986) who observed much lower leaf water potentials in
transpiring pepper and cotton leaves in water-stressed plants than those stressed
by salinity at equivalent soil-water potentials. Furthermore, these investigators
found that osmotic adjustment was incomplete in leaves of water-stressed plants
as compared to salt-stressed plants. Lower leaf-turgor in water-stressed plants
led to reduced transpiration, CO, assimilation rates and growth. The overall
magnitude of the difference between matric and osmotic effects is likely related
to differences in plant type, root-length density and evaporative demand.

More research is needed to assess the interactive effects of these stresses.
A highly instrumented volumetric lysimeter system that characterizes osmotic
and matric stresses continuously at various depths, such as the one described
by Poss et al., (2004), could provide valuable insights into whether the plant
responds equally to the combined stresses or whether one predominates over the
other under certain environmental conditions. In addition, a newly introduced
root water extraction model for non-uniform conditions of salinity stress and
water stress (Homaee et al., 2002) may be appropriate to sort out individual
contributions of combined stresses under variable evaporative demands.

3. Plant pathogens. Salinity can affect the soil microbe populations in the
rhizospere and their interaction with roots. For example Rhizobium spp., which

2 Matric potential is the reduction in the free energy of soil water due to water’s attraction to the soil
matrix. The matric potential is zero in saturated soils and becomes progressively more negative as the
soil water content decreases.
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are integral to legume production, seem more salt tolerant than their host plants,
but evidence indicates that nodulation and N, fixation by some crops are impaired
by salinity (Lduchli, 1984). Other investigators have suggested that mycorrhizal
symbioses improve the ability of some crops to tolerate salt by improving
phosphorus nutrition (Hirrel and Gerdemann, 1980, Ojala et al. 1983, Poss et al.
1985).

Salt-stressed plants may be predisposed to infection by soil pathogens. Salinity
has been reported to increase the incidence of phytophthora root rot in chrysan-
themum (MacDonald, 1982) and tomato (Snapp et al. 1991). The combined
effects significantly reduced fruit size and yield of tomato (Snapp et al. 1991),
but wetter soil under salt-stunted plants, due to less evapotranspiration than
non-saline control plants, may contribute to increased susceptibility to fungal
diseases. Research on salinity-pathogen interactions is rather limited despite its
potential economic impact in salt-affected areas many of which are also prone to
waterlogging. Therefore further research is warranted in this area.

4. Climate. It has long been known that climatic conditions have a profound
influence on plant response to salinity. Crops are more sensitive to salinity in
hot, dry climates than they are under cooler and more humid environments.
The combined effects of salinity and conditions of high evaporative demand,
whether caused by high temperature, low humidity, or increased wind are more
stressful than salinity stress alone. Several crops including alfalfa, bean, beet,
carrot, cotton, onion, squash, strawberry, clover, saltgrass, and tomato are more
sensitive to salinity at higher temperatures than they are at lower temperatures
(Ahi and Powers 1938, Magistad et al. 1943, Hoffman and Rawlins 1970). On the
other hand, higher humidity allowed barley, bean, corn, cotton, onion, and radish
to be more tolerant to salinity (Hoffman and Rawlins 1970, 1971, Hoffman et al.
1971, Nieman and Poulsen 1967). Because climate dramatically affects plant
response to salinity, the time of year and location salt-tolerance experiments are
conducted will likely affect the results.

5. Soil physical conditions. Poor soil physical conditions can also contribute
additional stresses in salt-affected areas (Grattan and Oster, 2003). For example,
soils with poor structure or impermeable layers could restrict root growth as well
as influence water and salt distribution in the soil. Crusting at the soil surface
acts as a physical barrier for emerging seedlings and can lead to poor stand
establishment particularly if the young seedlings are already weakened by salt
stress. Although there has been a considerable amount of research conducted on
salinity and sodicity’s effect on soil physical conditions, more research is needed
to evaluate how these changes affect crop performance.

6. Composition of the salinizing solution. ~ Agricultural soils around the world vary
not only in salinity but also in the composition of salts in the soil (Tanji, 1990).
The dominant cations in salinized soils are sodium (Na'), calcium (Ca?*) and



20

LAUCHLI AND GRATTAN

magnesium (Mg?") while the dominant anions are chloride (CI-), sulfate (SO3")
and bicarbonate (HCO; ). The ratios of these ions differ from one location to the
next but the composition of the salts is usually characteristic of the geochemical
characteristics of the area. Potassium (K ") and carbonate (CO?~ ) are usually very
low in irrigation water and soil solutions since their concentration is controlled
by pH and solid phase interactions.

The ratio of sodium to calcium varies dramatically in natural waters. Gibbs
(1970) analyzed the chemical constituents of global waters and found an inter-
esting relationship between salinity and the ratio of Na/(Ca + Na), expressed in
mg/L. Only in very pristine (< 10 mg/L) or extremely saline (>10,000 mg/L)
waters were the Na/(Ca + Na) ratio greater than 0.8. The ratio of Na/(Ca +
Na) in most water sources used for agricultural production (100 — 1,200 mg/L)
is between 0.05 and 0.6, indicating that calcium is an important salinizing
constituent. However as salts in these waters become concentrated due to evapo-
transpiration and reuse, these ratios will begin to increase due to precipitation of
calcite and other divalent ion minerals in comparison to sodium (Tanji, 1990).

Regardless of the fact that irrigation waters and agricultural soil solutions are
comprised of multiple combinations of cations and anions, the vast majority of
salinity experiments on plants use NaCl as the sole salinizing salt. Lazof and
Bernstein (1999) discussed the shortcomings of research where not only NaCl
was used as the sole salinizing salt, but those studies where non-saline control
treatments contain unrealistic trace amounts of Na and Cl. These investigators
emphasize that trace levels of NaCl in control treatments are problematic in light
of observed stimulatory effects from small additions of NaCl up to SmM in many
glycophytes. Extremely high Na/Ca ratios, on the other hand, lead to nutritional
disorders and secondary stresses due to adverse affects on soil conditions.

Not only is NaCl uncharacteristic of agriculturally saline environments, but
experiments that use this as the sole salinizing salt create extreme ratios of
Na/Ca, Na/K, Ca/Mg and CI/NO; in the root media (Lduchli and Epstein, 1990).
These extreme ratios can adversely affect the mineral-nutrient relations within the
crop than would occur otherwise under normal saline environments (Grattan and
Grieve, 1999). Nutrient imbalances in the crop may result from several factors
including the effect of salinity on nutrient ion activity and availability, the uptake
and/or distribution of a nutrient within the plant, and/or increasing the internal
plant requirement for a nutrient element resulting from physiological inactivation.

The importance of calcium and its protective role for plants in saline environ-
ments has been known for a century (Kearney and Harter, 1907; LaHaye and
Epstein, 1969). Calcium preserves the structural and functional integrity of cell
walls and membranes and regulates ion transport and selectivity (L&uchli and
Epstein, 1990; Cramer, 2002). Any changes in the cell Ca** homeostasis is
suggested as a primary response to salinity stress as perceived by the root cells
(Rengel, 1992). Sodium-induced Ca** deficiency has been observed by numerous
investigators when the Nat/Ca?* ratio in the solution, at a given salinity level for
a particular plant, increases above a critical level (Kopittke and Menzies, 2004).
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Crops in the grass family such as barley, corn, rice, sorghum and wheat, are
particularly prone to this effect and large differences have been observed among
species and cultivars.

Calcium deficiency may be partly related to the effect of Naton Ca?* distri-
bution within the plant (Lazof and Bernstein, 1999). Some scientists have found
Na* to restrict the radial movement of Ca’>* from the root epidermis to the root
xylem vessels (Lynch and Liuchli, 1985) while others found it to inhibit Ca**
transport to the shoot, particularly meristematic regions and developing leaves
(Kent and Léuchli, 1985; Maas and Grieve 1987; Grieve and Maas 1988; Lazof
and Liuchli, 1991). Salinity-induced Ca** deficiency has also been observed on
crops from different families such as blossom-end rot in tomato and bell pepper
and black heart in celery (Geraldson, 1957).

The effect of pH on Na induced Ca** deficiency was investigated because
high pH is characteristic of many salt-affected agricultural soils. This alkaline
pH may decrease the activity of Ca*" and aggravate the condition (Kopittke and
Menzies, 2004). Interestingly, pH changes in the alkaline range did not affect
the critical calcium activity ratio (CAR), a value below which Ca®* deficiency
symptoms appear, for either mungbean or Rhodes grass in either soils or solution
cultures.

Not all salt-affected soils are dominated by chloride salinity. Many salt-
affected soils are sulfate dominated such as those found in the Canadian prairie
(Curtain et al., 1993), California’s San Joaquin Valley (Tanji, 1990), Egypt and
India (Banuelos et al., 1993; Manchanda and Sharma, 1989). At moderate levels
of salinity, sulfate was less deleterious to growth than was chloride salinity
in alfalafa, pepper and sorghum (Rogers et al., 1998, Boursier and Léuchli,
1990 and Navarro et al., 2002). However at higher salinity levels, sorghum was
more sensitive to sulfate salinity than it was to chloride salinity (Boursier and
Léuchli, 1990).

7. Interactions between salinity and boron toxicity. Boron is essential for cell
wall structure and plays an important role in membrane processes and metabolic
pathways (Blevins and Lukaszewski, 1998; Lauchli, 2002; Brown et al., 2002).
However, there is a small range where concentrations in the soil solution are
optimal (Gupta et al., 1985). Above this range, boron becomes toxic and below
it, boron 1is deficient. Toxicity can occur in crops when boron concentrations
increase in young developing tissue or margins of mature leaves to lethal levels,
but plant-tissue analyses can only be used as general guidelines for assessing the
risk of B-toxicity (Nable et al., 1997).

It has been known for decades that boron mobility is affected by climatic condi-
tions and that it varies among species (Eaton, 1944). He found that after boron
enters the leaf, it remains immobile in most plant species while in others, partic-
ularly stone fruits, it can re-mobilize to fruits and other parts of the plant. More
recent evidence has shown that boron can form complexes with polyols in some
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species allowing it to be phloem mobile (Brown and Shelp, 1997). In other species
where these simple sugars exist in small amounts, boron remains immobile. This
sheds light on why B-toxicity symptoms occur on margins of older leaves of some
plants (‘boron immobile’) while toxicity symptoms appear on younger, developing
tissue (i.e. tip die back) in others (‘boron mobile’). In those plants where boron is
phloem immobile, boron concentrations in growing tips and reproductive tissue is
much lower than concentrations in mature leaves. In boron mobile plants, just the
opposite is found.

High boron, like salinity, is an important abiotic stress that adversely affects
sensitive crops in many arid and semi-arid climates. There are many agricultural
areas around the world where both high salinity and high boron occur together
(Tanji, 1990) or where both boron and salt concentrations in municipal waste-
waters are high, potentially affecting the plant (Tsadilis, 1997). Despite the common
occurrence of high boron and high salinity in many parts of the world, very little
research has been done to study the interaction of the two (Grattan and Grieve,
1999; Ben-Gal and Shani, 2002).

The question has recently been raised, are the effects of salinity and boron on
crops additive, synergistic, or antagonistic? From a review of the limited number
of studies that addressed the combined effects of salinity and boron on the plant,
it appears that the results are contradictory. In some cases salinity may enhance
boron sensitivity while in others, it may reduce its’ sensitivity or have no effect.

In sand-culture experiments conducted in a greenhouse, researchers found that
wheat responded to boron in the soil solution independently of salinity (Bingham
et al., 1987). They found that there was no salinity - B interaction with respect to
leaf B concentration. Similarly, others have found that boron and salinity effects
were independent of each other for corn, barley and alfalfa (Shani and Hanks, 1993
and Mikkelsen et al., 1988).

However in more recent studies, investigators found that salinity enhanced B-
sensitivity in wheat (Grieve and Poss, 2000; Wimmer et al. 2001; Wimmer et al.,
2003). Wheat, a boron immobile plant, is one of those crops that is tolerant to
salinity relative to other crops but is relatively sensitive to B. Grieve and Poss (2000)
found that salinity increased B accumulation in leaves and that boron concentrations
increasing above 400 mg/kg dry wt were associated with more injury. However
boron is not equally distributed in the plant. Wimmer et al., (2003) found that under
saline conditions, total B concentration was reduced in the root, was unaffected in
the basal portion of the leaf, and increased dramatically in the leaf tip. In a more
recent study, Wimmer et al. (2005) found that in wheat, B-tolerance is multi-faceted
and genotype specific. In one B tolerant genotype (GREEK) high B in the medium
led to accelerated reproductive development and early maturation which indirectly
kept B accumulation in the leaves to a low level.

More important than salinity’s effect on boron distribution in wheat was it’s
effect on B-soluble fractions within the shoot. Wimmer et al. (2001, 2003) found
that combined salt and boron stress significantly increased the B-soluble fractions
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in both inter- and intra-cellular portions of the basal leaf more than either stress did
alone. They propose that the soluble-B fraction in cells is an indicator of B-toxicity.

In a greenhouse study using soil in pots, investigators found that salinity increased
B sensitivity in tomato and cucumber (Alpaslan and Gunes, 2001). However they
found that salinity reduced total B concentration in tomato but increased it in
cucumber. Furthermore, these investigators found that NaCl increased membrane
permeability but increasing B in the soil to toxic levels did not, except in the
presence of salinity. These investigators did not examine soluble vs insoluble boron
fractions as was done by Wimmer et al. (2003). Therefore it is unknown why tomato
was more sensitive to boron in the presence of salinity when the total boron was
reduced.

Other investigators found that salinity reduced boron’s toxic effect. In one field
study conducted in Northern Chile, a number of vegetable crop species and prickly
pear cactus were irrigated with saline water (8.2 dS/m) containing a mixture of
ions including 17 mg/L of boron (Ferreyra et al., 1997). Plant growth and crop
yields of artichoke, asparagus, broad bean, red and sugar beets, Swiss chard,
carrot, celery, a local variety of sweet corn, potato, prickly pear cactus, onion,
shallot, spinach, were all greater than expected based on published salt and boron
tolerance coefficients. These investigators found that salinity reduced leaf boron
concentrations. Interactions likely occurred which increased the crop’s tolerance
for boron in the presence of saline conditions. The investigators suggested that a
reduction in plant water uptake, due to higher salinity levels, would reduce the
rate by which boron accumulates in the plant. This reduced rate would extend the
time by which boron would reach damaging concentrations that would affect plant
growth.

Others also found that salinity reduced leaf B concentration of chickpea (Yadav
et al., 1989), wheat (Holloway and Alston, 1992), Eucalyptus camaldulensis (Poss
et al., 1998), as well as reduced B uptake and accumulation in the stem of several
Prunus rootstocks (El-Motaium et al., 1994), decreasing B-toxicity symptoms. In
the latter study, the investigators found a negative relationship between B and
SO2~ concentrations in tissue suggesting that SO~ could be responsible for the
salinity-induced reduction in tissue B. However, recent experiments with broccoli
in greenhouse sand tank systems indicated that Cl salinity was equally effective
as mixed sulfate-chloride salinity in reducing boron’s detrimental effect (Grattan
et al., 2004) even though the effect of the combined stresses was more detrimental
than either one alone. Regardless of salt composition, they found that at low boron
concentrations (< 1mg/L), salinity increased shoot boron concentration while at very
high boron concentrations (24 mg/L), salinity reduced shoot boron concentration.
These investigators also explored the hypothesis that boron is taken up passively
via the transpirational stream. By measuring changes in the isotopic fractionation
of water samples in these closed sand tank systems over time, they were able to
separate transpiration from evapotranpiration and to make inferences regarding the
passive uptake of boron in relation to the cumulated plant transpiration. They found
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that at low boron (< Img/L), total shoot B was higher than would be accounted for by
simple transpirational mass flow (solution concentration x cumulative transpirational
volume). One the other hand, at high boron concentrations (>14 mg/L), total shoot
boron was substantially less than that predicted based on mass flow suggesting the
plant is somehow able to regulate the accumulation of boron in the shoot, which
is dependent upon the boron concentration of the external solution and not salinity.
However, in cucumber, the '°B/''B ratio in the soil solution was equal to that in the
plant tissue suggesting that the plant is unable to discriminate in uptake between
the two isotopic species of boron (Grattan et al.,2005).

Another important finding in salinity-boron interactions is the influence pH has on
this interaction (Grattan et al., 2005; 2006). Under slightly acidic conditions, boron
in solution occurs as undissociated boric acid (B(OH),). In contrast, under slightly
basic conditions, boron partly changes to borate (B(OH); ). This change in the
chemical speciation of boron under alkaline conditions may affect the mechanism
and rate at which boron is transported through membranes. In a controlled sand tank
experiment with cucumber, increased salinity, boron and pH (from 6 to 8) decreased
fruit yield. Investigators did not find any significant salinity-boron interaction.
However in slightly acidic conditions, regardless of salinity, increased boron was
more detrimental than it was in slightly basic conditions. When the experiment was
repeated with broccoli, these investigators found different results. They found that
an increase in soil-water boron from 1 to 21 mg/L at pH 6, did not significantly
reduce the head yields of broccoli at any salinity level. However at pH 8, as boron
increased from 1 to 21 mg/L, head yields at both low (EC 2 dS/m) and high (EC
14 dS/m) were reduced by over 85%. Interestingly at moderate salinities (EC 5 to
11 dS/m), increased boron had very little detrimental effect.

Much has been learned over the past decade regarding salinity-boron interactions
but many questions remain unresolved. More research is needed to (1) under-
stand the relationship between visual injury symptoms, tissue boron concentrations,
soluble boron fractions, the role pH plays and how these all interact affecting
crop yield and (2) the influence of salinity on the soluble fractions of boron,
boron mobility and distribution within the plant and how these relate to visual
injury.

In summary, plants under field conditions often endure multiple stresses during
their development. However, the vast majority of research has focused on individual
stresses in the absence of others. Plant response to combined stresses can not be
readily extrapolated based on their response to individual stresses (Mittler, 2006).
Figure 4 shows potential interactions among several agricultural stress combina-
tions. Some stress combinations show negative interactions while others exhibit
positive interactions. For some stress combinations, there are no or unknown mode
of interactions. Therefore Mittler (2006) suggested that tolerance to a combination
of stresses should be the focus of future research, particularly those where the goal
is to develop transgenic crops with enhanced tolerance to natural adverse field
conditions.
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Drought | Heat | Chilling | Freezing | Pathogen | Nutrients | Boron | Flooding | Humidity
Salinity ? ?
Drought 2 ? ? ?
Heat ? ? ? ?
Chilling ? ? ? ? ?
Freezing ? ? ? ? ?
Pathogen ?
Nutrient -
Boron ? ?
Flooding ?

Potential negative Unknown mode of interaction
interaction
Potential positive or
negative interaction
Potential positive
interaction

No interaction

Figure 4. Agriculturally important environmental factors and their potential interactions. Modified from
Mittler (2006). Boron-nutrient interaction source (Marschner, 1995)
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The growth and function of roots are essential for crop productivity under water-
limiting conditions, but direct improvement of roots by plant breeding has been slow.
One difficulty is the observation and quantitative measurement of root systems under
conditions that are relevant to field environments. Another challenge is the identification
of and selection for specific loci that could improve the acquisition of water from the
soil profile. However, advances are being made in the understanding of root growth
regulation and development. We review the evidence for the maintenance of root growth
by ABA during water deficit, and the interactions with ethylene and other hormones.
A biophysical model of cell expansion serves to focus discussion of topics relating
to regulation of growth and development. The power of kinematic growth analysis is
demonstrated by highlighting changes in growth regulatory processes and associated
patterns of gene expression and protein composition that occur specifically in regions
of the root where cell expansion is maintained under water deficit conditions. Growth
is a complex process; new information adds further insight and further complexity
to our understanding of how roots sense and respond to changes in environmental
conditions. It is important to unravel these adaptive mechanisms so that it is clear how
the manipulation of one process will affect the function of the whole plant, and so
that the effect on final yield and water use can be predicted. This complexity makes
simple linear models inadequate as explanatory tools, and a systems approach is needed
to incorporate the weave of interacting networks of signaling and response pathways.
The real challenge is to discover how root growth can be improved, to supply breeders
with the practical tools to identify or introduce superior alleles in crop species, and
ultimately to ensure that discoveries lead to improvements in productivity in the field

Root growth, water deficit, ABA, ethylene, ROS, DELLA proteins, cell wall

1. ROOT GROWTH AND DROUGHT

Roots are essential to plant survival and play a critical role in determining the yield
of crops. However, they are hidden from view, often deep in the soil, and this
makes them difficult to study and easy to ignore. Historically, plant breeders have
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made selections for crop improvement based on visible traits, or at least traits that
were easy to identify because of the need to rapidly assess large numbers of plants.
It is not surprising, therefore, that root characters rarely feature in lists of active
breeding targets. This may change with new discoveries and the development of
innovative screening techniques.

One of the most critical challenges land plants face is drought, and under such
circumstances the role of roots in acquiring soil water and nutrients is absolutely
essential. Drought is the largest single factor limiting crop productivity worldwide
(Boyer, 1982), yet it is unfortunate that many aspects of how roots grow, develop
and respond to changing soil conditions are poorly understood. It is the growth of
roots that determines root system architecture and exploration of the soil profile.
Nearly all of this growth occurs within several mm of root apices. What happens
in this relatively small mass of cells can make a huge impact on yield under sub-
optimum conditions. This chapter focuses on what we have learned about one aspect
of plant adaptation to drought: how root growth is maintained in drying soils. Much
of what we know about root behavior comes from studies done on simple systems
in controlled environments; many of the examples we will use here are from the
maize (Zea mays L.) primary root system. In addition, we consider examples of
root growth of mature plants in field conditions.

The maize seedling root system consists of the primary root and additional sets of
seminal roots emanating from the mesocotyl-radicle junction (Cahn et al., 1989). In
addition, nodal roots successively form on the plant stem, some of which emanate
above the soil surface. In the root system of the mature plant, these seedling and
nodal roots can produce up to 70 axile roots, and first- and second-order lateral
roots can emerge from these (Hoppe et al., 1986). With respect to the root system of
mature plants, the primary root is a minor constituent; however, it is a convenient
system to study, and although root types can respond differently (Volkmar, 1997),
most physiological and molecular features of the primary root may be generally
applicable.

In several crop species including maize, the growth of roots and shoots is inhibited
during water deficit, but roots continue growing at low water potentials ({s,,) that
are completely inhibitory to shoot growth (Spollen et al., 1993). This differential
growth sensitivity may confer an advantage to plants in water-limited conditions by
favoring the allocation of carbon below ground to permit greater exploration of soil
while limiting the loss of water from shoot tissues. Understanding how growth is
regulated in response to water deficit is necessary in order to find ways to improve
crop productivity.

1.1. Hormonal Regulation of Root Growth

Roots growing slowly at low s, synthesize and accumulate the plant hormone
abscisic acid (ABA). ABA applied to well watered roots inhibits root growth
(Sharp, 2002; Sharp et al., 1994). Therefore, it might seem logical to conclude that
the endogenous production of ABA at low {5, causes the root growth inhibition.
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However, it has been shown that this is incorrect. In the maize primary root ABA
accumulation is required for the maintenance of growth. This was discovered by
conducting a series of classic hormone response experiments, following the rules
set out years ago by Jacobs (Jacobs, 1959). Briefly, ABA accumulation was blocked
either by adding an inhibitor of carotenoid and therefore ABA synthesis (fluridone),
or by using maize mutants deficient in ABA, such as vp/4, which contains a lesion
in 9-cis epoxycarotenoid dioxygenase, the rate-limiting step in ABA synthesis (Tan
et al., 1997). Roots deficient in ABA showed severe growth inhibition at low {5,
and when exogenous ABA was added back to the tissues to restore the normal
endogenous concentration of ABA, growth rates were restored (Saab et al., 1990;
Sharp, 2002; Sharp et al., 1994). When ABA was added to roots such that the
endogenous concentration increased above the normal level, growth was inhibited.
In fact, a tissue concentration of ABA that is required for root growth at low s,
causes growth inhibition under well watered conditions, showing that the sensitivity
to ABA also changes with tissue water status (Sharp, 2002; Sharp et al., 1994). Thus,
exogenous ABA application leading to supranormal tissue ABA concentrations can
cause artefactual responses and incorrect conclusions about the role of endogenous
ABA. These cautions most probably also apply to the assessment of other hormones
that may be involved in root growth regulation under water deficit conditions.

Further experimentation with the maize primary root system revealed that an
important function of endogenous ABA is to keep ethylene production under control
(Spollen et al., 2000). Under water deficit conditions, elevated levels of ABA
in roots are sufficient to suppress excess ethylene production and, hence, further
growth inhibition is prevented. Interestingly, ABA accumulation in shoot tissues at
low {5, can be insufficient to prevent ethylene-induced growth inhibition (Sharp,
2002). This may be part of the mechanism of greater sensitivity of shoot than
root growth to low i, although additional factors clearly modulate maize leaf
growth under water deficit conditions, and some of these may be independent of
ABA/ethylene interactions (Voisin et al., 2006). In the absence of stress, ABA
may also help promote shoot growth via ethylene suppression. This was shown in
Arabidopsis (LeNoble et al., 2004) and tomato (Sharp et al., 2000) by decreased
growth of ABA deficient mutants when shoot water status was maintained by high
humidity (to overcome effects of impaired stomatal functioning).

The effects of ethylene on growth are complex and variable. In many species
there is a biphasic response of growth to ethylene, whereby very low concentrations
of ethylene can stimulate growth while greater concentrations inhibit growth (Pierik
et al., 2006). In addition, developmental stage can affect the growth response to
ethylene. For instance, during the post-germination development of maize seedlings
at low s, ethylene shifts from growth promotion of the mesocotyl to growth
inhibition (Sharp, 2002; Sharp and LeNoble, 2002). In contrast to maize, ethylene
stimulates root growth in deep water rice (Steffens et al., 2006), and ABA inhibits
root growth by competitive inhibition of gibberellin (GA) stimulation of ethylene
synthesis. The rice and maize systems are similar in that ABA blocks ethylene, but
ethylene can promote or inhibit growth in the different systems.
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Recent evidence suggests that ethylene may inhibit growth by stabilizing the
activity of DELLA proteins, which restrict root growth (Achard et al., 2006). In
this study, Arabidopsis seedlings growing on saline substrate showed increased
ethylene production and decreased growth, but not in mutants deficient in ABA
signaling (abil-1) or lacking four of the five DELLA proteins. Under severe stress
conditions, the disadvantage of decreased growth was offset by increased plant
survival in the mutants compared with wild type. One of the major DELLA proteins
(GAI) regulates GA action: GA stimulates growth by stimulating the breakdown of
DELLA proteins. A generic view may be that ABA restricts ethylene, which permits
GA breakdown of DELLAs, releasing the ‘brakes’ on growth. Conversely, if low
s,-induced ABA accumulation is prevented, increased ethylene may inhibit GA,
which then protects DELLAs and their inhibition of growth. An exception may be
in submerged tissues of plants adapted to aquatic environments where ethylene-GA
interactions have the reverse effect, allowing ethylene to stimulate GA levels and
DELLA breakdown.

It is not yet clear how ABA and the ethylene synthesis pathway interact. Other
hormones also affect root growth, including auxin (Fuand Harberd, 2003; Rahman
et al., 2001), brassinosteroids (Miissig et al., 2003), and cytokinins (Riefler et al.,
2006). Multiple hormone pathways interact to affect growth in a complex manner.
Hormones also affect root initiation, which can be separated from expansive growth
per se. For instance, work with the /rd2 mutant in Arabidopsis showed that both
auxin and ABA mediate lateral root initiation, and that the suppression of lateral
root initiation by ABA at low {5, does not involve changes in primary root growth
rate (Deak and Malamy, 2005). (In soils, however, it should be noted that low
U, can lead to increased lateral root development [Ito et al., 2006]). In tomato,
overexpression of the tonoplast Ht-pyrophosphatase led to increased root growth
and drought tolerance, which may have been caused by increased apoplast acidi-
fication and polar auxin transport (Park et al., 2005). Auxin and ABA pathways
may converge at ABI3 (de Smet et al., 2006), and ABA and ethylene pathways can
intersect at ERF4 (Yang et al., 2005).

Part of the complexity in interpreting hormone-growth relationships is the need
to separate cause and effect, and to consider environmental conditions that can
alter hormone levels. For instance, a set of near-isogenic maize hybrids were
developed that contrast for leaf ABA concentration, and QTLs linked to this
trait were identified (Giuliani et al., 2005). However, the interesting result is that
the main QTL appears to control root system architecture, and the effects on
leaf ABA are probably pleiotropic. The proposed model suggests that the lines
that accumulate greater levels of leaf ABA do so because root density is greater
in the more superficial soil layers, which tend to dry out even under irrigated
conditions. These roots in drying soil may synthesize ABA and transport it to
leaves in the transpiration stream. A beneficial result is that the ‘high ABA’
allele is associated with larger root systems that reduce lodging. Breeders need
this kind of genotypic and phenotypic information in order to manipulate root
architecture.
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1.2. Root Growth Biophysics

Roots, as all plant tissues, grow by production of new cells by the meristem,
followed by expansion of these cells until growth ceases. Although cell division is
vital, it is mostly cell expansion that drives roots through the soil matrix. Biophysical
models of tissue growth provide a clear framework for the interpretation of growth
responses. The Lockhart (Lockhart, 1965) equation, originally developed to explain
the linear expansion of single cells, also has been applied to multicellular organ
growth, such as the primary root. In simplified form:

(1)  G=mP-Y)

where G is expansive growth; m is cell wall extensibility; P is turgor; and Y
is the minimum turgor threshold required to irreversibly extend the cell wall.
This simplified form has been further elaborated, taking into account the driving
forces and resistances to water flux through tissue (Passioura and Boyer, 2003),
and soil penetration resistance (Bengough et al., 2006). It has been shown that
m and Y are not merely physical constants describing the viscoelastic mechanical
properties of the cell wall, but additionally comprise metabolic factors acting on
wall polymer rheology (Passioura, 1994). This theoretical treatment of growth is
important because it breaks down a complicated process into conceptually smaller
components, each of which may be controlled by the expression of a gene or suite
of genes that can be manipulated by plant breeding.

1.3. Root Growth Kinematics

In maize seedlings grown in darkness and near non-transpiring conditions at 29 °C,
the primary root tip is advanced at about 3 mm h~! in well watered vermiculite
(an expanded phyllosilicate mineral that serves as a soil-like substrate) in which
there is negligible penetration resistance (Sharp et al., 1988), or up to 4 mm
h=! in solution culture (Verslues et al., 1998). Roots are usually indeterminate
structures: if optimum conditions could be maintained beyond the seedling stage,
roots growing at this rate would reach a depth over 2 m in a month. It is not
surprising, then, that the maize root systems excavated by Weaver (Weaver, 1926)
in irrigated, deep prairie soils reached 2.5 m. In most cases, of course, environmental
factors limit the full expression of the growth potential of the root system in the
field.

In the seedling system, when the water content of the vermiculite decreased
to a s, of -1.6 MPa, root growth slowed to approximately 1 mm h~! (Sharp
et al., 1988). The rate of root growth is determined by the rate of cell production
from the meristem, rates of cell expansion, and the final length of cells (or
the time spent elongating). Following the first division in the meristem, cells at
first expand anisotropically (Liang et al., 1997), then longitudinal expansion is
favored over radial expansion. Each cell is displaced basipetally away from the
root apex by further cell production and expansion. At a certain point cells cease
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elongation. Mechanisms that control cell production and expansion within the root
apex determine the growth rate and size of the entire root system. Other factors that
are important, but not discussed here, are the production of new root apices (e.g.
lateral root initiation), capacities for water uptake and transport, and the functional
longevity of roots.

The process of root growth can be examined more closely, cell by cell if
necessary, using the tools of growth kinematics (Silk, 1984; Figure 1). This is a
powerful technique because it determines within the root apex the location of cells
that are growing and those that have ceased growth. This is immensely important
because the attributes—from gene expression patterns to wall mechanical properties—
of growing cells are different from those that have ceased growth. This seems
obvious, yet in most experiments, whole roots are ground up and analyzed as a
single specimen. The fundamental bases of how root growth is regulated can be
discovered best by first understanding the spatio-temporal organization of growth
with fine resolution. Tools for determining the dimensions of the growth zone
and rates of cell production now include, for instance, computational video image
analysis (Peters, 2004; van der Weele et al., 2003; Walter et al., 2002).

Measurement of changes in local growth rates within the apical 10 mm of the
root tip show that in the maize primary root, the length of the growth zone shortens
under water deficit (Figure 1; Sharp et al., 1988). However, cells near the root apex
maintain the same longitudinal expansion rate under well watered and water deficit
conditions. Growth maintenance in this apical region depends on the accumulation
of ABA (Figure 1; Ober and Sharp, 2003; Saab et al., 1992). The shape of the
velocity curve may depend on species, growing conditions, and the resolution with
which relative elongation rates are measured (Bengough et al., 2006).
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Figure 1. Spatial growth pattern of maize primary roots at high (WW) and low (WS) s,. The root
growth zone extends to 11 mm at high (s, but is constricted to 7 mm at low {s,. Inhibition of ABA
accumulation by treatment with fluridone, which inhibits ABA synthesis by a block in the carotenoid
pathway, severely restricts root growth at low {s,,. Data are taken from Ober and Sharp (Ober and Sharp,
2003)
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14. Root Turgor Maintenance and Osmotic Adjustment

Equation 1 shows that the force of turgoris required for steady-state plastic deformation
of cell walls. Turgor is maintained by accumulation of intracellular solutes, which
decreases the {s,, of the cell below that of the surrounding apoplast, driving water
uptake. Cell expansion is a dynamic process, so that as water enters cells, solutes
are diluted, and as walls relax, turgor would tend to diminish. Therefore, in actively
growing cells, the rates of solute and water deposition in the cell are regulated to allow
co-ordinated expansion of all the cells in the tissue (Bret-Harte and Silk, 1994). Atlow
s, maize primary root growth is inhibited: both longitudinal and radial expansion
rates decrease, causing shorter, thinner roots compared with roots grown at high s,
(Sharp et al., 1988). This reduction in volumetric expansion and dilution of solutes
causes an increase in solute concentration. For example, the concentration of hexoses
increases in the apical 6 mm of the root tip because net deposition rate of hexose is
not affected by low {5, while water deposition decreases dramatically (Sharp et al.,
1990). In addition, a surprising observation is that the net deposition rate of proline
increases at low s, in apical regions of the growing zone, resulting in even larger
concentrations (Voetberg and Sharp, 1991). Thus, two mechanisms have developed
to enable an increase in solute concentration at low s,,: changes in root morphology
to allow less dilution, and increases in net solute deposition. This water deficit-
induced shift in the ratio of solute to water deposition must be a regulated process,
since under steady-state conditions the net deposition rate of potassium changes
little with water deficit; i.e., the ratio of potassium to water deposition in the apical
growth zone remains relatively constant at high and low {s,, (Sharp et al., 1990).

The low {5 -induced accumulation of proline depends on the increased levels of
ABA in the root tip (Ober and Sharp, 1994). Further studies showed that proline
transport to the root tip was more important than de novo synthesis or protein
catabolism in the root tip (Verslues and Sharp, 1999). Proline transporters in the
plasmamembrane, regulated by ABA, may be important control points for root
growth at low {s,,.

In summary, the accumulation of inorganic and organic solutes is essential to
build turgor that drives growth. Although growth rate cannot be predicted simply on
the basis of the level of turgor (Frensch and Hsiao, 1995), it appears that maximum
turgor is required to achieve maximum growth rates (Proseus et al., 2000). Pressure-
driven symplastic transport capacity within the root tip limits growth (Bret-Harte
and Silk, 1994; Gould et al., 2004). Evidence suggests that a turgor gradient favoring
sucrose movement from phloem unloading sites into the elongation zone is crucial
for root growth, and sucrose utilization and import must be linked (Farrar et al.,
1995). Selection in breeding programs that increases solute transport to root tips and
into growing cells could result in better root systems in water limited conditions.

1.5. Water Transport Within the Root

The transport of water into the growth zone is necessary to drive the expansive
growth of cells, and water flux facilitated by aquaporins in the plasmamembrane
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and vacuole play an important role (Luu and Maurel, 2005). Aquaporins are also
important in regulating water flux between the soil and the root. However, the
quantity of water necessary for growth is small compared to the volume that is
removed from the soil to meet the transpirational demand of the shoot. Water uptake
in maize occurs 20-30 mm from the root tip (Frensch et al., 1996), but the bulk of
water transport occurs in mature roots at least 30 cm from the root tip (Varney and
Canny, 1993). Significant water movement depends on open metaxylem elements,
which are slow to mature in maize (Wenzel et al., 1989). Aquaporins are a large
gene family showing differential tissue expression patterns (Hachez et al., 2000).
Aquaporins only passively facilitate the movement of water across membranes
and cannot alter the magnitude or direction of the driving force. Thus, temporal
downregulation of aquaporins could restrict the loss of water from root tissues into
dry soil, but it remains to be shown that increased aquaporin activity can aid the
acquisition of water from the soil (Vandeleur et al., 2005).

There is a large body of research on hydraulic conductivity of roots and root
systems, but we only make a few observations here. It has been long noted that
drought (Brown et al., 1987; Sharp and Davies, 1985) and ABA (Hose et al., 2000)
can increase root hydraulic conductivity, possibly via modulation of aquaporin
activity (Hartung et al., 2005), which can also be affected by reactive oxygen species
(Henzler and Steudle, 2004). It is also well known that different root types and
root ages within a root system have different conductivities (Pierret et al., 2000).
For these reasons there is not necessarily a good correlation between root length
density and soil water uptake; the mere presence of roots does not mean they are
fully functional.

1.6. Changes in the Cell Wall

Compared with well watered roots, in maize primary roots growing under severe
water deficit (—1.6 MPa), the cumulative effect of increased solute concentrations
is a two-fold decrease in the total osmotic potential. Nevertheless, despite the
increased driving force for water uptake, turgor pressure throughout the apical 10
mm of the maize primary root is 60% smaller than at high {5, (Spollen and Sharp,
1991). How do cells near the root apex maintain linear rates of expansion despite
lower turgor? Equation 1 shows that in order for G to remain unchanged as P
decreases, m must increase and/or Y must decrease. This means that cell walls in
the apical few mm of the maize root tip must be more extensible at low s, than
at high {s,,. Measurements of growing root cells showed that wall properties can
compensate quickly to changes in turgor (Frensch, 1997). Biochemical evidence
for this was provided by Wu et al. (1996) who showed that in this region acid-
induced extensibility increased at low s,,. This fits with evidence that cell wall pH
is significantly lower 0-3 mm from the root apex than in more basal regions (Fan
and Neumann, 2004).

Plastic deformation of the cell wall requires that bonds between load-bearing
structural elements must be broken, allowing some slip so that previously slack
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tethers take the strain (Passioura, 1994), fresh wall polymers are added (Proseus and
Boyer, 2006), and then new bonds form to carry the tension in the wall produced
by turgor pressure. Obviously this must happen in a controlled fashion, otherwise
cells would explode with the internal force of hydrostatic turgor. The control occurs
via activity of proteins acting on cellulosic, hemicellulosic and pectin components
of the wall. Members of two protein families, xyloglucan endotransglycosylase
(XET) and expansin, increase in activity specifically in the apical few mm of the
elongation zone of maize primary roots at low compared to high {s,,. XET activity
at low s, correlated with the spatial distribution of growth within the apical cm
(Wu et al., 1994). The increase in XET activity at low {5, was dependent on ABA
accumulation, and XET transcript levels also have been shown to be regulated by
auxin in the Arabidopsis root tip (Osato et al., 2006). In contrast, effects of low s,
on expansin activity and transcript levels were not dependent on ABA in the maize
primary root tip (Wu et al., 2001). Additional tests showed that tissues in the apical
5 mm of the maize primary root at low s, exhibited increased susceptibility to
expansin, whereas tissues in the zone of growth inhibition lose their sensitivity to
expansin (Wu et al., 1996). The patterns of expansin activity, protein and transcript
level are spatially and temporally complex (Wu et al., 2001). An important point to
reinforce is that these discoveries would not have been made had whole roots been
analyzed without regard to the spatial distribution of growth.

The synthesis of wall polymers and integration of new cell wall material is
a complex process and is only partially understood. Construction of composite
cell wall materials requires that deposition of cellulose microfibrils, which occurs
outside the cell membrane, is coordinated with the synthesis of hemicellulose and
pectin, which occurs in the Golgi apparatus. Furthermore, the rate of movement
of these polymers from vesicles to the cell membrane depends on the supply of
substrate for synthesis. A recently discovered family of wall-associated kinases,
which are required for root growth, may play an important role in this regulation
(Kohorn et al., 2006).

1.7. Functional Genomics and Proteomics

To discover further genes related to the pattern of growth within the root tip at
high and low i, surveys of changes in the root transcriptome were undertaken
(Figure 2; Poroyko et al., 2006). Results showed that EST profiles from distinct
regions within the apical cm of the root tip, guided by the relative elongation rate
distribution, showed populations of transcripts that were unique to accelerating,
decelerating and non-growing cells. Other work also revealed a large number of
specific genes up- or down-regulated by low {5, (Bassani et al., 2004). Cell wall
proteomic studies of maize root tips (Zhu et al., 2006) are beginning to reveal
information about the spatial and temporal regulation of proteins that may play a
role in growth regulation. These approaches will supply a huge amount of new
data, and an important challenge will be to narrow down large gene sets to a small
number of key genes that can be studied in detail.



42 OBER AND SHARP

Functional category deseripti wsd8R3ws05R4ws05R3wsd8R4mwR4mws48R2ZwwR3mwR2ws05R2ws48R1ws05R1wwR1
[W] Extracellular structures
[Y] Nuclear structure
[H] Coenzyme metabolism
[L] Replication, recombination
[B] Chromatin structure
[D] Cell cycle control
[F] Nucleotide metabolism
[V] Defense mechanisms
[P] Inorganic ion transport
[M] Cell wall biogenesis
[Z] Cytoskeleton
[Q] Secondary metabolism
[A] RINA processing and modification
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Figure 2. The relative abundance of transcripts, grouped according to functional category, expressed
within the maize primary root tip at high (WW) and low (WS) ¢, (Poroyko et al., 2006). The root
tip was divided into four regions: 0-3 mm from the root apex-root cap junction (R1), 3-7 mm (R2),
7-12 mm (R3), 12-20 mm (R4). Refer to Figure 1 for the corresponding patterns in longitudinal growth
rate. Roots were harvested at 5 and 48 h after transplanting seedlings to low s, (—1.6 MPa). In the
well watered treatment, roots were harvested at 5 and 48 h after transplanting and bulked together for
analysis. Cells within the grid are shaded according to the proportional representation of each functional
category within the unigene library for each experiment (columns). The scale ranges from 0 (white) to
12.6% (black)

1.8. The Role of Reactive Oxygen Species

In practically every study of stress-induced changes to the proteome there is a
group of proteins classed under ‘oxidative stress’. Reactive oxygen species (ROS)
such as superoxide (O;") and hydroxyl radicals ("OH) accumulate under stress
conditions and need to be kept under control to preserve the integrity of cellular
macromolecules. The redox balance of cells is controlled by a series of enzymes
and intermediate metabolites. Interestingly, ROS are not completely abolished, but
also play important roles in signaling and growth regulation (Carol and Dolan,
2006). In growing cells, the controlled breakdown of cell wall polymers involves
"OH (Liszkay et al., 2004) and quenching ROS inhibits root growth (Demidchik
et al., 2003). Overexpression in Arabidopsis of a peroxidase localized mainly in the
root elongation zone stimulated root elongation (Passardi et al., 2006). Likewise,
wall hardening via crosslinking polymers slows growth, and these reactions are
controlled by ROS. For example, callose deposition and wall protein crosslinking via
ROS production were induced by treating roots with ACC, the ethylene precursor,
which reduced cell elongation (de Cnodder et al., 2005).
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ABA also plays a role in regulating the balance between useful production and
harmful over-production of apoplastic ROS. Arabidopsis mutants with defective
NADPH oxidase could not generate the H,O, required for ABA signaling during
stomatal closure. However, root growth in the mutants was unaffected; only when
exogenous ABA was added to well watered roots to cause root growth inhibition (see
section 1.1) did it appear that ROS production mediated ABA (or induced ethylene?)
effects on root growth (Kwak et al., 2003). In maize, ABA deficiency can cause
uncontrolled ROS production and growth inhibition within the primary root apex
(I-J Cho, M Sivaguru, RE Sharp, unpublished). Thus, too little or too much tissue
ABA (in relation to normal physiological levels) can cause ROS-related growth
inhibition. Another source of ROS is oxalate oxidase, a germin-type enzyme that
releases H, O, into the apoplast; other germin-type proteins show superoxide dismutase
activity. Germins are a large and multi-functional family, and frequently appear in
‘omic analyses of plants subjected to abiotic stresses (Bray, 2004). It is clear from
current research that ROS play an important role in root growth regulation and the
response to drought. However, finding a way to manipulate the control of cellular
redox balance to favor root growth under dry conditions is a significant challenge.

1.9. Perception of Low s, Signal Transduction
and Signal Maintenance

In the preceding sections we have described root growth responses to low {5, under
steady-state conditions. An important question is how these responses are triggered
as rhizosphere conditions begin to change. How do roots perceive a change in
the surrounding {,,? One hypothesis is that the primary response occurs at the
plasmamembrane-cell wall interface (Wojtaszek et al., 2005). Altered conformation
of membrane-spanning proteins such as stretch-activated ion channels anchored to
the cytoskeleton could affect ion fluxes and the electrochemical potential of the cell
(Lew, 2004). This could then trigger a cascade of further events, perhaps including
Ca’" and pH, well-known intracellular signals (Gao et al., 2004).

Electrophysiological measurements showed that cortical cells within the
elongation zone of maize primary roots undergo hyperpolarization (via activation of
the plasmamembrane H-ATPase) in response to low {5, (Ober and Sharp, 2003). In
another study, flux patterns of K™, C1~ and Na™ at the root surface were transiently
altered in response to low s, (Shabala and Lew, 2002). A portion of the current in
the elongation zone is also carried by Ca*™ (Kiegle et al., 2000), which is funda-
mental to growth in tip-growing cells such as pollen tubes and root hairs (Feijé et al.,
2004). A hyperpolarized membrane potential would increase the driving force for
increased K™ uptake. This K* could contribute to short-term osmotic adjustment.
However, under steady-state conditions during long-term exposure to low s, there
is little change in tissue K™ status (Sharp et al., 1990).

It is possible that short-term changes in cytoplasmic ion concentrations trigger
the deposition of organic solutes, which accumulate during long-term exposure to
low s, and as these compounds accumulate, ion concentrations return to normal
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levels. Accumulation of organic “compatible solutes” prevents deleterious effects
of high ionic strength in the cytoplasm. Such a sequence of events in osmotic
adjustment occurs in other organisms (e.g. bacteria; Yim and Villarejo, 1994), and
most likely in plant roots as well.

In maize root tips, root cells hyperpolarized during the initial exposure to low s,
but eventually returned to resting potentials near to but significantly more negative
than those at high s, (Ober and Sharp, 2003). In ABA-deficient roots, however,
membrane potentials remained hyperpolarized specifically in the region in which
cell growth is responsive to ABA. This could be an indication that in roots, as in
stomatal guard cells, setpoints for ion homeostasis shift in response to low {,,, and
maintenance of these setpoints may depend on ABA (MacRobbie, 2000).

It is important to note that experimental procedures used to investigate stress
perception and signal transduction have a large influence on the results. The mode
in which s, is altered and the rate at which it is applied can produce different effects
(Kacperska, 2004). For instance, roots subjected to a rapid decrease in {5, showed a
depolarization, while slow imposition of low s, caused a hyperpolarization (Ober
and Sharp, 2003). Mannitol is a common osmotic agent, but is toxic to maize
roots (Hohl and Schopfer, 1991); polyethylene glycol solutions with inadequate
aeration can induce symptoms of hypoxia (Verslues et al., 1998). The challenge for
investigators is to understand which set of conditions lead to accurate conclusions
that can be applied outside the laboratory.

1.10. Cell Production

The emphasis in this chapter has been on root cell expansion, but growth also depends
on cell production rate, which is a function of the rate of cell division and meristem
size (Beemster et al., 2005). Within the meristem, under a range of environmental
situations affecting supply of water and nutrients to the root, the duration of the cell
cycleisuniform, but the proportion of cells that are dividing can change (Baskin, 2000).
Thus, under most conditions, meristems are well protected and meristematic activity
is robust and not easily perturbed. However, under severe water deficit, cell division
rate can be inhibited (Saab et al., 1992; Sacks et al., 1997). Merely increasing the rate
of cell division would not necessarily increase root growth as it could result in a large
number of very small cells. However, overexpression of cyclin B genes resulted in
increased growth without any effect on final cell size (Doerner et al., 1996; Lee et al.,
2003). Also, the CRL2 mutant in rice shows increased meristem size, cell flux and
cortical cell length compared with wild type (Inukai et al., 2001). These results suggest
that cell production could be manipulated by breeding to benefit root growth, although
pleiotropic effects on whole plant function would have to be examined carefully.

1.11. Root Growth in the Real World

Roots of crop plants growing in the field encounter a range of situations that are
rarely matched in controlled experimental conditions. Crops often have to face
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inhospitable subsoils: high penetration resistance, aluminum toxicity, pH extremes,
and poor aeration are some of the problems roots face after they penetrate the
surface layers (Passioura, 2006). In many cases, soils harden as they dry. In one
study of wheat subjected to water deficit, soil penetration resistance inhibited yield
more than soil water availability (Whalley et al., 2000).

The soil profile is often heterogeneous, with different soil textures and patches of
water and nutrients (Hutchings and John, 2004). Roots do not grow in sterile media,
but are surrounded by rhizosphere microflora (Watt et al., 2006) and many species
are typically infected by mycorrhyzae. Neither is the rhizosphere a solitary root or
neatly divided root system, but a complex weave of many roots, often clumped,
and often of different species in weedy crops or intercropping systems. The highly
variable and unpredictable nature of life in the field means that root systems must
be equally flexible, as must be the models we employ to describe them.

Advantages to the plant provided by expression of ‘phenotypic plasticity’ in
heterogeneous natural environments (Grime and Mackey, 2002) perhaps may be
exploited for crop improvement. Examples of plasticity already mentioned are
the ability of roots to grow thinner and longer, and changes in the number and
length of lateral roots. Changes in root system architecture in response to P (Lynch
et al., 2005) and N (Walch-Liu et al., 2006) status in local soil patches are well
documented. The understanding of hydrotropism, the ability of roots to grow
towards moist soil patches, is gaining ground with new studies utilizing mutants
(Eapen et al., 2005; Tsuda et al., 2003), but the mechanisms remain unclear.

During water deficit as surface soil layers are depleted of moisture, root systems
can proliferate deeper in the soil profile in permissive soils such that the density
of roots is greater in stressed than non-stressed conditions (Klepper, 1990). Among
numerous examples, this has been shown in maize roots growing in soil columns
(Sharp and Davies, 1985), and in sugar beet (Beta vulgaris L.) roots in the field
(Figure 3).

1.12. Selection Methods for Breeding for Improved Root Growth

One of the difficulties in breeding for complex quantitative traits such as root
growth is the identification of a major character on which to base selections. One
response is to make selections on phenotype without knowledge of what specific
factors contribute to, say, greater root mass deep in the soil profile. With substantial
effort and resources, this empirical approach can be used directly, or better, to
identify QTLs conditioning these phenotypes. Markers linked to major QTLs can
then be used for routine screening to select genotypes possessing superior alleles.
This has been successful in rice (Steele et al., 2006). Another approach is to test
the functional contribution of candidate genes, one by one, to determine which of
the potential candidates has the greatest impact on the desired phenotypic trait.
These efforts will be aided by innovations in laboratory and field techniques to
observe and measure root systems. Rapid seedling screening techniques are essential
when large numbers of genotypes need to be assessed (Bengough et al., 2004,
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Figure 3. Plasticity in the proliferation of sugar beet roots within the soil profile under irrigated and
droughted conditions in the field (CHG Smith, ES Ober, unpublished data). Note the significantly greater
root density deep in the soil profile under droughted conditions. Root densities were determined using
the trench profile face method, counting root contacts in 10 cm square grids. Bars indicate the mean of
eight replicate plots. The LSD for the treatment x depth interaction term from ANOVA is shown

Kuchenbuch and Ingram, 2002). When the number of genotypes has been limited
by this process, confirmation of genotypic rankings under field conditions can be
considered. Most studies rely on the conventional techniques of quantifying root
behavior using soil cores, but advances have been made in image analysis of samples
(e.g. Vamerali et al., 2003). Another approach is to assess genotypic differences in
rooting indirectly by measuring patterns of soil water depletion (Figure 4). Other
useful field techniques that estimate different aspects of root systems are root pulling
strength (Landi et al., 2002) and root electrical capacitance (van Beem et al., 1998).

1.13. Conclusions

Plants have evolved a highly complex regulation of root and shoot growth to achieve
maximum fitness with the available resources. An important question to address is
the extent to which plants have optimized this regulation, and what further advances
are possible through genetic manipulation, whether via conventional plant breeding
or transgenic technology. It is likely that benefits in one area may be balanced
by increased costs in another. For instance, Passioura (Passioura, 1983) pointed
out that “there is no point in a droughted crop investing a parcel of assimilate in
its roots if the extra water thereby obtained does not allow the shoots to at least
replenish the assimilate so spent”. Despite the inevitable stress-related trade-offs
within the plant (Weih, 2003), plant breeders have managed to find improvements
in yield for water-limited environments, although it is slow and difficult work
overcoming the conservative nature of plants geared towards survival. (We have
seen, for instance, how DELLA proteins inhibit growth, but increase survival under
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Figure 4. Patterns of soil water depletion during drought in five experimental sugar beet hybrids and
one commercial cultivar (Cinderella). Differences between genotypes in summed water use from this
layer were significant (P<0.05). Weekly changes in soil moisture content were made at 110 cm from the
soil surface using a capacitance-type soil moisture probe (Ober et al., 2005). Smoothed lines connect
mean values of four individual plots for each genotype

extreme conditions.) For a number of drought-related traits, there is substantial
allelic variation among ecotypes within wild species (Mouchel et al., 2004), and
within the pool of crop germplasm (Figure 4). These points provide encouragement
for the process of crop improvement.

In this chapter we have reviewed a number of processes that are vital to root
growth: cell wall modification, transport of organic solutes, ions and water, and
control of oxidative stress. All of these were shown to be related to the spatial
distribution of growth within the root tip, and most were regulated in some manner
by ABA or ethylene. Factors that control hormonal synthesis or sensitivity, and
the interactions between hormones are clearly important, but gross manipulation of
hormone levels may produce confounding or undesirable side effects. Functional
testing of candidate genes is necessary, but overexpression or silencing of genes
must be done in a tissue-specific manner, using appropriate (e.g. stress-responsive)
upstream elements. Growth kinematics is a useful tool to highlight which tissue
regions should be targeted.

Functional genomic and proteomic studies are revealing numerous genes and
proteins that are responsive to low s, and spatially correlated with growth mainte-
nance in the maize primary root. Taken together, so many interacting factors



48 OBER AND SHARP

must coincide at the right time and place that the complexity of growth becomes
impossible to portray in a simple linear fashion. The methodology of systems
biology (Aderem, 2005) is required to describe the process of growth and to identify
limiting factors for given situations. Also, neural network models can be applied
to describe the multiple parameters controlling growth (Ushada and Murase, 2006).
The tools of genomics and computational biology are developing at a fast pace, and
will continue to aid discovery and identification of potential breeding targets.

A potential limiting factor for these new technologies is the quality of the data that
are fed into the system. For improvement of root growth and function, this means
providing accurate phenotypic data under relevant conditions. An important caveat
for all genetic improvement projects is that at some point plants must be grown in the
field to measure yield. The differences between conditions in controlled laboratory
or glasshouse conditions and the field are often huge. Phenotypic expression can be
radically altered by growing conditions resulting in large genotype x environment
interactions. What were permissive conditions for expression of a trait in potting
compost, for instance, may not exist in the field, making the trait irrelevant to plant
breeders. The need for a multi-disciplinary approach emphasizes the importance
of co-operation between breeders, physiologists, molecular biologists, agronomists,
statisticians and crop modelers. At all levels, key components in this research are
patience and persistence. Weaver (Weaver, 1926), who excavated by hand entire
root systems of several crop species, noted

“There is no easy method of uncovering the root system, and unless one is willing
to spend considerable time and energy, and exercise a great deal of patience, it is
better not to begin. But once started, the work, although difficult, is very interesting
and in fact even fascinating.”
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CHAPTER 3

ROOT GROWTH RESPONSE
AND FUNCTIONING AS AN ADAPTATION
IN WATER LIMITING SOILS

W.J. DAVIES

Lancaster Environment Centre, Lancaster University, Bailrigg, Lancaster, LAl 4YQ, UK

Abstract: In this chapter we consider the advantages and disadvantages of different root growth
patterns and root functional characteristics in terms of water and nutrient uptake from
soils depleted of these resources. Impacts are considered within a framework of analysis
which considers crop yield to be a function of water available to the crop during its life
cycle, the amount of biomass produced by the crop for every unit of water available and
the proportion of the biomass produced going into reproductive yield. Root properties
will impact on all of these variables and can therefore impact substantially on yield in
conditions where water and nutrients are limiting. We suggest that regulation of this
kind can form an effective basis for crop improvement programs focused on dryland
environments

Keywords: Water Deficit, stomata, root growth, water and nutrient uptake, chemical signaling,
abscisic acid, pH, ethylene

1. INTRODUCTION

When plants first colonized land, the maintenance of a favorable shoot water status
became a significant problem due to the evaporating power of the atmosphere
surrounding the shoot and the resulting potential for substantial losses of water
from an expanding transpiring surface. Evolution has solved the problem of shoot
turgor maintenance by providing some control over water loss to the atmosphere
through the influence of stomatal and cuticular properties (see chapter by Van der
Straeten), and by ensuring that in many plants there is a ready supply of water
to shoots to replace that lost through transpiration. This is achieved through the
evolution of a vascular system which ramifies through plants from within a few
cells of the water source in the soil to within a few cells of the sites of evaporation
in the leaves. Vascular development provides a low resistance pathway for water
and solute movement without which plants as we know them (more than a few
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cms tall) could not exist. Soil provides most plants with a predictable supply of
water (and nutrients) and some anchorage but the physical, biological and chemical
properties of the rooting medium also mean that roots have had to evolve particular
properties to ensure that much of the water in the soil within the potential rooting
zone is made available to the plant.

Water availability from the soil becomes a particular issue if soil water is not
replenished as it is used by the plant. Table 1 (modified from Robinson et al.
2003) lays out the basic design requirements for a root system faced with restricted
availability of water. We focus here on desirable properties (for the point of view of
sustained water uptake in drying substrate) of roots of crop plants where economic
yield is an important issue. This is rather than focusing on survival of severe
drought, which is an important component of drought resistance in wild plants
but is largely irrelevant to the yielding of annual crops in particular. Here, yields
are commonly restricted by soil moisture deficits well before the survival of the
plant is at risk and therefore the mechanisms that contribute to the maintenance
of yield are distinctly different from those that may contribute to plant survival of
cellular desiccation. It is these mechanisms that can potentially be exploited in plant
improvement programs for dryland agriculture. In the discussion that follows, we
will use the framework laid out in Table 1. for an analysis of root properties that
may be important for yield maintenance in situations where water supplies may be
restricted.

Table 1. Summary of the design requirements of root systems of crop plants
subjected to drought stress

1 Root growth and penetration of soil pores
e Growth and turgor relations
e Root proliferation
e Root system topology
e Impact of changes in root morphology and structure on the uptake
of water and nutrients and yield.
2 Radial fluxes of water and ions into the root
e Aquaporins
e Water-proofing
e Hydraulic lift
e Impact of modified water and ion fluxes through roots
3 Root signals and the limitation of leaf growth and leaf functioning
e Root signals and the limitation of leaf growth and leaf functioning
e Abscisic acid synthesis, distribution and catabolism
e Xylem sap pH
e Ethylene and ACC

4 Signaling between substrate and roots
o Rhizosphere micro-organisms
5 Resolution of design conflicts and behavior of roots of plants in

communities
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2. PENETRATION OF SOIL PORES

As water is lost from the leaves of a plant into comparatively dry air, resulting water
potential gradients will pull water first from the xylem and then from the roots
to replace that lost by transpiration. A reduction in root water potential will pull
water into the root from the soil and cause water to move to the root through the
soil, again down a gradient of decreasing water potential. As long as transpiration
rates are not too high and plants are rooted in soil that is well charged with water,
such movement can be comparatively rapid and plant water uptake can effectively
keep pace with transpirational water loss. In conditions where transpiration rates
are substantial, however, and particularly if soil water is not replenished, depletion
zones of water (and nutrients) will develop around roots and in these regions the
movement of water can be greatly slowed with a consequent significant restriction
in the rate of uptake of water and nutrients by the plant. More drying of the bulk
soil further from the root will further increase the resistance to water movement
to the roots. Soil resistances to water movement are in series with radial root
resistances and if the former are large (for example when the soil dries) then there
is little benefit to be gained by engineering plants with low water uptake resistance
per unit of root surface area (high hydraulic conductivity). Rather, water uptake
can be sustained if root growth can be sustained as the substrate water potential
declines, such that root tips grow into areas of soil where water contents are higher,
soil resistances to water movement are consequently lower and therefore water
availability is sustained.

The importance of capturing more of the water available in the soil is apparent
from an analysis produced by Passioura (1977) showing crop yield (Y), particularly
in ‘water limited’ crop production is a function of three variables:

(eqn2) Y =BWRx W x HI

BWR is the biomass to water ratio, , W is the water available, and HI is the harvest
index. The analysis is valuable for a variety of reasons, not least because it focuses
attention on how to increase crop yield by increasing the water available to the
crop, making more water available at key developmental periods so that a greater
proportion of crop biomass is yield (HI) and how to improve the ratio of crop
biomass produced to water lost (i.e increase water use efficiency). Root growth and
functioning have important impacts on all of these variables.

2.1. Root Growth and Turgor Relations

Roots of most plants show reduced sensitivity to reductions in cellular water
potential when compared to growth of shoot cells subjected to the same degree
of dehydration, and the basis of this response if now comparatively well under-
stood largely a result of an impressive body of work conducted by the Sharp
laboratory using a model root system under growth conditions that can easily be
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replicated (the maize primary root system subjected to osmotic stresses imposed in
a vermiculite growing medium) (see Sharp, this volume). Root growth maintenance
at low substrate water potential requires turgor maintenance (e.g. Spollen and Sharp,
1991) and the capacity to loosen cell walls for irreversible extension despite the
potential growth limitation imposed by a range of chemical inhibitors (e.g. LeNoble
et al. 2004). The potential benefits to be obtained in terms of sustained water uptake
and sustained plant growth in drying soil mean that increased understanding and
modification of properties limiting root growth provides an attractive target for
those interested in improving plants for dryland agriculture. The maize primary
root system (Sharp, this volume) provides a wealth of information on the mecha-
nisms behind root growth maintenance at low water potential and is already being
exploited for plant improvement though functional genomics (Sharp et al. 2004).
One issue with this system, however, is that as water potential is decreased in the
vermiculite medium, root diameter decreases. Commonly, as soil water potential
declines, roots become thicker, presumably to counteract increasing soil strength
(not an issue with vermiculite). It will be important to address this as an issue
in plant improvement programs as it is well known that plants can increase their
potential water and nutrient uptake by producing a greater length of root from a
given dry mass (i.e. by increasing SRL (Specific root length)), the common response
to low water potential, while thicker roots, the common response to increasing soil
strength, will be of benefit for penetration of drying soils.

In some crops, high yield under dryland conditions can be associated with deep
root penetration (e.g. Mohamed et al. 2002) but as we emphasize below, this will
not always be the case if increased root growth and root shoot ratio (a result of
differential sensitivity of root and shoot growth to soil drying and common response
to water scarcity) are achieved at the expense of economic yield, and this must
be born in mind for plant improvement programs based on a modification of root
properties .

2.2. Root Proliferation

In nearly all soils, water, nutrients, soil strength and other properties show consid-
erable heterogeneity. Localised proliferation of roots is generally thought to be
advantageous to plants in foraging for water and nutrients and involves the use of
morphological plasticity in response to resource heterogeneity to selectively place
resource-acquiring structures in favorable patches of habitat (Hutchings and John,
2003). Drew (1975) was among the first to describe root proliferation into patches of
soil with high nutrient status, while Zhang and Forde (1998) have recently identified
the gene in Arabidopsis responsible for the sensing of localized high concentrations
of nitrate. Localised proliferation of parts of a root system into nutrient-rich patches
may involve reduced growth of other parts of the same root in soil where nutrients
are in short supply (Gersani and Sachs, 1992).

Increase in soil strength as soil dries can impact on root branching and generally
more lateral roots per unit length of main root axis are found (Bengough, 2003). In
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some plants, however, total numbers of lateral roots may be decreased by higher
mechanical impedance (Goss, 1977).

2.3. Root System Topology

The ecological literature (e.g. Kutschera (1960) shows us that the architecture of
root systems is as varied as that of shoot systems. Perhaps as importantly, several
authors have stressed the flexibility of architecture in response to changes in the
local environment. Two extreme architectures that have been described (see e.g.
Robinson et al. 2003) are the ‘Herringbone’ systems with a main axis and one
or few developmental orders of laterals, and those systems with a ‘dichotomous’
architecture. Fitter et al. (1991) predicted that herringbone systems though more
expensive to construct are more efficient at exploiting soil for water and nutrients.
Importantly for crop improvement programs, Fitter (1987) showed that root systems
of Trifolium praetense tended towards dichotomy when water was in ample supply
but became more herringbone in structure as soil dried.

24. Impact of Changes in Root Morphology and Structure
on the Uptake of Water and Nutrients and Yield

Local proliferation of roots can be shown to be advantageous in terms of growth
of plants in soils with heterogeneous nutrient distributions. For example, Drew and
Saker (1975) have shown that barley plants with only a few percent of roots in
nutrient rich soil can achieve similar whole plant growth rates to plants with all of
their roots exposed to high nutrient concentrations. Some of this apparent increase
in uptake of nutrients from localized patches may be due to physiological adaptation
of existing roots as well as to changes in root growth patterns (see below). Sharp
and Davies (1979) have shown similarly that deeper rooting by only a few roots in
maize plants can maintain substantial water uptake and vegetative growth as soil
dries. Deeper rooting and sustained root growth late in the season in stay-green
varieties can have beneficial effects on yield since water is then available during
critical and sensitive phases of reproductive development (Borrell et al. 2001). The
positive impact of this kind of response can be seen in equation 1 through an effect
of extra water available on the HI component of yield.

It seems therefore that deeper rooting of individual plants or plants in competition
for water with plants of other species can be beneficial in terms of extra water
harvesting, particularly at critical stages of plant development. If this response can
make what may be a relatively sustainable new source of water in the subsoil
available to the plant then the effects of extra root production may be very positive.
Proliferation in more superficial layers may increase water availability only rather
temporarily, that is unless soil water is replenished. Such responses may be less
obviously beneficial, particularly for plants in monoculture where extra investment
in roots may yield little extra water for a crop of plants competing against themselves
(see Passioura, 1977). Hutchings and John (2003) note that for mobile nutrients
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such as nitrogen there often seems to be little benefit to proliferation, unless plants
are competing for nutrients. Under these circumstances proliferators can recover
more N (or water) than competitors (Robinson et al. 1999) but the costs of this
behaviour can be high and might outweigh benefits, particularly in a mono-culture.
Once produced, roots have to be maintained and the allocation of extra carbohydrate
to root systems, particularly during periods of grain filling can have adverse effects
on the grain yield to water used ratio (equation 1 above).

One other consideration in analysis of benefits of extra resource investment in
roots is the placement of roots in the soil. In compacted soil or in soil where
mechanical impedance increases due to drying, roots will clump in channels or
fissures. Clumping can also be produced by the production of many short laterals
(see above) (Tardieu, 1988). Such clumping can enormously restrict the scavenging
capacity of root systems for water and nutrients (Passioura, 1991).

There is now a considerable body of work which suggests that rather than
engineering root properties to increase scavenging capacity for water in the soil, in
environments where yielding is dependent upon stored water, there is some benefit
to be taken from breeding crops with narrow xylem vessels which should increase
the resistance to water flux and force plants to use water in the subsoil more slowly
(Passioura 1972). In cereals, seminal roots grow deep into the subsoil and because
crops in dryland environments can rely largely on subsoil water, seminal roots can
be of crucial importance in determining water use patterns. If plants use the subsoil
water too rapidly during the development of the vegetative plant, then too little will
remain for the crucial period of development when grain is filling and HI will be
reduced even if biomass production is substantial (see Equation 1 above). Use of
subsoil water can be slowed if seminal roots have higher hydraulic resistances.

Wheat breeding in Australia has reduced the xylem vessel diameter of two
commercial wheat varieties from 65um to less than 55um (Richards and Passioura,
1981a, 1981b). Selections with narrow vessels yielded 8% more than the controls
in the driest environments, while yield differences in the wetter environments were
largely non significant (Richards and Passioura, 1989).

Taken together these effects of structural and morphological variation of root
systems show that an apparently simple target of ‘keeping roots growing as soil
dries’ can have many and varied consequences, some of which will impact adversely
on yielding. It is likely that selection for particular root traits will be beneficial in
some soils and some environments with particular rainfall patterns, but not in others
and that design requirements will vary from cropping region to cropping region.

3. RADIAL FLUXES OF WATER AND IONS INTO THE ROOT

Generally, the radial resistance to water movement into plants is much greater than
the resistance to axial flow (in young maize roots 2 or 3X while in older roots
the difference may be several hundred fold, Tyree, 2003). The resistances of the
various components of the pathway have been debated over the years and there is
still some controversy over their identity and magnitude. Steudle at al. (1993) have
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concluded that while the endodermis may be the major barrier to solute flow, this is
not the case for water flow but this situation may vary with root age. In some plants
(e.g. maize), apoplastic bypass to radial water flux can be important (Freundl et al.
1998) while in others (e.g. sunflower), the apoplastic pathway can be blocked due
to lignification or suberisation. Steudle and Peterson (1998) have recently described
a new model which helps our understanding of radial water flux. It is well known
that root radial resistance to water uptake is apparently sensitive to the flux of water
into the root with apparent resistance declining as the transpiration flux increases.
Steudle and Peterson argue that this may be because of a change in the proportion
of total water flux moving though different pathways into the root but their may
also be changes in membrane properties to water flow (see Tyree, 2003).

3.1. Aquaporins

Channels in the membrane, analagous to those that are important for ion flux can
influence the radial flow of water into roots. These are commonly referred to as
aquaporins and Siefitz et al (2002) have demonstrated that these pores account
for about half of the root conductance in tobacco. Activity of channels is under
metabolic control (Tyerman et al. 2002; Maurel and Chrispeels, 2001). Steudle
(2000) has suggested that this pathway can dominate water flux when movement
is driven largely by osmotic gradients or when the apoplastic pathway becomes
blocked, which can occur in response to some soil conditions. A variety of factors
of soil and root factors will affect aquaporin activity, including pH, pCa and osmotic
gradients. Clarkson et al. (2000) have shown how increased nitrogen availability
increases the hydraulic conductivity of roots (Clarkson et al. 2000) and their may
also be diurnal control of root hydraulic properties (see also Tsuda and Tyree,
2000).

3.2 Water Proofing

The role of stomata and cuticular development in the regulation of water loss is well
known. However effective these mechanisms, they are of limited value if plants
lose substantial quantities of water to the soil. Most species will show reduced root
hydraulic conductivity as the soil dries and this change will restrict water loss from
roots (e.g. Nobel and North, 1993; Nobel and Sanderson. 1984). As the soil dries,
a vapour gap will develop between the root and the soil and this will also limit
water loss. It appears that both of these changes are to some extent reversible when
soil is rewetted and this property is referred to as rectifier-like activity. In some
plants however water-proofed roots will not change their properties and increased
water available in the soil can only be fully accessed if new roots are produced.
Rectifier-like root properties may be of considerable significance for plants that
grow in shallow soil which is prone to rapid and substantial variation in water
status. Recent work suggests that aquaporins may help regulate water loss from
very dry roots
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3.3. Hydraulic Lift

In water-limited environments, one important feature of the survival of some plants
is deep rooting (Canadell et al., 1996) with some woody plants rooting down to 10
metres or more. Under these conditions, hydraulic lift can be commonly observed.
This is a passive mechanism where the water potential gradient transfers water
through the root system, from deep wetter soil to shallower soil (Richards and
Caldwell, 1987). With water moving in and out of roots on a daily basis, clearly
this mechanism is not compatible with those mechanisms that contribute to water
proofing of roots. During the night when transpiration rates are generally low, the
mechanism can provide quite a lot of temporary stored water to the upper soil layers
(more than the plant itself can store) During the following day, the roots of plants
performing hydraulic lift (as well as of any neighbouring plants with shallower
root systems) will extract this water from the soil and it can substantially increase
plant transpiration in the following day and also contribute to enhanced carbon gain
(Caldwell et al., 1998). A recent study by Kurz-Besson et al. (2006) shows that for
cork oak trees in Portugal, hydraulic lift may provide between 17 and 81% of the
water transpired.

34. Impact of Modified Water and Ion Fluxes Through Roots

The phenomenon of hydraulic lift described above is an excellent example of
getting more water through the plant as a way of enhancing yield (see equation 1)
when water is in short supply. Targets for a plant improvement programme might
therefore include deeper rooting characteristics combined with shallow roots that
do not show water proofing capacity.

Roots with high radial hydraulic conductivity can be beneficial for high biomass
production where there is a lot of water available to the plant, or where water is
regularly replenished by rainfall or by irrigation. Such plants may, however, have
a tendency to use water too rapidly in water scarce situations, at least if water is
required for reproductive development later in the season.

4. LONG-DISTANCE TRANSPORT BETWEEN ROOTS
AND SHOOTS- ROOT SIGNALS

While the role of roots in scavenging for water and minerals in the soil is readily
apparent and the contribution of water and ions as substrates for a variety of plant
processes is well-discussed, roots also contribute other material to shoots in the
form of signals, and the role of these signals in modifying plant growth and devel-
opment is no less significant than that of the other root-sourced substrates. Roots
signals have information content, for example allowing the plant to modify growth
and functioning as a function of water and nutrient availability in the soil or soil
mechanical impedance (see for example, Davies et al. 2002). Most importantly,
canopy development and stomatal behavior can be restricted by root signaling, often
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in circumstances where the water relations of the shoots are not obviously changed
by any modification of soil properties. Effects can be dramatic and over-coming or
in certain circumstances enhancing the effects of root signals can be an appropriate
target for a plant improvement program. Perhaps the most obvious target in this
regard is a manipulation to allow sustained or even increased rates of canopy devel-
opment as the soil dries. This can have a number of potential benefits. Firstly, when
water is still in relatively abundant supply, the extreme sensitivity of root signaling
(see e.g. Davies and Gowing, 2001) can limit leaf development, the consequent
interception of solar radiation and the production of biomass. Suppressing root
signaling that limits leaf growth or reducing the sensitivity of leaf growth to root
signals can therefore allow the grower to produce more biomass in relatively moist
soils. Another benefit can be achieved by intervening in the same way to allow the
young crop to cover the soil more rapidly (Passioura, 2004). In Mediterranean-type
climates where crops will largely grow on stored water derived from rains during the
previous autumn, the soil surface can be wet in spring. Direct evaporation from the
soil can be substantial (e.g. Leuning et al. 1994) and this loss of water will therefore
be relatively unproductive (this water loss from the plant would generate extra
carbon fixation and biomass production). van Herwaarden and Passioura (2001)
have shown clearly how faster coverage of the soil by crops in these environments
in the spring can greatly reduce seasonal evaporation from the soil and therefore
increase water use productivity and impact positively on yield (equation 1).

Agriculture already uses an unsustainable 70% of the world’s water supplies
(Bacon, 2004). Reducing the use of water in agriculture can be achieved in a variety
of ways but the use of deficit irrigation irrigation (DI) (the application of only a
predetermined percentage of calculated potential plant water use) is an attractive
means of saving water. Ideally the application of DI must be achieved without
substantial yield penalty otherwise the yield/water use ratio (water use efficiency)
will not be increased. We have already noted above how even mild soil drying will
limit plant growth and development and so if plants are to be kept growing under
a reduced supply of water then a plant improvement programme to suppress root
signaling or the responses to root signaling will be needed.

4.1. Root Signals and the Limitation of Leaf Growth and Leaf
Functioning

When the soil around the roots dries, dehydration of the root cortex will act
to generate a number of chemical signals that will impact on plant growth and
functioning. Extra synthesis of a number of growth regulators can positively inhibit
leaf growth, while restricted synthesis of other regulators can act as a negative signal,
with the lack of a promoter of leaf growth also restricting canopy development. The
plant hormones abscisic acid (ABA) and ethylene will act in the first of the above
categories, while reduction in the supply of cytokinins and in some cases ABA can
act to restrict growth. Other plant growth regulators will also act as root signals, as
will inorganic ions (see e.g. Roberts and Snowman,) and changes in pH of the xylem
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sap (Wilkinson and Davies, 2002). Not all hormonal root signals are synthesized
in the root. Reductions in root turgor can act to more rapidly re-circulate hormones
arriving in the phloem from the shoots and some hormonal signals may originate
in the soil (see below). Some root-originated signals can act directly on the shoots
and others act as part of a transduction chain to release or target shoot-sourced
effectors.

4.2, Abscisic Acid Synthesis, Distribution and Catabolism

Of all of the so-called plant hormones, abscisic acid has received most attention as
a compound mediating the effects of soil drying on plant growth and functioning.
There is often a clear relationship between declining soil water availability and ABA
content of the roots or ABA concentration in the xylem (Tardieu et al 1992). The
extreme sensitivity of the stomatal response to ABA means that stomatal behavior
can often be linked sensitively to changes in soil water availability (e.g. Zhang and
Davies, 1990). One of the results of this is that as soil dries, sensitive responses
of stomata can act to maintain shoot water status at a level comparable to that of
the well watered plant. This turgor maintenance (or isohydric behaviour) can be
important for plant development in drying soil.

ABA can act as a sensitive inhibitor of growth of shoots in drying soil (Bacon
et al. 1998), but more recent work has suggested that this response is sensitive to
the water status of the shoot, with ABA acting as an inhibitor of growth in plant
parts where turgor is sustained but as turgor declines, this hormone is required to
sustain some growth of both roots and shoots (see Sharp et al. 2004). This may be
because ABA can suppress the run-away synthesis of ethylene, which itself acts as
a growth inhibitor at low water potentials. The idea that the impact of a hormone
can be either promotive or restrictive for growth, depending on the level of another
variable is an intriguing one and suggests that manipulation of hormone action in
plants can be a achieved by a variety of means other than the manipulation of
hormone synthesis itself.

The root-sourced ABA signal can improve instantaneous water use efficiency
(A/E) and in the longer term can modify a range of developmental variables which
may be of adaptive significance under drought (see Trewavas and Jones, 1989).
While quite subtle increases in ABA delivery to sites of action in the shoot can
act to regulate gas exchange and growth (Jia and Davies, 2007), more substantial
increases in hormone synthesis may be required to modify gene expression to affect
development. ABA accumulation in developing reproductive structures can have
deleterious effects on flowering and fruiting (Morgan, 1980) and there may be some
advantage to be gained from manipulating plants to avoid such accumulations. We
have shown recently (Jia et al. 2007) that ABA catabolism can be much more
rapid than had previously been shown to be the case and there may be a case for
targeting catabolism of this hormone in programs designed to increase yield under
drought.
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4.3. Xylem Sap pH

Wilkinson and Davies (1997) have shown that soil drying can act to alkalinize
the xylem sap of some plants, and more recently Jia and Davies (2007) have
shown that as had previously been hypothesized, these changes in the pH of sap
delivered to leaves from roots in drying soil, are translated into changes in the
pH of the apoplast of the leaves of these plants. Because ABA is a weak acid,
the dissociated form arriving in leaves will partition according to pH gradients,
tending to move to alkaline compartments. In the well-watered plant, these are
the symplast of the leaf cells and the phloem. Alkalinisation of the apoplast as a
result of soil drying (and other environmental changes — Jia and Davies, 2007) will
result in more ABA residing for longer in the apoplast and therefore penetrating
to the sites of action on the guard cells (which have only an apoplastic connection
with the other cells in the leaf). Such changes in pH therefore have the effect of
increasing the apparent stomatal response to a given delivery of ABA (i.e increasing
the apparent sensitivity of stomata to the ABA signal). In many circumstances, an
increase in xylem sap pH and an increase in ABA delivery occur together as an
effect of soil drying and combine to generate a sensitive response to the change
in soil conditions. The pH signal can be one of the most sensitive of all signals
to a change in water availability in the soil (see e.g. Sobeih et al. 2004) and can
occur without any extra ABA synthesis, purely by making more existing ABA
available to sites of action in leaves. Changes in xylem sap and apoplastic pH
are attributable to a range of changes in root, stem and leaf functioning (see e.g.
Wilkinson and Davies, 2002) and some of these variables may be quite amenable,
if not obvious, targets for the manipulation of stomatal behavior and water use
efficiency.

4.4. Ethylene and ACC

Soil drying will increase concentrations of the ethylene precursor ACC
(1-aminocyclopropane-carboxylic acid) both in the root and in the xylem (Gomez-
Cadenas et al. 1996). Delivery of ACC to the shoot from the root system can account
for shoot ethylene production (Else and Jackson 1998) and therefore can limit leaf
growth under drought. The plant hormone ethylene can be involved in both the
suppression of root growth during soil drying and the suppression of leaf growth
via long-distance chemical signaling (Sharp et al. 2001). Drying of the soil around
the roots of tomato plants can maintain leaf water potential at values equivalent to
well-watered plants for up to 2 weeks (Sobeih e al. 2004), largely a function of
partial stomatal closure following ABA/pH long distance signaling from roots in
drying soil. Ethylene evolution of wild-type plants increases as soil dries but can be
suppressed using transgenic (ACO1 ,5) plants containing an antisense gene for one
isoenzyme of ACC oxidase. Most importantly, ACO1,4 plants show no inhibition of
leaf growth when soil dries, even though both ACO1,4 and WT plants show similar
changes in other putative chemical inhibitors of leaf expansion (xylem sap pH and
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ABA concentration). It seems likely that the enhanced ethylene evolution under
PRD is responsible for leaf growth inhibition of WT plants. ACO1 .4 plants showed
no leaf growth inhibition over a range of soil water contents which significantly
restricted growth of WT plants.

5. SIGNALLING BETWEEN THE SUBSTRATE AND THE ROOT

We have described above a range of long-distance signaling pathways that may be
manipulated to modify plant growth and functioning in drying soil. The emphasis
has been upon changes in soil water availability impacting on uptake of inorganic
ions from soil and the subsequent transport of these to the shoots through the xylem
stream or on the impact of variation in root water status on the production and/or
transport of hormonal signals. Of course the root will impact on the availability of
inorganic ions for uptake, with one of the best examples of this is the acidification
of the rhizosphere by roots which can increase the availability of ions. Exudation of
organic acids (OAs) and phytases into the rhizosphere have been shown to greatly
increase the availability of inorganic phosphate in soils, where the unavailability
of this ion can often be greatly inhibiting to plant growth. In fact, exudation of
malate and citrate from roots is thought to be the principle mechanism in alleviating
Pi deficiency stress in plants (e.g. Ryan et al., 2001)). Secreted OAs mobilise
bound and precipitated forms of Pi by anion exchange and may also enhance the
activity of extracellular acid phytases which hydrolyse organic P in the rhizosphere.
Transmembrane transporters probably exert primary control over OA secretion from
higher plant roots (Ryan et al., 2001), although there is little information in crop
systems which relates the presence of anion channels directly to Pi-induced OA
efflux from roots. It seems likely that variation in OA efflux will impact on ionic
signaling between roots and shoots via its impact on ion availability to the root
surface.

Hormone fluxes from roots to shoots are comprised mainly of plant-sourced
hormones but significant concentration of hormones can be found in the soil (e.g.
Hartung et al., 1996). Presumably some of this hormone will originate from the
roots while some may arise as a result of microbial activity in the rhizosphere. In
addition to this some soil bacteria contain enzymes that will metabolise hormones
as a carbon and nitrogen source. This is important, as Slovik has shown that low
concentrations of ABA in the soil are important to sustain ABA accumulations
in plants and to maintain root to shoot signaling in response to soil drying. ACC
and ABA accumulated in the soil solution from whatever source can also be
a source of signal for xylem transport as well as impacting on the signalling
process through an equilibration effect on transport. As water moves into the root
system along water potential gradients, some ACC and ABA molecules will be
dragged along and these can be transferred into the xylem. The efficiency of radial
ACC and ABA transport across the root is likely to vary between the different
genotypes.
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S.1. Rhizosphere Bacteria

Although some bacteria (containing ACC deaminase) can utilise ACC as a carbon
and nitrogen source, bacterial ACC synthesis does not occur. Thus rhizobacteria
utilising ACC must rely on efflux of ACC from plant roots or from fragments of
plant material in the soil. This efflux may be considerable, as the soil solution of even
well-watered plants contains appreciable amounts of ACC (0.23 uM - Else et al.
1995). Although no direct comparisons of ACC and ABA efflux have been made,
plant roots appear to be more “leaky” with respect to ACC since the concentration of
ACC in the soil solution (0.23 M) of well-watered plants is 3 orders of magnitude
greater than the concentration of ABA (0.67 nM). Edaphic conditions that stimulate
root ACC synthesis such as soil drying and flooding are likely to increase root
ACC efflux and soil ACC concentrations (by increasing root ACC concentrations
and also increasing production in other plant material incorporated in the soil).
Interestingly, rhizobacteria can decrease root ACC concentrations (Penrose et al.
2001) presumably by stimulating ACC efflux and there are now a few data indicating
that rhizobacterial treatments can sustain growth in drying soil, presumably by
reducing the accumulation of ethylene (Dodd et al. 2006). Alkaline soils stimulate
efflux of weak acids (such as ABA and ACC) from roots according to the to the
anion trap concept (Degenhardt e al. 2000) and modifying soil pH may also be a
means of reducing the sensitivity of shoot growth and development to soil drying..

There is now good evidence that some soil bacteria will synthesise cytokinins
(Arkipova et al. 2005) and there is interest in determining whether addition of
these micro-organisms to the soil might prevent or slow the decline in cytokinin
production by droughted plants and thereby act to maintain plant growth at low soil
water potentials.

6. RESOLUTION OF DESIGN CONFLICTS AND BEHAVIOUR
OF ROOTS OF PLANTS IN COMMUNITIES

We have argued above that selection for particular root traits in plant improvement
programmes will be beneficial in some soils and some environments with particular
rainfall patterns and at particular times in the development of the crop, but not in
others. In other words, design requirements for root systems with respect to yield
will vary from crop to crop, depending on the nature of the economic yield and
whether the crop is determinate or indeterminate, from cropping region to cropping
region where rainfall patterns differ and with developmental stage where relative
impact of drought on vegetative development and reproductive development will
vary. This should not be surprising because the same kinds of considerations are
also important in selection for shoot traits that might impact positively on yielding
in drought-prone environments (e.g. Condon et al. 2002).

Figure 1 shows a proposed ideotype for a very specific combination of crop and
drought (grain crop growing largely on stored water), with inter-relationships shown
between putative signalling capacities and vegetative and reproductive development.
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Figure 1. Proposed ideotype for a grain crop growing largely on stored water with inter-relationships
shown between signaling capacities and vegetative and reproductive capacities

We also suggest application of particular management techniques and timing of
possible genetic intervention (the use of a particular genotype with capacity for
modified signaling capacity and response through the use of inducible promoters?).
These interventions are proposed to modify signaling pathways and to enhance
yield and efficiency of water use in dryland environments. The impacts on yield of
the inter-relationships proposed in the diagram can be understood with reference to
Figure 1.

It should be clear from Equation 1 that whatever the water availability throughout
the growing season, there must be enough water available in the soil for the
production and maturation of reproductive plant parts. In crops that produce grain
yield towards the end of the season and are growing mainly on stored water, this
can mean a requirement for judicious water use earlier in the season. This can be
brought about by restricted root growth and/or restricted hydraulic conductivity of
the root system. Water use can also be regulated by a sensitive system detecting soil
drying, with this information passing to the shoots for effective control of water loss
through stomatal regulation. Clearly the evolution of such a system (Cowan, 1988)
allows water use (and plant development) to be linked to water availability with
a fail-safe system operating to minimize the chances of damaging water deficits
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during reproductive development or even more catastrophic hydraulic failure at any
point in the development of the crop (Sperry et al., 2002).

Root proliferation and effective scavenging for water can help to ensure that
more water is available for reproductive development late in the season and these
properties in combination with hydraulic lift can result in increased productivity
simply by ensuring that more water goes through the plant (Equation 1). Restricted
root signaling or low sensitivity of shoot growth to signaling early in the season
will help plants cover the ground more rapidly, reduce water loss from the soil and
thereby enable more water to move through the plant, thereby increasing carbon
gain and water use efficiency. Restricted canopy growth once canopy closure has
been reached (increased signaling?) can make more assimilates available for repro-
ductive development, assuming that stomata are still partly open and photosyn-
thesis is continuing (reduced stomatal signaling or reduced sensitivity of stomata
to signals?) Root signals that induce stay-green characteristics and perhaps subse-
quently promote redistribution of assimilate and nitrogen to developing reproductive
structures (Yang et al. 2001) can enhance harvest index and yield.
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The regulation of gas exchange at the leaf level is a key factor for plant survival under
a fluctuating environment (Buckley, 2005). In this context, control of stomatal opening
and closure is the evolutionary solution to balance water loss with CO, uptake and
yield. A decrease in leaf/root water potential resulting from soil drought is typically
accompanied by an elevated level of abscisic acid (ABA), which is well established as
a stress hormone (Davies et al., 2005). ABA is a central component in drought-stress
sensing leading to efficient stomatal control, thereby avoiding deleterious yield losses
during stress conditions. Depending on the crop species, or its growing environment,
different strategies for yield-optimization need to be chosen (Araus et al., 2002; Chaves
and Oliveira, 2004). ABA effects are modulated by the levels of and sensitivity to other
hormones, in an interdependent network. Unraveling the complex regulatory mecha-
nisms of stomatal control between hormones, second messengers, ion channels and
other classes of implicated proteins will lead to new insights in how to tailor plants to
take maximum advantage of the available natural resources (Li et al., 2006). Possible
strategies are either to trigger an earlier stress response without a negative impact on
yield, or to attenuate the plant stress response so that assimilation will increase. These
desired traits can be brought about by overexpressing or downregulating the expression
of specific genes involved in the complex and possibly redundant signaling network of
stomatal responses.

This chapter provides an overview of the mechanisms behind the changes in stomatal
movements under water-limiting conditions, including hormonal regulation and devel-
opmental influences

drought stress; screening; stomata; transpiration

1. INTRODUCTION

Aperture control of the microscopic pores at the leaf surface helps a plant to achieve
growth, while avoiding dehydration (Buckley, 2005). Environmental parameters
including air humidity, light intensity, temperature, air movement and concentration
of atmospheric CO,, but also endogenous hormonal and hydraulic signals regulate
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stomatal movements, and influence stomatal development and density (Hether-
ington and Woodward, 2003; Woodward et al., 2002). This multi-parameter control
maximizes net photosynthesis, and allows the plant to effectively use the available
water. Water use efficiency (WUE) is a parameter defined as the CO, assimi-
lation per unit water transpired, which serves as a measure of plant yield (Condon
et al., 2004). Control of stomatal aperture is a rapid adaptive response, while the
effects on stomatal development (including density) are a longer-term response
affecting newly emerging leaves. The stomatal control mechanism can however not
be seen separately from the control of water transport at the root/soil interface or in
the vascular system (Buckley, 2005; Davies et al., 2005; Jones, 1998). Therefore,
despite the fact that WUE is most often determined at the leaf level, only whole
crop WUE provides a correct picture of the whole plant system (Chaerle et al.,
2005; Condon et al., 2004). An overview of the mechanisms exploited by plants to
control stomatal aperture will be given, and the methods available to reveal these
responses will be discussed.

2. STOMATAL CONTROL MECHANISMS

Drought stress is the major cause of stomatal closure. As outlined in the introduction,
maintaining adequate photosynthesis and thus avoiding yield loss under adverse
conditions is the primary route towards crop improvement. Multiple players in the
complex regulatory system of leaf gas exchange have been identified and will be
discussed in this section. An overview is given in Figure 1. As mentioned above,
ABA has a central role in drought responses (Li et al., 2006); however, at least 4
independent drought signaling pathways exist, two of which are ABA-independent
(Riera et al., 2005; Valliyodan and Nguyen, 2006). Stomatal perception of ABA
induces a sequence of events initiated by a cytosolic pH increase, and followed by
the accumulation of reactive oxygen species (ROS), nitric oxide (NO) synthesis,
increase in the concentration of cytosolic calcium ions, synthesis of lipid-derived
second messengers, activation of protein kinases and phosphatases, and finally,
modulation of ion channel activity (both at the vacuolar and plasma membrane)
(Garcia-Mata and Lamattina, 2003; Himmelbach et al., 2003). In addition, ABA
induces a variety of transcription factors (TFs) that regulate the expression of
stress-related genes; however, ABA-independent induction of TFs is an equally
crucial component of stress tolerance (Riera et al., 2005). Stability and processing of
mRNAs of ABA-responsive genes (Lee et al., 2006; Zhang et al., 2006) represents
another level of regulation of stomatal opening (Riera et al., 2006; Verslues et al.,
2006), but this is covered in another chapter of this book.

It is important to note that not all plant species follow the same strategy of
stomatal control. In general, a division is made into two categories: isohydric and
non-isohydric plants (Jones and Tardieu, 1998). Isohydric plants stabilize their leaf
water contents by adjusting stomatal aperture; non-isohydric plants have a much
slower stomatal reaction to drought stress.
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Figure 1. Schematic overview of stomatal aperture regulation

The top inset shows the response at the plant level to the varying environmental factors. The ABA
response is worked out in detail in the main picture. ABA is either transported to the guard cells from
the roots or vascular tissue, and binds to cell surface receptors (I-II-III). ABA synthesized in the guard
cells is presumably recognized by an internal receptor (IV). Stomatal perception of ABA (I) leads to
on accumulation of reactive oxygen species (ROS), through a cytosolic pH increase or mediated by the
OST1 kinase. The ROS subsequently activate Ca2+ influx, leading to stomatal closure. The small G
protein ROP10 is activated by the ERA farnesyltransferase and blocks Ca2+ influx. Stomatal perception
of ABA (II) also results in the synthesis of NO, and the accumulation of cADPR (by Ca2+ activation of
an ADP ribosyl cyclase). cADPR activates Ca2+ release from the vacuole, which amplifies the increases
in cytoplasmic Ca2+, further promoting stomatal closure by modulation of the ion channels. Stomatal
perception of ABA (III) liberates lipid-derived secondary messengers. Inositol-1,4,5- triphosphate (InsP3;
derived from lipids through PLC activity), phosphatidic acid (PA; derived from ABA-activated PLD)
and sphingosine-1-P (S1P). S1P induces stomatal closure in a process dependent on GPA1 (a Ga-subunit
protein), whose function is inhibited by GCR1, a G protein coupled receptor-like protein. GPA1 interacts
with PLD; free GPA1 inhibits stomatal opening. ABII is sequestered to the plasma membrane by PA,
and thus cannot inhibit stomatal closure.

2.1. Signaling Factors (Secondary Messengers)

ABA-induced reactive oxygen species (ROS) production is catalyzed by two NADPH
oxidases, encoded by AtrbohD and AtrbohF (Kwak et al., 2003). ROS production
is induced through the action of the OST1 kinase (Mustilli et al., 2002) (also see
below). A number of regulatory steps converge on the mobilization of Ca’*from
internal stores (Hetherington and Brownlee, 2004), followed by activation of ion
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channels. Lipid-derived signaling components such as phytosphingosine-1-phosphate
(Coursol et al., 2005) and phosphatidic acid (PA) produced by phospholipase D
(Bargmann and Munnik, 2006; Mishra et al., 2006) function in a signaling cascade
that negatively regulates the ABII kinase activity. ABI1 (abscisic acid insensitive)
promotes stomatal opening (Merlot et al., 2001). A second pathway leads to nitric
oxide (NO) accumulation. NO is the first signaling intermediate in the reactions
leading to changes in Ca** levels (Garcia-Mata and Lamattina, 2003; Li et al., 2006).

The most extensively studied ABA response mutants are the above mentioned abi/
and the enhanced response to ABA (era) mutant, which is affected in a farnesyl-
transferase subunit (Pei et al., 1998). Farnesyltransferases posttranslationally modify
proteins by farnesylation, resulting in membrane anchoring. Loss of the ERA1 gene
not only leads to a lower transpiration level, but also to a reduction of growth (Pei
etal., 1998). However, downregulating the expression of the farnesyltransferase gene
proved tobe asuccessful approach in engineering drought tolerance (Wang et al., 2005)

2.2. Kinase and Protease Regulatory Systems

Protein phosphatases of the 2C class, such as the ABIl and 2 proteins, were
identified as negative regulators of stomatal opening. The phylogeny of PP2C’s
revealed that ABI1, ABI2 and HAB are closely related (Saez et al., 2004). The
loss of function mutant habl (hypersensitive to ABA1) had a transpiration level
similar to the wild type, likely due to the complementation of phosphatase activity
by ABI1 and/or 2. However, overexpression led to a higher sensitivity to drought
stress. Conversely, plants with knock-out mutations in both HABI and ABII had a
high tolerance to drought stress (Saez et al., 2000).

The Snfl (yeast sucrose non-fermenting)-related kinase 2 (SnRK2) OST1/
SNRK2E positively regulates ABA signal transduction (Belin et al., 2006). Loss of
function mutants of OST! (open stomata) have an increased transpiration (Mustilli
et al., 2002). In addition, over-expression of several other protein kinases (such as
SRK2C (Umezawa et al., 2004) and NPK1 (Shou et al., 2004)) resulted in enhanced
dehydration tolerance confirming their implication in the regulation of water usage.

2.3. Channels and Transporters

Stomatal guard cells are a model system to study the regulation of ion channels,
central to the osmotic regulation of stomatal movements (Hetherington, 2001).
It is therefore expected that modulation of ion channel activity will influence
plant transpiration. The patch clamp technique in combination with a pharmaco-
logical approach is the method of choice to investigate activities of compounds
that modulate ion channel activity. Such measurements at the single-cell level or
at the microscopic scale (stomatal aperture determination) are complemented by
measurements on the leaf or whole plant scale (transpiration).

Ton channels play a crucial role in changing the osmolyte content of guard
cells and thus generate the driving force for turgor changes. Inward and outward
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movements of the key electrolytes K+, Ca*", and C1~ are regulated by separate ion-
specific channels. Potassium selective channels cause the increase or decrease in
guard cell osmotic potential that drives the change in cell volume and the subsequent
pore aperture change. Five classes of K™-channels have been identified in plants, all
of which share homology with the “Shaker” type of K+-channels in animal systems.
The inward rectifying channels cause an inward transport of K+ (KAT, AKT),
while outward rectifying channels cause the transport of K+ out of cells. The guard
cell outward rectifying K* channel GORKI is the major voltage-gated potassium
channel in the guard cell membrane. Not only the amplitude of the response (deter-
mining the degree of opening), but also the speed of stomatal movement in response
to fluctuating water availability can be an important parameter in the optimization
of plant yield (Hosy et al., 2003). By analogy with their importance as a target
in animal and human physiology, signaling through plant ion channels could be
modulated to fine-tune plant stress tolerance (Okuma and Murata, 2004).

Modulation of guard cell ion channel activities involves ABC-transporter proteins
(multidrug resistance associated protein (MRP) type ATP binding cassette trans-
porters). MRP4 and MRP5 knockout mutants (both T-DNA insertion mutants) were
isolated to assess the effect on stomatal regulation of a defective ABC transporter
(Klein et al., 2004; Klein et al., 2003). Absence of MRP4 expression causes stomata
to be more opened both in light and in darkness as compared to wild type plants.
A loss-of-function mutation of the MRPS5 gene resulted in reduced transpiration,
but importantly also had a higher WUE compared to the wild type (as determined
by continuous gas exchange measurements). Furthermore, mrp5 plants are charac-
terized by increased auxin levels (Gaedeke et al., 2001), pointing at the complex
interplay of different regulatory mechanisms.

Efficient water use at the cellular level also involves activation of specific
water channels. Water transport through the lipophilic cell membranes is facilitated
by water-channels termed aquaporins, belonging to the class of plasma-membrane
intrinsic proteins (PIPs) (Luu and Maurel, 2005). These channels are present through-
out the plant, and their opening is induced by ABA (Ye and Steudle, 2006). Overex-
pression of a Brassica napus BnPIP in tobacco conferred increased drought tolerance,
while expressing the antisense BnPIP had the opposite effect (Yu et al., 2005).

24. Transcription Factors

Transcription factors (TF) are grouped into classes depending on their conserved
DNA-binding domain. The Apetala 2/ethylene-responsive element binding factor
(AP2/ERF) class is one of the major TF families in plants (Shukla et al., 2000).
A subfamily thereof, the dehydration response element binding protein /C-repeat
binding factor (DREB/CBF) are implicated in ABA-independent regulation. DREB
transcription factors activate DRE or C-repeat containing genes (Liu et al., 1998).
Overexpression of the DREB/CBF transcription factor CBF4 resulted in drought
stress tolerance (Haake et al., 2002). Likewise, a constitutively active form of
DREB2A also leads to significant drought tolerance (Sakuma et al., 2000).
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The bZIP family of TF is a second class of TF implicated in drought response.
Within the bZIP family of TFs, several subfamilies were described (Bensmihen
et al., 2005). One subgroup consists of TFs that bind to the conserved cis-acting
sequences known as ABA-responsive elements (ABRE); these TFs are hence termed
ABRE binding factors (ABFs). In rice, constitutively expressing CBF3/DREB1A
or ABF3 did result in enhanced drought stress without growth penalty (Oh et al.,
2005), in contrast to stunting seen in Arabidopsis (Liu et al., 1998).

A third important class is composed of the MYB-TF. One member of this
transcription factor family, AtMYB60, an R2R3-MYB guard-cell specific TF, is
down-regulated during drought stress, since knockout of AtMYB60 resulted in
a constitutive reduction of stomatal opening, and consequently decreased wilting
under water stress conditions (Cominelli et al., 2005). Another example of TF
downregulation is provided by the disruption of the AP2-like ABA repressor 1
(ABR1) gene, leading to a higher level of ABA and thus drought resistance (Pandey
et al., 2005). Importantly, the mutant was indistinguishable from the wild type under
control conditions.

2.5. Metabolism

Stomata are characterized by a specialized physiology and an accordingly regulated
metabolism (Outlaw, 2003). Malate is one of the solutes responsible for the
turgor increase needed to open stomata and keep them open. Upregulating malate
catabolism effectively reduced stomatal water loss and led to an increased WUE
(Laporte et al., 2002). This was achieved in tobacco by expressing the maize NADP-
malic enzyme (ME), which converts malate and NADP to pyruvate, NADPH,
and CO,.

Regulation of catabolic and anabolic enzymes also modulates ABA concentra-
tions. Upon water deficit ABA is synthesized in roots and shoots and subsequently
redistributed to the guard cells, where it triggers stomatal closure. After drought
stress, ABA pools were detected in Arabidopsis shoot vasculature and in stomata, by
using ABA-specific promotors coupled to the luciferase (LUC) reporter (Christmann
et al., 2005). In Arabidopsis, expression of aldehyde oxidase 3 (AAO3), an enzyme
involved in ABA synthesis, was revealed in root tips, root and shoot vasculature
and in stomata (Koiwai et al., 2004). There is evidence for the existence of two
pools of ABA, differing in their synthesis pathway and in their dynamics upon
stress (Nambara and Marion-Poll, 2005; Seo and Koshiba, 2002). Foliar ABA was
shown to be produced via the methyl-erythritol phosphate (MEP) pathway, but
also the direct MEP-independent synthesis likely occurs in leaves (Nambara and
Marion-Poll, 2005). This MEP-derived ABA pool was shown to regulate stomatal
opening in response to rapid changes in water status. Inhibition of the MEP pathway
resulted in an increase in leaf transpiration linked to a decrease in ABA-content
(Barta and Loreto, 2006). However, the MEP-pathway derived ABA was shown
not be involved in responses to high CO, or darkness. The regulation of ABA
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levels linked to the diurnal light/dark cycle was related to the cytochrome P450
mono-oxygenase enzyme (CytP450), that catabolises the endogenous guard cell
ABA to 8-hydroxy-ABA (Tallman, 2004). Manipulation of the expression of ABA
8’-hydroxylases might be the preferred strategy to modulate ABA levels and thus
water usage, since overexpression of ABA-synthesizing genes induces an increased
ABA catabolic activity that annihilates the desired ABA-effect (Yang and Zeevaart,
2006). ABA is also subject to inactivation by conjugation (glucosylation), which
limits the timeframe in which an ABA signal exerts its effects (Priest et al., 2005).
Agronomic use of glucosylation and hydroxylation resistant ABA-analogues with
long lasting effect was proposed (Priest et al., 2005). A recent study provides
indications for a role of XERICO, an Arabidopsis RING-H2 gene (really interesting
new gene zinc finger protein), in ABA homeostasis. Constitutive overexpression
of XERICO resulted in an accelerated response of ABA biosynthesis upon drought
stress (Ko et al., 2006).

3. CROSSTALK OF STRESS PATHWAYS

Crosstalk and thus overlap between biotic and abiotic stress pathways is highly
common; however plants have also evolved mechanisms that prioritize drought
(or more general abiotic) stress responses to biotic responses (Fujita et al., 20006).
As a consequence of this cross-talk, selection for drought resistance can have
effects on the pathogen resistance traits of a crop (Timmusk and Wagner, 1999).
Drought stress is the most prevalent cause of stomatal closure and subsequent leaf
surface temperature increase. However, other stresses influencing the water status
of plants can ‘mimic’ the drought response. Infections such as fungal and bacterial
wilting diseases directly impinge on the water-use efficiency of plants, resulting in
a decrease thereof (Guimaraes and Stotz, 2004). The toxin fusicoccin, commonly
used to study stomatal responses of plant mutants, is released by these pathogens
to divert plant resources to pathogen growth.

Wilting diseases typically block water transport in the plant leading to a higher
leaf temperature (Pinter et al., 1979). In sunflower, the effect of a wilting disease
(Verticillium) was found to resemble drought response (Sadras et al., 2000). In this
non-isohydric plant, which by definition has a slow stomatal response to hydric
stress (see above), drought (and wilting disease) can be quantified by a decrease
in leaf area. Overexpression of the activated disease resistance 1 (ADRI) gene,
which encodes a coiled-coil (CC)-nucleotide-binding site (NBS)-leucine-rich repeat
(LRR) protein, confers in addition to broad-spectrum pathogen resistance also
drought resistance, but also results in enhanced susceptibility to heat and salt stress
(Chini et al., 2004). The rcdl (radical-induced cell death) mutant displays rapid
programmed cell death upon ozon exposure, which is reminiscent of pathogen
resistance by the hypersensitive response. In addition, rcd/ has a higher transpiration
rate than wild type, is less sensitive to ABA, ethylene and jasmonate, and is thus
implicated in multiple hormone-and stress signaling pathways (Ahlfors et al., 2004).
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RCD1 belongs to the (ADP-ribosyl)transferase domain-containing subfamily of the
WWE protein-protein interaction domain protein family. An unexpected implication
of disease resistance response to powdery mildew in barley was the loss of stomatal
control due to epidermal cell death around the stomata through which pathogen
ingress occurred (Prats et al., 2006). The lack of turgor pressure from the epidermal
cells left the stomata continuously open, leaving the plants exposed to severe levels
of drought stress.

As ABA, the plant hormone ethylene is often involved in stress responses
(De Paepe and Van Der Straeten, 2005). Ethylene inhibits ABA-induced stomatal
closure, and ethylene overproducing mutants have a higher transpiration rate
(Tanaka et al., 2005). A decrease in ethylene sensitivity is one of the mechanisms
by which overexpression of Hahb-4, an HD-Zip protein from Helianthus annuus,
increases drought tolerance of Arabidopsis (Manavella et al., 2006). A similar effect
was observed in maize ACC synthase (ZmACS6) loss-of-function mutants, which
are affected in the first regulatory step of ethylene biosynthesis (Young et al., 2004).

Hormonal cross-talk with the ABA pathway in relation to stomatal regulation
is not limited to ethylene. Levels of auxins and cytokinins, hormones known to
promote stomatal opening (Tanaka et al., 2006), display pronounced diurnal patterns
which follow reverse trends compared to the corresponding ABA levels (Novakova
et al., 2005).

Understanding the integration of chemical, electrical and hydraulic signals as a
response to (coinciding) stresses at the whole plant level is a challenge for the
future (Brenner et al., 2000).

4. CUTICULAR AND STOMATAL TRANSPIRATION

Transpiration is determined by both regulation of stomatal aperture and stomatal
density. The latter parameters and stomatal size, are largely determined by the
developmental program, but are also influenced by hormonal signals (Bergmann,
2006; Chaerle et al., 2005). When grown at low humidity, plants adaptively increase
cuticle wax load (Holroyd et al., 2002). In contrast, high humidity conditions result
in a lower stomatal density (Bergmann, 2004).

Modification of the epidermal surface (wax load) affects the survival of plants
under severe drought stress, when stomata are completely closed (Zhang et al.,
2005). The shn (shine) gain-of-function mutant has an altered wax composition of
the leaf cuticula, responsible for its shiny appearance (Aharoni et al., 2004). The
shn leaf epidermis is more permeable, resulting in a higher cuticular transpiration,
and is characterized by a lower stomatal density. The combined effect of these
factors results in a drought-tolerant phenotype of the shn mutant. A single mutation
can thus have multiple effects affecting leaf gas exchange. Another example of
epidermal wax load modification resulting in increased drought tolerance is the
overexpression of the ABA and drought-inducible AP2 transcription factor WXP1
(wax production) in alfalfa, leading to higher wax accumulation, with a minor
growth retardation as a side-effect.
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S. MONITORING OF DROUGHT STRESS RESPONSES

The stomatal pathway represents the major route for gas exchange, whereas the
remaining part of the leaf surface (98 to 99,8% of its area) represents only a
fraction of the total transpiration (10 to 100 times lower) since it is covered by
a waxy cuticula (Nobel, 1991). The mechanisms described above have largely
been discovered and characterized using techniques that reveal stomatal functioning
(Merta et al., 2001) (see Table 1 for an overview).

5.1. Monitoring at the Lab Scale

An indication of modified water relations in a mutant plant is generally given
by a wilty or withered phenotype (Kacira et al., 2002). Confirmation thereof is
obtained by weight loss measurements, either using potted plants (with covered
soil or substrate), detached leaves or shoots (Aharoni et al., 2004; Pandey and
Assmann, 2004; Ruggiero et al., 2004). Integrative weight loss measurements
over time, covering either complete dark or light periods allow to discriminate
between stomatal and cuticular transpiration. However, this difference in transpi-
ration between light and dark is more easily obtained by measuring changes in
the humidity of air circulated over the leaf in a semi-closed measuring system.
Direct assessment of leaf gas-exchange provides a real time, higher resolution
measurement of the actual water loss (and CO, uptake) (Lasceve et al., 1997).
Reduced transpiration can be monitored by porometric measurements, during which
a small leaf region is enclosed in a cuvette for a measuring time of under 1 minute
(Ahlfors et al., 2004). The use of multiple-cuvette systems enclosing leaves (or
complete plants) yields time-courses allowing to compare the characteristics of
different plants (Dodd et al., 2004). The high time-resolution also reveals differences
in response to changing environmental factors, such as air humidity (Hosy et al.,
2003).

Single cuvette portable systems are limited to short intermittent measurements
on a batch of plants. This approach is labor intensive, and suffers from the lack

Table 1. Overview of the measuring techniques to reveal changes in stomatal control.

The time resolution of weight loss measurements is at the hour level in detached leaves due to accelerated
water loss; for intact plants differences can be revealed with day resolution. Gas exchange measurements
need an equilibration time for the air continuously circulated over a leaf enclosed in a measuring cuvette.
Clamping of the leaf can influence leaf physiology, especially for longer time measurements (*)

Measuring Measured Stomatal closure Destructive/ Time

technique parameter response invasive resolution

Weight loss Amount of water evaporated Decrease -/ - Hours to days

Gas exchange Change in water content of air ~ Decrease —/* Seconds to minutes
Thermography  Leaf temperature Increase -/ - Real-time

Carbon isotope  Discrimination of 3C over '>C Decrease +/+ Integrative over

discrimination growth period
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of reproducible positioning of the measuring cuvette. Longer-term leaf clamping
inevitably affects leaf physiology (e.g. by shading). Thermal imaging overcomes
these limitations and monitors evaporation at the leaf surface non-invasively, in
real time. Importantly measurements should be carried out in stable environmental
conditions (Chaerle and Van Der Straeten, 2000). In addition, thermal imaging
can also visualize the temperature of detached leaves, offering an alternative
to integrative water measurement by weighing (Mustilli et al., 2002). Thermog-
raphy has the additional benefit of visualizing heterogeneity in response of leaves.
This might not be needed for field applications, where an average temperature
measurement using a non-imaging infrared thermometer will be sufficient to monitor
the temporal evolution of leaf temperature (under a developing stress). Light
intensity, known to positively regulate stomatal aperture, was reported to influence
drought stress detection by thermal imaging in Chrysanthemum (Blom-Zandstra
and Metselaar, 2006). An approach to directly quantify stomatal conductance
from thermal imaging data was recently proposed, and will provide the means to
directly correlate temperature measurements to the above-described gas-exchange
measurements (Leinonen et al., 2006). Furthermore, the reflectance of plant leaves
also depends on water content. Changes in water status can be revealed by near
infrared imaging, since in this spectral region, water absorbs part of the radiation
(Pefiuelas and Filella, 1998). This technique is mostly used in remote sensing appli-
cations, but has the potential to be used in a multi-sensor setup at the laboratory
scale.

An integrative measurement of yield over a whole growing season can be
obtained by the destructive carbon isotope discrimination technique at the end of
the growth period (DELTA technique, see www.csiro.au). The heavier 1*C isotope
containing CO, is discriminated against during fixation in the substomatal cavities.
Upon stomatal closure, discrimination of the two isotopes becomes less likely,
and values closer to zero are obtained for the delta (A) parameter. This parameter
negatively correlates with transpiration efficiency and thus water use efficiency
(WUE). The ERECTA (ER) gene, encoding a receptor-like kinase (RLK) from
Arabidopsis was shown to confer increased WUE (Masle et al., 2005). Arabidopsis
plants homozygous for erecta mutant alleles (Ler, Coler/05, Coler2) had a higher
A, higher transpiration and a higher stomatal density, compared to homozygous
ERECTA plants, harboring the functional ER alleles. Using the delta screening
approach, high yielding wheat cultivars were obtained (Condon et al., 2004). An
important technical advance in the study of water relations is the possibility to
measure water transport in-planta using magnetic resonance imaging (Windt et al.,
2006). This allows to visualize changes in phloem and xylem transport, which also
influence the water status of the plant.

5.2. Field Scale Monitoring

Thermal imaging can visualize early crop responses to water limitation from the
plant level to the field scale. However, to be useful under field conditions at an early
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stage of plant development (before canopy closure), the image parts corresponding
to leaf area need to be isolated selectively by dedicated software (Luquet et al.,
2003).

To exploit thermography as a monitoring tool, water stress levels are expressed on
a reference scale (0—1) by various Water Stress Indexes. The most basic approach is
taking into account the temperature difference between canopy and air (T¢opy ~Tyir)-
Parameters based on these temperature measurements, such as Crop Water Stress
Index (CWSI) and Water Deficit Index (WDI) are used to assess the water status
of field plots (http:/www.uswcl.ars.ag.gov/epd/remsen/irrweb/thindex.htm) (Jones,
2004a; Jones, 2004b). Leaf water potential (LWP) is determined by the osmotic
status of the leaf, and can be measured on leaf discs using a vapor pressure
osmometer (Verslues and Bray, 2004). Even though LWP is not always directly
related to stomatal conductance (g,), a correlation with the CWSI parameter was
found (Cohen et al., 2005).

For early monitoring applications to be effective, it is important to take into
account that non-isohydric plants do not display a change in stomatal conductance
(and hence leaf temperature) upon early drought stress. As another complicating
factor, crop water status at the field scale is characterized by spatial variability,
due to soil characteristics, crop canopy variability, and inter-plant variability. This
heterogeneity has to be discriminated against the effects of hydric stress. Approaches
using normalized CWSI values that take into account crop canopy characteristics
show great promise for making irrigation practices more efficient (Jones, 2004b).

Leaf temperature measurements are also amenable to simulation. The devel-
opment of modeling approaches with virtual plants, allows to grow ‘virtual crops’
under different conditions and to assess their predicted responses (Tardieu, 2003).
Especially in agronomically important crops, a longer generation time puts a limit
on the development of new improved cultivars. Targeting the most promising
approaches as revealed by the simulations allows to speed up crop breeding.
Modeling specifically applied to the guard cell system regulatory network can also
help predicting the effect of manipulations and guide the experimental approach
(Li et al., 2006). Given the complexity of guard cell regulation, combining the
available knowledge on interactions and regulations into a dynamic model can help
to define missing links and to test new hypotheses. Predictive tools can therefore
further advances to targeted improvement of water use.

5.3. Screening Applications

Using screening under controlled conditions, altered responses to drought stress
among a batch of cultivars or within a mutated population can be pinpointed using
thermal imaging. The isolation of the barley ‘cool’ mutant was the first example
of a successful thermal screen (Raskin and Ladyman, 1988). Analogous screens
have been carried out in Arabidopsis to isolate mutants with aberrant leaf temper-
ature, shown to carry a mutation in kinases or phosphatases that regulate stomatal
aperture (see above ABI and OST) (Merlot et al., 2002; Mustilli et al., 2002).
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Using thermography to reveal stomatal responses upon a steep drop in air humidity,
OST1 was subsequently revealed to be also implicated in the stomatal closure upon
low air relative humidity (or low vapor pressure deficit VPD) (Xie et al., 2006).

As a consequence of a leaf temperature increase, assimilation can be directly
affected. A limitation of photosynthesis is however predominantly caused by
diffusion limitation (Flexas et al., 2006). Thus (drought) stress induced stomatal
closure will limit crop yield. Therefore, screening for plants that have ‘mild’
reactions to a developing stress might be beneficial to increase yields.

The leaf temperature screening approach can also be carried out with infrared
thermometers at the field plot scale. This technique was effectively used to screen
Brassica genotypes for drought tolerance under decreasing soil moisture conditions
(Singh et al., 1985).

6. ROUTES TO YIELD ENHANCEMENT

Constitutive expression of genes involved in the response to stress is of great
benefit in applied research since it often results in strong phenotypes. However
this approach mostly leads to a considerable growth penalty (Liu et al., 1998).
The use of inducible promoter constructs can alleviate these adverse consequences
(Chini et al., 2004; Umezawa et al., 2006). In some cases however, constitutive
expression enhances yield significantly under stressed conditions without growth
inhibition in optimal circumstances. As an example, overexpression of a NAC (NAM,
ATAF, and CUC) transcription factor resulted in higher drought resistance both in
the vegetative and in the reproductive stage of rice (Hu et al., 2006). Conversely,
knockout of single genes in T-DNA insertion mutants (in general loss-of-function
mutants) can remain without phenotype under normal growth conditions, yet confer a
drought resistance phenotype, as exemplified by the gcrI mutant (G-Protein Coupled
Receptor, GCR1) which is hypersensitive to ABA (Pandey and Assmann, 2004).
GCR1 could thus be a key factor in engineering plant resistance to drought stress.

The use of modeling techniques together with the increasing genetic information
available from whole genome sequencing efforts (achieved for Arabidopsis, Oryza,
and Populus), micro-array gene-expression datasets and associated tools to extract
signaling network information (Zimmermann et al., 2005), and expressed sequence
tag (ESTs) databases (http://www.ncbi.nlm.nih.gov/dbEST/dbEST_summary.html)
(Rudd, 2003) will provide the means needed to further increase crop yield in a
world faced with an increased pressure on the available resources.
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CHAPTER 5

ECO-PHYSIOLOGICAL

AND MOLECULAR-GENETIC DETERMINANTS
OF PLANT CUTICLE FUNCTION IN DROUGHT
AND SALT STRESS TOLERANCE

DYLAN K. KOSMA AND MATTHEW A. JENKS

Purdue University, Department of Horticulture and Landscape Architecture, Center for Plant
Environmental Stress Physiology, West Lafayette, Indiana, 47907, USA

Abstract: A waxy cuticle covers the aerial organs of plants that functions to prevent uncontrolled
water loss. The cuticle has often been considered a non-responsive adaptation that acts
simply as a barrier to water loss, when in fact cuticle metabolism is quite responsive
to environmental stresses. The responsiveness of the cuticle has been demonstrated by
changes in cuticle chemistry and cuticle gene expression of drought and salt exposed
plants. Alteration of cuticle traits through breeding and biotechnology approaches may
prove useful in improving crops for drought and salt tolerance. However, work is still
needed to lay the foundation for the use of cuticle genes and traits for agronomic
purposes

Keywords: cuticle, wax, cutin, drought, salt, transpiration, water conservation, stomata, plant

1. INTRODUCTION

The plant cuticle is a hydrophobic coating that is composed of a cutin polyester
membrane intermeshed and overlaid with free waxes that provides the outermost
barrier over essentially all aerial plant organs, and whose foremost function across
the plant kingdom is thought to be in plant water conservation (Goodwin & Jenks
2005). A dogma has persisted that a thick cuticle provides a more effective barrier
to water loss, and thus can be categorized as a distinct xeromorphic trait. While
cuticle does in fact have a significant influence on plant transpiration, recent studies
challenge the simple notion of cuticle as an uncomplicated lipid coating whose
barrier properties are determined by its thickness alone. This review describes
recent advances in our understanding of plant cuticle function in plant drought and
salt stress tolerance, and the underlying molecular genetic involvement in cuticle
function and responsiveness to stress.
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2. CUTICLE ASSOCIATION WITH STRESS PHYSIOLOGY
IN DROUGHT ADAPTED PLANTS

Xerophytic plants have extreme tolerance to arid environments and in general
possess thicker cuticles than do mesophytes. Among mesophytic species, leaf
cuticles range in thickness from less than 0.03 um, as in Arabidopsis thaliana
(L.) Heynh. (Franke et al. 2005), to seldom exceeding 0.2 um to 0.3 pum in
thickness (Jeffree 2000). A recent survey of 70 species from 21 genera of North
American Cactaceae (a taxa of mainly xerophytic species) reported that 56 of these
have cuticle thickness greater than 2 um (Loza-Cornejo & Terrazas 2003), and a
few possess cuticles well over 20 pm thick. The extremophile cactus Ariocarpus
fissuratus (Engelman) K. Schuman. has a cuticle over 225 um thick. It is typical
that other xerophytic species, like Hakea suaveolens R. Br., Clivia miniata(Lindl.)
Regal., and Agave americana L. (Jeffree, 2006), have cuticles over 4 um. Likewise,
many conifers have very thick cuticles, potentially associated with tolerance to
dry sandy soils or desiccating alpine environments. For example, Picea abies (L.)
Karst. has a needle cuticle 3.6 um in thickness (Jeffree 2006) and Pinus longaeva
D.K. Bailey needles have cuticles roughly 6 pm in thickness (Connor & Lanner
1991). A survey of many published articles however indicates that cuticle thickness
does not correlate well with drought stress tolerance, cuticle permeability, or the
degree of climatic dryness to which a species is adapted (Kamp 1930, Sitte &
Rennier 1963, Radler 1965, Riederer & Schreiber 2001, Olyslaegers et al. 2002).
There are many possible explanations for this. First, drought tolerance is a complex
trait. Plants use many adaptations besides cuticle-based water conservation for
avoiding tissue dehydration, such as; the formation of extensive root systems to more
efficiently mine water, the ability to maintain extremely low osmotic potentials,
and the ability to avoid drought by adaptive life cycles (Gibson 1996, Gutterman
2000). Thick cuticles likely have other functions in arid environments besides
that of water barrier. Thick cuticles likely play important roles in preventing or
ameliorating high temperature stress (Gibson 1998, Casado & Heredia 2001) and
in the reduction of mutagenic ultraviolet radiation (Krauss et al. 1997, Holmes &
Keiller 2002). In addition, cuticles can influence mechanical properties related to
leaf/organ strength or toughness (Taylor 1971, Bargel et al. 2006), and thus could
provide physical protection from damage by herbivorous pests (Potter & Kimmerer
1988, Gentry & Barbosa 2006). More extensive eco-physiological studies that
correlate cuticle properties in xerophytes with specific requirements for survival and
reproduction in arid environments would help explain the degree to which cuticle
thickness has importance, as a permeability barrier, in mitigating high temperature
stress, in UV protection, and in protection from herbivores.

Attempts to categorize cuticle water permeance values to life form and climate of
origin have provided some insight on the eco-physiology of the cuticle (Riederer &
Schreiber 2001). For example, deciduous plant species with mesomorphic leaves
growing in temperate climates and evergreen epiphytic or climbing plants from
tropical climates can be readily distinguished based on cuticle permeance to
water values. In general, deciduous plant leaves have cuticles with high water
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permeance and tropical epiphytes have low permeability to water. However, as with
cuticle thickness and permeance, relationships between life form/native-habitat and
permeance do not always hold true. Cuticle permeance for leaves of some groupings
(xerormorphic plants from Mediterranean climates) based on life form/habitat
exhibit a broad range of permeance values that substantially overlap those groups
defined as having high (deciduous plants) and low (tropical epiphytes) water
permeance (Riederer & Schreiber 2001). Again, it is clear that cuticle thickness
does not correlate well with the cuticle’s permeability to water (Sitte & Rennier
1963, Radler 1965, Riederer & Schreiber 2001). As one case in point, fruits
generally have among the thickest cuticles of any organs, but fruit cuticles also have
some of the highest permeances to water (Schreiber & Riederer 1996, Riederer &
Schreiber 2001). Rather than a simple homogenous lipid coating, several studies
now demonstrate that the cuticle is structurally and chemically heterogeneous.
Cuticle thickness and permeability varies over anticlinal and periclinal cell walls
of the epidermis (Norris & Bukovac 1968, Norris 1974, Loza-Cornejo & Terrazas
2003) and even different epidermal cell types (guard cells, trichomes) have different
cuticle properties, such as permeability, composition, and structure (Tanton &
Crowdy 1972, Schlegel & Schonherr 2002, Schlegel et al. 2005). Other studies
provide convincing evidence that the exact nanomolecular structure and packing
arrangement of cutin and wax molecules within the cuticle membrane itself is a
major determinant of cuticle permeability (Reynhardt & Riederer 1994, Riederer
et al. 1995, Reynhardt 1997, Schreiber et al. 1997). More specifically, the size and
placement of aliphatic wax constituents into impermeable crystalline regions within
the cutin framework appear to play a major role in determining the number, size, and
tortuosity of water diffusion pathways (Riederer 1991, Riederer & Schreiber 1995,
Schreiber et al. 1997, Buchholz 2006, Burghardt & Riederer 2006). In this case,
diffusion pathways are defined by amorphous inter-crystalline regions consisting
of chain ends, polar functional groups, and possibly non-aliphatic (aromatic) wax
compounds (Merk et al. 1998, Jenks 2002). The nature and exact nanomolecular
structure within these intercrystalline regions however is still debatable. Transport
kinetic studies have shown clearly that water, as a small, non-ionic, polar molecule,
can diffuse through both polar pathways (reserved for the diffusion of ionic
and small polar molecules) and lipophilic pathways reserved for lipophilic non-
electrolytes; (Niederl et al. 1998, Schreiber et al. 2001, Schreiber 2005, 2006). New
nanotechnological tools like, atomic force microscopy, Raman spectroscopic tools,
nuclear magnetic resonance, and field emission scanning electron microscopy, hold
much promise for future studies to understand cuticle structure, composition, and
physical properties at a high spatial (nanometer) resolution. The utility of atomic
force microscopy has been demonstrated, imaging the regeneration of wax crystals
on the surface of plant cuticles (Koch et al. 2004), recrystallized, extracted wax
(Koch et al. 2006), and isolated tomato cutin polymer (Beniitez et al. 2004ab,
Benitez et al. 2004ba). The ability to obtain high-resolution images at higher
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magnifications than traditional scanning electron microscopes, and on unfixed and
uncoated samples, promises to greatly expand our understanding of cuticle function.

2.1. A Comment on Methods used to Measure Cuticle Permeability

Plant cuticle permeability has been estimated using a variety of techniques. For
example, chlorophyll extraction rate from plant tissues (with 80% ethanol) has
frequently been used as an indicator of altered cuticle permeability (Lolle et al.
1998, Sieber et al. 2000, Chen et al. 2003, Aharoni et al. 2004, Schnurr et al.
2004, Zhang et al. 2005). There are still many questions regarding this method
however, and Kerstiens et al. (2006) recently raised questions about the accuracy
of using chlorophyll diffusion as an indication of cuticle permeability to water.
Size selectivity of the diffusible compounds in polar and particularly lipophilic
pathways may be an important issue (Buchholz et al. 1998, Schonherr & Schreiber
2004, Schreiber 2006) noting that the molecular size of water is much smaller
than that of chlorophyll. Water loss decline curves of excised organs in darkness,
termed minimum conductance (g,.;,), or mass change of whole growing plants in
sealed pots, termed lowest conductance (g, ), have often been employed under the
assumption that stomata are closed in darkness (Jenks et al. 1994, Chen et al. 2003,
Aharoni et al. 2004, Chen et al. 2004, Xiao et al. 2004, Zhang et al. 2005). This
assumption however may not be accurate for all plant species, as some plants do
not appear to completely close their stomata at night and exhibit stomatal leakage
(Kerstiens 1996, Burghardt & Riederer 2003). A new cuticle permeability assay
employs a water-soluble dye, toluidine blue (TB), that preferentially binds to cell
walls (Tanaka et al. 2004). Short duration submersion of plant organs in TB results
in blue colored organs; organs having cuticles that are more permeable stain more
intensely. Large scale screening with TB led to the discovery of a new set of cuticle
permeability mutants, including new allelic members of previously characterized
complementation groups (Tanaka et al. 2004). Other techniques used as indicators
of cuticle permeability include plant response to herbicide sprays, wherein plants
having cuticles that are more permeable exhibit earlier necrosis (Sieber et al. 2000,
Chen et al. 2003). A more indirect means of assaying cuticle permeability has been
to screen mutants for organ fusion (Lolle et al. 1998). To date, nearly all mutants
having organ fusion that were examined had higher cuticle permeability to water
than their respective wild type (Lolle et al. 1998, Tanaka & Machida 2006). Not
all cutin mutants (e.g. att/) however, show organ fusion (Xiao et al. 2004). This
may be due to differential diffusion of a morphogenic substance that causes fusion
(Siegel & Verbeke 1989) or else a differential timing in the expression of the
cuticle permeability phenotype in the respective mutant. To date organ fusion has
been shown to occur primarily at the primordial organ development stage. When
multiple assays of cuticle permeability have been employed (e.g. TB, chlorophyll
leaching, organ or in planta water loss), they tend to give similar results. Organ
fusion being the exception, as that a few cuticle mutants with altered permeability
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do not exhibit organ fusion (Lolle et al. 1997, Lolle et al. 1998, Sieber et al. 2000,
Chen et al. 2003, Aharoni et al. 2004, Schnurr et al. 2004, Goodwin & Jenks 2005,
Zhang et al. 2005, Tanaka & Machida 2006).

3. CUTICLE ASSOCIATION WITH STRESS PHYSIOLOGY
IN SALINE ADAPTED PLANTS

Halophytes, like plants from arid climates, are adapted to water limiting environ-
ments created by the low osmotic potentials of saline soils or aerial salt sprays
on tissue surfaces. Deposition of salty aerosol sprays from ocean wave action
and plow thrown road salts has long been recognized as sources of salt damage
(Bernstein 1975). The heavy cuticles commonly found on many seashore and salt
marsh plants, such as Ammophila arenaria L., Quercus obtusiloba Michx., Ilex
opaca Ait., and Pinus thunbergii Parl.(Harshberger 1909, Simini & Leone 1986),
and salt tolerant plants, such as Thellungiella halophilla (C.A. Meyer) O.E. Schultz
and Thellungiella parvula (Schrenk) Al-Shehbaz & OKane (Teusink et al. 2002)
may not only provide an aerial barrier to water loss from plant tissues growing in
desiccating saline soils, but the microrelief (microtopography) of the cuticle may
also repel saline water droplets, and prevent the deposition of salt on the plant
surface (Barthlott & Neinhuis 1997). For example, halophytic leaves like those of
the salt spray zone and salt marsh ecotypes of halophyte Agrostis stolonifera L.
exhibit lower wettability (higher advancing contact angles) and lower leaf sodium
retention than those of inland ecotypes. The differences in wettability are likely
attributed to differences in the physico-chemical and structural properties of waxes
at the outermost surface (Ahmad & Wainwright 1976). Besides its role in the
prevention of water loss, the cuticle may prevent the infiltration of toxic sodium
ions into leaves. It is interesting to contemplate the function of cuticles as barriers
to salt uptake based on recent studies that show that cuticles possess distinct polar
pathways through which only charged molecules, like salt ions, can pass (Schreiber
et al. 2001, Schreiber 2005, 2006). Potentially, future studies may show that plants
adapted for the prevention of salt ion permeation into leaves have cuticles with
unique polar pathways of diffusion.

Halophytic cuticles may reduce the uptake of salt from the rhizosphere into
the plant transpiration stream by reducing overall transpiration rates. Growth of
the halophyte Suaeda maritima (L.) Dumort. in elevated salt (0.34 M NaCl)
concentrations led to pronounced changes in cuticle ultrastructure and wax crystal
morphology. In salt grown Suaeda maritima, a 60% increase in cuticle thickness
was accompanied by a 35% reduction in cuticular transpiration (g,,,; (Hajibagheri
et al. 1983). Whether this reduced total salt uptake in the transpiration stream by
Suaeda maritima was not determined. These and other studies sugget that the cuticle
plays a significant role in plant salt stress tolerance. Additional studies to elucidate
the many possible mechanisms of cuticle function in plant salt tolerance are surely
warranted.
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4. MOLECULAR-GENETIC INVOLVEMENT IN DROUGHT
AND SALT STRESS FUNCTIONS OF THE CUTICLE

Using mutagenesis and candidate gene testing strategies, a large collection of new
plant genes directly linked to cuticle production has been identified, mostly in
Arabidopsis thaliana, but also Zea mays L., Medicago truncatula Gaertn., and
Lycopersicon esculentum Mill (Table 1). These mutants can be divided into three
basic classes or types, 1) cuticular wax mutants, 2) cutin mutants and 3) mutants
altered in both wax and cutin. Various means have been used to characterize
the impact of mutations in these cuticle-associated genes on cuticle structure and
composition, and overall plant physiology and growth. A series of assays have
revealed that several mutants having altered cutin composition also possess greatly
elevated transpiration rates (Goodwin & Jenks 2005). Surprisingly, mutants having
only wax defects show very little or no change in transpiration. Since waxes are
thought to be the hydrophobic cuticle component (whereas cutin is thought to be
more hydrophilic), it is difficult to explain these results. Based on the recent model
of cuticle structure wherein cutin provides a kind of framework that supports the
packing of wax molecules into discreet crystalline and amorphous regions, one
possible interpretation is that the framework or support function of cutin is very
important in establishing cuticle permeability properties. Why doesn’t the reduction
in wax amount, observed on existing mutants, cause major changes in transpiration?
Possibly, wax amounts are simply not reduced enough to begin to have an impact.
In this scenario, it might be proposed that less wax is needed to form an effective
cuticle water barrier than is normally produced on these plants. What the minimal
wax load required to provide a normal water barrier is uncertain. A clue may come
from transpiration studies of Arabidopsis wax mutants. Arabidopsis mutant cerl
appears to have normal cutin, but has amongst the lowest leaf wax load of all wax
mutants, 38% of wild-type wax amounts, respectively (Jenks et al. 1995). Curiously,
despite demonstrating increased rates of excised stem water loss, cerl demonstrates
only a minor increase in whole plant, night-time transpiration (g,,,,) rates (Goodwin
and Jenks, 2005). A series of double cer mutants were recently created (Goodwin
et al. 2005) with one goal being to lower the wax amounts further than identified
wax mutants and test for effects on water loss. Surprisingly, of 14 new double cer
mutants, only two had lower leaf wax than the cer/ mutant; cerlcer3 and cerlcerd
had leaf wax quantities only 30% and 22% of wild type (Jenks, unpublished).
Whether these double mutants have elevated transpiration has not been determined.
Notwithstanding, the use of mutant and transgenic approaches to create extreme
wax deficiencies could provide a powerful tool to answer these questions.
Additional clues to understanding the role of waxes in cuticle permeability
came from a study by Vogg et al. (2004). Using both physical and genetic
approaches to modify aliphatic epicuticular and intracuticular wax deposition of
astomatous tomato fruit cuticles, they provided firm evidence that intracuticular
waxes, and not epicuticular waxes provide the major permeability barrier function
to the cuticle. Interestingly, intracuticular waxes in tomato include large amounts
of triterpenoids, in addition to the typical aliphatics. Previous experimental and
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theoretical evidence indicates that terpenoids do not hinder water diffusion through
the cuticle as well as long chain aliphatics do, perhaps due to poor packing in
the cutin network and displacement of areas of tightly packed crystalline regions
(Grncarevic & Radler 1967). This high terpenoid content in tomato cuticles may
in part, explain why fruit cuticles, even though they are much thicker than
most leaf cuticles, are nevertheless more permeable. More studies are needed to
determine the role of specific aliphatics and terpenoids in determining cuticle
permeability.

Studies using transgenic plants have provided further insight into the role of
wax in cuticle function. Overexpression of the Medicago truncatula gene WXPI in
Medicago sativa L., encoding a putative AP2/EREBP family transcription factor,
caused a 37.7% increase in leaf cuticle wax deposition, primarily due to an
increase in alcohols, that was associated with reductions in both water loss rate and
chlorophyll efflux (Zhang et al. 2005). Surprisingly however, overexpression of
Arabidopsis WXP1 homolog WINI/SHN1, in Arabidopsis led to a similar increase in
Arabidopsis leaf wax accumulation, in this case primarily alkanes, but an increased
rate of excised leaf water loss and chlorophyll leaching (Aharoni et al. 2004, Zhang
et al. 2005). These contrasting results are quite peculiar since, intuitively increased
amounts of hydrophobic wax in the Arabidopsis cuticle would be expected to reduce
cuticle permeability by theoretically making more aliphatic crystalline wax regions.
One possible explanation is that the increased wax displaced normal wax packing
in the cutin framework of Arabidopsis differently than had occurred in Medicago,
leading to an increase in the number and/or size of diffusion pathways. However,
this is still quite speculative. The lacs2 mutant (defective in the acyl-CoA synthase
encoding LACS?2) exhibits increased leaf wax amounts, especially alkanes, and like
the WINI overexpressor has increased chlorophyll efflux (Schnurr et al. 2004). By
comparison, the Arabidopsis mutant bdg (defective in an «/B-hydrolase encoded
by the BDG gene) exhibits large increases in the amount of alkane and aldehyde
waxes, and this too is associated with increased chlorophyll efflux (Kurdyukov et al.
2006a). Once again, increased wax deposition leads to an unexpected increase in
cuticle permeability. A mechanistic explanation for how transgenic overexpression
of cuticle-associated genes that increase wax deposition but in one case increase leaf
cuticle permeability, and in other cases decrease permeability, is still unavailable.

As mentioned above, changes in cutin structure or chemical composition cause
a signficant change in permeability. The attl, cer25, hth, and wax2 mutants all
show reductions in the total amount of cutin monomers, a change in cutin monomer
profiles, and a disrupted cuticle membrane (cutin) ultrastructure (Goodwin & Jenks
2005, Kurdyukov et al. 2006b). The lacs2 mutant likewise shows a disruption in
the cutin layer (Schnurr et al. 2004). All of these mutants show much higher leaf
cuticle permeability than their respective isogenic wild-type parents (Lolle et al.
1997, Xiao et al. 2004, Goodwin & Jenks 2005). Notably however, att! and wax2
have thicker cuticle membranes than wild type whereas cer25 and hth have thinner
cuticles, lending further support to arguments that cuticle thickness is not a primary
determinant of cuticle permeability. Compared to all other cutin mutants, the bdg
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mutant is unique because it possesses more total cutin monomers than wild type
and also a thicker cuticle membrane (Kurdyukov et al. 2006a). Cuticle permeability
in bdg like other cutin mutants is greatly elevated. As such, elevation in cutin
monomer deposition does not necessarily lead to reduced cuticle permeability as
might be expected. It was postulated that the BDG protein plays a role in cross-
linking cutin monomers. It is interesting to note that like the bdg mutant, attl,
hth, and wax2 have highly disorganized cuticle membrane ultrastructure leading to
speculation that these too may be defective in cutin cross-linking. A new hypothesis
can then be set forward here that cutin cross-linking may be a major determinant
of a cuticle’s permeability function. Recent characterization of hth cutin monomers
reveals specific reductions in C,; mid-chain oxygenated hydroxyacids, C,3 o/w-
dicarboxylic acids, and increased levels of precursor molecules C;3 w-hydroxy
acids, all monomers with abundant hydroxy groups that should be important cross-
linking sites. Potentially, a higher degree of cross linking among cutin monomers
creates a denser or robust cutin scaffolding in which to pack wax molecules, thereby
creating more, larger, or more dense crystalline regions. As well, linking hydroxyls
into covalent, ester bonds precludes these polar groups from potential interactions
with water and may cause reductions in polar pathways of diffusion in the cuticle
membrane. Targeted studies are needed to determine whether more cutin cross-
linking creates a less permeable cuticle.

5. CUTICLE FUNCTIONS ASSOCIATED WITH THE STOMATAL
COMPLEX

New evidence suggests that the cuticle plays a major role in controlling stomatal
transpiration. Microscopy studies of leaves and stems reveal that a cuticle membrane
covers the entire surface of the substomatal chamber; the cavity below the stomatal
pore made of inner walls of the guard cells and outer mesophyll cells (Osborn &
Taylor 1990). In addition, the cuticle and cell wall forms a unique structure at the
outer rim of the stomatal pore called the stomatal or cuticular ridge, a structure that
forms an outer cavity above the pore called the stomatal ante-chamber (Zhao & Sack
1999, Jenks 2002). Many plants adapted to arid zones possess large and/or multiple
rows of these ridges, and speculation has it that these ridges help seal the pore more
tightly at night and during periods of high vapor pressure deficit or drought (Jenks
2002). If one erroneously assumes that differences in stomatal complex cuticle do
not contribute to observed differences in water loss between cuticle mutants, then
it might be postulated that water loss rates in light when the stomata are open,
would be the same as observed night-time differences in transpiration rate (i.e. the
amount of water loss from stomatal pores did not differ in these isogenic lines).
However, transpiration studies of Arabidopsis wild type and the wax2 demonstrate
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Figure 1. Dark and light transpiration of Arabidopsis wild type (C24) and wax2 mutant revealing an
unexpectedly higher transpiration differential in light than in darkness

that differences in water loss are 44% higher in lighted than in dark conditions
(Figure 1). These differences appeared immediately upon lighting, and since a water
filter was used to remove infrared heating at the plant surfaces, we assumed these
differences were due to differences in water movement through stomatal pores, (i.e.
more water vapor escaped the wax2 stomata than those of wild type). Leaf areas
and other aspects of leaf morphology were essentially identical, and an analysis of
stomatal index revealed that the wax2 mutant actually had slightly fewer stomata
per unit area. The elevated water loss in wax2 could not thus be attributed to an
increase in the number of stomatal pores. Electron microscopy studies revealed, as
expected, significant morphological alterations in the cuticles of the wax2 mutant’s
stomatal complexes (Figure 2). Not only had the cuticle lining the substomatal
chamber been disrupted, but also the size of the stomata’s cuticular ridges on wax2
was greatly reduced. Comparable results were found for art/ and cer25 (Xiao et al.,
2004; Jenks, unpublished). Recent studies on polar pathways of cuticle transport
suggest that guard cell and trichome cuticles may be more permeable to polar
compounds (including water) as the cuticle of these epidermal cells demonstrate
preferential precipitation of externally applied ionic salts of silver (Schlegel et al.
2005, Schreiber 2006, Schreiber et al. 2006). As well, hybrid Populus clones grown
under water limiting conditions demonstrate increased cuticle deposition over leaf
stomata (Pallardy & Kozlowski 1979). Likewise, wax deposits in the stomatal
antechamber of Picea sitchensis (Bong.) Carr. were calculated to reduce the rate of
leaf transpiration (Jeffree et al. 1971). Collectively, these results show that the cuticle
plays a critical role in determining water loss through the stomatal pore. Future
studies must now consider that transpiration rate measurements from stomatous
organs can be impacted by the cuticle of the substomatal chamber and cuticle ridge,
and that even a diminutive stomatal cuticle as in Arabidopsis will impact water
loss through the stomatal pore. To what degree the separate stomatal ridges and
substomatal cuticles contribute to differences in total water loss as observed is still
unclear.
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Figure 2. Stomatal complex of an internodal segment of Arabidopsis thaliana inflorescence stem of C24
wild type (A, C) and isogenic wax2 (B, D) demonstrating alterations in the stomatal complex cuticle
of wax2. Cuticle features are annotated as follows; outer cuticle (OC), stomal ridge (SR), substomatal
chamber (SSC), substomatal chamber cuticle (SSCC). C and D are enlarged views of boxed areas from
A and B

6. CUTICLE RESPONSE TO DROUGHT AND SALT

The cuticle has often been regarded, inaccurately, as a preformed, constitutive (i.e.
non-responsive) morphological adaptation to water limited environments. In fact,
cuticle wax metabolic pathways respond to osmotic stress in a very plastic manner,
even in xerophytes, (Ahmad & Wainwright 1976, Hajibagheri et al. 1983). A typical
cuticle response to water stress is an increase in cuticular wax quantity (Skoss 1955,
Bondada et al. 1996, Jenks et al. 2001, Sanchez et al. 2001, Samdur et al. 2003,
Cameron & Teece 2006, Kim et al. In preparation, Kim et al. In Press). In fact,
an increase in leaf cuticular wax production by water stress exposure appears to
be a near-universal response across the plant Kingdom, even in such ephemeral
plants as Arabidopsis (Figure 3). In plants such as Nicotiana glauca Graham, the
total leaf wax induction by drought treatments can exceed 150% (Cameron et al.,
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Figure 3. Percent induction (relative to non-treated controls) of total leaf cuticle wax quantity of several
plant species resulting from drought treatment.

Cited Literature: 1. (Jenks et al. 2001), 2. (Prior et al. 1997), 3. (Samdur et al. 2003), 4. (Jefferson et al.
1989), 5. (Kim et al., in preparation), 6. (Kim et al. In Press), 4. (Jefferson et al. 1989), 7. (Bondada
et al. 1996), 8. (Kosma et al., unpublished), 9. (Sanchez et al. 2001), 10. (Cameron & Teece 2006)
Notes: *maximum induction on most responsive cultivar; bmean of 17 cultivars; “mean of 18 cultivars
visualize changes in signal intensity levels

2005). Cuticle induction can also arise from salt exposure (NaCl). When Suaeda
maritima is grown in NaCl solution a 60% increase in cuticle thickness is observed,
as well as thickening and increased density of epicuticular wax crystals (Hajibagheri
et al. 1983). Cuticle thickening during growth in saline conditions is also observed
in Simmondsia chinensis (Link) Schneider (Botti et al. 1998). Like wax, cutin
monomer amounts on Arabidopsis leaves are also significantly increased by periodic
salt treatment (Kosma & Jenks, unpublished results).

In the case of drought stress, induction of cuticle is observed in angiosperms,
gymnosperms, xerophytes, and mesophytes, and is not limited to leaves alone but
can also include stems and fruits (Skoss 1955, Bondada et al. 1996, Jenks et al.
2001, Sanchez et al. 2001, Samdur et al. 2003, Cameron & Teece 2006, Kim et al. In
Press). In many of these studies, the induction occurs over a few days on preformed
leaves, indicating that actual wax metabolic pathways have been induced. In other
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cases however, leaves formed during the drought may be smaller and, at least part
of the measured increase in wax per leaf area may be due to shrinkage of the leaf
and epidermal cell size (i.e. stress reduced surface area) rather than increased wax
metabolism, per se. If leaf areas change noticeably, it may be best to represent
total wax amount as a function of epidermal cell density (i.e. wax quantity per
epidermal cell).

As it relates to plant growth in arid and saline environments, cuticle alterations
are also elicited by non-osmotic stresses associated with dry climates like high
temperature and intense of solar radiation (Skoss 1955, Steinmiiller & Tevini 1985,
Manetas et al. 1997, Gordon et al. 1998b). Skoss (1955) showed an increase in
leaf wax weight of Nicotiana glauca with increasing temperature. He also showed
that increasing temperature decreased the percentage of the total cuticle weight
comprised by cutin. Light quantity and quality also have substantial impacts on
cuticle anatomy and composition. The cuticles of sun leaves of Quercus coccinea
Muenchh., Quercus rubra L. and Quercus velutina Lam. are nearly twice as thick
as the cuticles of shade leaves (Ashton & Berlyn 1994). In Quercus velutina this
holds true even for cuticle regions that cover the stomatal pore and extend into the
substomatal chamber (Osborn & Taylor 1990). Ultraviolet-B (UV-B) light exposure
(A = 280-315 nm) causes differential increases of various wax components of
seedlings in different Picea species (Gordon et al. 1998a). Enhanced levels of
UV-B radiation in combination with water stress caused a two-fold increase in
needle cuticle thickness of Pinus pinea L. Curiously, this increase was not evident
in plants subjected solely to water stress or UV-B alone, indicating the potential
for regulatory cross-talk between stress response pathways (Manetas et al. 1997).
The induction of cuticle alterations by UV-B is not limited to conifers. Steinmiiller
and Tevini (1985) demonstrated that enhanced levels of UV-B stimulate a general
increase in total wax amount (ca. 25%) on cucumber petioles (Cucumis sativus
L. cv. Delikatess), barley leaves (Hordeum vulgare L. cv. Villa), and bean leaves
(Phaseolus vulgaris L. cv. Favorit); in all three species an increased proportion of
shorter carbon-chain length wax constituents explained the increase in total wax
amount. In general, plants seem to respond to UV-B exposure with an increase in
the proportion of short chained and in some cases branched aliphatics (Barnes et al.
1996). Curiously, UV induced changes in cuticle composition actually increase
wettability of the leaf surface and cuticle permeability (Kerstiens 1994, Barnes
et al. 1996). It is still unclear what biological advantages, if any, can be obtained
by increasing cuticle wettability and permeability under high UV, or deposition of
shorter chain wax components.

In addition to increasing total wax amount (Figure 3), drought and salt treat-
ments differentially induce changes in the amounts of different wax constituent
classes (e.g. alkanes, alcohols, aldehydes, etc.). When exposed to moderate drought
stress, Gossypium hirsutum L. leaf alkane content increases from 11% to 66%
of total waxes (Bondada et al. 1996) whereas Sesamum indicum L. plants show
30% and 13% increases in total leaf wax alkanes and aldehydes, respectively (Kim
et al. In Press). In Rosa x hybrida prolonged drought stress causes moderate but



106 KOSMA AND JENKS

significant increases in acids (Cs,), aldehydes (C,; and C,), and alkanes (C,;, Cs,
C,5; (Jenks et al. 2001). In these three species, water stress causes an increased flux
through the elongation and decarbonylation pathways of alkane synthesis specifi-
cally. This corresponds with previous studies that suggest that alkanes efficiently
form crystalline regions theoretically most effective in limiting diffusion of water
molecules (Reynhardt 1997, Jenks 2002). In general, longer chain-aliphatic waxes
forming crystalline structures are attributed as being responsible for the barrier
properties of the cuticle (Riederer & Schreiber 1995, Burghardt & Riederer 20006).
Curiously, in insects it is generally agreed upon that warm, dry-climate inhabiting
species, that exhibit the lowest rates of cuticular water loss, have cuticles containing
longer chain-length alkanes (Lockey 1988, Gibbs 1998). The fact that many desert
plants have greater long-chain (>C;;) alkane content supports a hypothesis that
longer chain alkanes may contribute to reduced cuticle permeability (Wilkinson &
Mayeux 1990, Stevens et al. 1994).

The cuticles of Graminaceous species may present a different strategy for
responding to osmotic stress. Studies of Avena sativa L. and Hordeum vulgare
L. have shown that imposed, periodic reductions in leaf water potential do not
increase total cuticular wax quantities however, significant alterations in compo-
sition do occur (Larsson & Svenningsson 1986, Svenningsson & Liljenberg 1986,
Svenningsson 1988). In some cultivars, lowering leaf water potential of Avena
sativa L. seedlings lead to increases in the proportion of total epicuticular waxes
comprised by fatty acids, alkanes, and primary alcohols. Interestingly, reducing
leaf water potential increased the quantity of leaf intracuticular primary alcohols
with a shift to shorter chain alcohols (C,, and C,4) and a reduction in longer chain
alcohols (Cy) (Svenningsson & Liljenberg 1986). Similarly, several cultivars of
Hordeum vulgare exhibit substantial alterations in the make-up of their leaf cuticular
waxes when subjected to periodic reductions in leaf water potential manifested
as a doubling in the percent of total wax comprised by esters and a reduction in
the percent of wax made up of aldehydes and alcohols, also without a concurrent
increase in total leaf wax amount (Larsson & Svenningsson 1986). These stress
induced changes in wax composition of Hordeum vulgare were accompanied by
shifts in the chain length distribution of wax constituent classes, with slight increases
in longer chain alkanes (C;; and Cs;) and esters (C,q) and reductions in alcohols
(Cy) and fatty acids (C,). Later research on multiple cultivars of Hordeum vulgare
indicates that the observed increase in esters was largely attributed to an increase in
the percent of total wax comprised, specifically, by epicuticular esters. It is inter-
esting to note that Graminaceous species may exhibit different cuticle responses
to decreased water potential. However, some caution should be used when inter-
preting the results of the aforementioned experiments pertaining to Avena sativa
and Hordeum vulgare. Reductions in leaf water potential were accomplished by
reducing root temperatures to 1.0°C for several hours, thus the changes in wax
composition might actually reflect a cold-stress response. Nonetheless, consider-
ation should be given to the notion that Graminaceous species may have developed
unique mechanisms of response to drought and other osmostic stress.
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On another note, studies of the impact of drought and salt stress on the cuticle of
the stomatal complex have not been published. Based on the above discussions, it
might be assumed that an acclimation treatment would lead to changes in structure
and composition of cuticle in the substomatal chamber, and even change the size
and functioning of the stomatal ridges. Further inquiry into stomatal cuticle response
to stress, and its effect on stomatal water loss, should prove illuminating. Previous
studies indicate that the role of induced cuticle synthesis is to reduce transpiration
rate as a means to conserve water. Recent work in Nicotiana glauca showed that
leaves of plants subjected to periodic drying had increased total wax quantity (1.5
to 2.5 fold) and exhibited a slower rate of water loss in the dark, suggestive of a
negative relationship between total wax amount and water loss when stomata are
closed (Cameron & Teece 2000). A similarly reduced transpiration rate after wax
induction was evident in two Rosa cultivars (Wllliams et al. 1999, Jenks et al. 2001)
and Arabidopsis thaliana (Kosma et al., unpublished). In the halophyte, Suaeda
maritima, g, declined in a step wise manner with increased sodium chloride
concentration and cuticle thickness (Hajibagheri et al. 1983). Whether induced
changes in cuticle permeability are responsible for reduced plant transpiration is
still not verified. It must be considered that drought, salt, or other stress treatments
can cause dramatic physiological changes other than changes in cuticle permeability
that could impact plant transpiration rate measurements typically used in water
relations studies. For example, residual (g, or g.,) and day-time transpiration
could be influenced by stomatal pores that close more fully after the stress, leaf
cell adjustment to lower osmotic potentials, or even changes in stomatal index on
leaves that develop during the stress. Notwithstanding, the very large induction in
cuticle amount by these stress treatments indicates a stress tolerance function for
cuticle, and a reduction in cuticle permeability specifically due to induced changes
in cuticle appears likely. Future in-depth studies to link cuticle changes during
drought and salt exposure to changes in cuticle permeability could shed much light
on cuticle stress functions.

7. RESPONSE OF CUTICLE-ASSOCIATED GENES TO DROUGHT
AND SALT

With the advent of genomics, an abundance of information about gene transcription
profiles from stress and other treatments is now available on-line. Recent work
has aimed at answering questions pertaining to developmental regulation of cuticle
gene expression (Costaglioli et al. 2005, Suh et al. 2005). Data mining using the
GENEVESTIGATOR meta-analysis tool (Zimmerman et al. 2004) can provide a
unique look at the stress response of Arabidopsis genes associated with cuticle
synthesis (Table 1). Using a gene expression ratio (treatment:control) of 1.4 as an
arbitrary cutoff, it is observed that many cuticle-associated genes are induced by
drought, salt (150 mM NaCl), low osmotic potential (300 mM mannitol), or the
stress hormone abscisic acid (ABA; 10 uM). ABA induces many genes including,
ACCI1, CERI, CER2, CERS5, CERG6, CER60, CYP86A2 (ATTI), KCSI, LACS?2,
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WAX2/YRE, and a gene encoding a 3-hydroxyacyl-CoA dehydratase (Atdg14440).
At4g14440 is purported to be a component of the acyl-CoA elongase complex
(Garcia et al. 2006). The gene with by far the highest induction by ABA treatment
was CERI (ratio >6) however; ACCI, CER2, KCSI, and LACS2 demonstrated
significant upregulation (ratio >2) in response to ABA as well. CERI, CER2, CERG6,
CYP86A2, KCSI, and At4g14440 showed elevated transcript abundance to both
osmotic stress and ABA treatment. The genes induced by salt, osmotic stress, and
ABA, were CERI, CER6, and CYP86A2. A CYPS86A2 stress response cannot be
absolutely determined from the GENEVESTIGATOR meta-analysis data as that a
non-specific probe was used; the expression values given for CYPS86A2 may actually
represent more than one gene (Table 1). Specific expression of CYP86A2 has been
analyzed and is described in the following paragraph. Surprisingly, no genes were
significantly induced by drought when a 1.4 cutoff is used. This may be an artifact
of the nature of the drought treatment, which involved the removal of entire plants
from in vitro culture and exposure to a sterile air stream. A drought treatment as
such may not accurately represent the gene response to an actual drought condition
experienced by soil-grown plants in a field setting. It is surprising that drought
stress caused no induction since many cuticle genes were induced by ABA and
it is well know that ABA synthesis is induced by drought (Zhu 2002). ABA
increased the transcript abundance of ten out of twenty-five genes. Osmotic and
salt stress have less broad-based induction capacity, leading to increased accumu-
lation of transcript of six and four out of twenty-five genes, respectively. The fact
that many genes involved in elongation of aliphatic wax precursors (ACCI, CER2,
KCS1, LACS2, and At4g14440) and synthesis of alkanes (CERI) were upregulated
by osmotic stress and ABA raises the possibility that elongation and decarbony-
lation pathways in Arabidopsis may be primary metabolic targets for osmotic stress
regulatory responses. Curiously, the recently characterized CER4 gene was appar-
ently repressed by ABA and osmotic stress and unaffected by salt. CER4 is thought
to be responsible for synthesis of long chain primary alcohols in the epidermis of
Arabidopsis (Rowland et al. 2006). Combined, these results suggest an increased
synthesis of cuticular alkanes as a primary stress response in Arabidopsis. Not
surprising given the large increase of alkanes in leaf waxes of Gossypium hirsutum
and Sesamum indicum plants exposed to water deficit (Bondada et al. 1996, Kim
et al. In Press). Only three of twenty-five genes were repressed by ABA, two
being regulatory in nature (ACR4 and WINI1/SHNI). Interestingly, overexpression
of WINI/SHNI leads to an increase in cuticle permeability (Aharoni et al. 2004);
hence downregulation under water-limiting conditions is logical. Nevertheless, it is
difficult to read too much into these results since cuticle metabolism rate-limiting
steps are unknown, and many metabolic and regulatory cuticle genes are yet to be
discovered. It is apparent that ABA-dependent pathways are involved in the cuticle
stress response; all genes induced by osmotic or salt stress are induced by ABA.
Moreover, since ABA is a key regulator of diverse plant stress responses, these
results suggest that the cuticle pathway may function in plant responses to many
other kinds of stress besides drought and salt stress. Research is needed to explore
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the cuticle stress response network, as it would not only further our understanding of
the genetic and physiological mechanisms involved in the cuticle’s stress response,
but it would also aid in the identification of candidate genes for crop improvement
such as key regulatory and highly stress responsive cuticle genes.

In addition to discoveries from GENEVESTIGATOR, published studies of
several cuticle associated genes also show that they are highly responsive to
drought, salt, mannitol, or ABA (Hooker et al. 2002, Duan & Schuler 2005, Zhang
et al. 2005). WXPI, a WINI homolog, encodes an AP2/EREBP transcription factor
from Medicago truncatula, is highly induced by cold stress and ABA, and to a
lesser extent by water deprivation (Zhang et al. 2005). Curiously, WINI, also an
AP2/EREBP, shows a reduction in transcript abundance in response to ABA and
drought stress (Table 1). Overexpression of WXPI in Medicago sativa L. causes
changes in the expression of genes homologous to Arabidopsis cuticle genes; most
notable are increases in CER2 and LCR homologs, and decreases in WAX2 and
CERI homolog expression. In contrast, WINI overexpression in Arabidopsis causes
a significant increase in the accumulation of CERI, CER2, and KCS! transcripts
(Broun et al. 2004). It is unclear why overexpression of WINI homolog, WXP]I,
in Medicago sativa causes a decrease in transcript abundance of a putative alkane
generating CER]-like gene. Notably, WINI is only 29% identical to WXPI (Zhang
et al. 2005) . The differential regulation of WINI and WXPI expression to drought
and osmotic related stress and the effects of overexpression on wax chemistry
suggest that cuticle stress responses may be quite different in Arabidopsis and
the Medicago species examined here. Interestingly, overexpression of WINI in
Arabidopsis and WXPI in Medicago sativa both resulted in increased leaf wax
production but a more permeable cuticle in Arabidpsis and a less permeable cuticle
in Medicago sativa. Medicago sativa leaves, unlike Arabidopsis, have a wax profile
dominated by alcohols rather than alkanes, also indicative of different cuticle
synthetic pathways in these species. The cuticle-associated gene CERG6 is highly
induced by osmotic stress (polyethylene glycol), salt stress, and ABA (Hooker
et al. 2002). In some cases CERG is induced to a higher degree than well-known
stress responsive gene, RD29A (Shinozaki & Yamaguchi-Shinozaki 1997, Hooker
et al. 2002). CERG is involved the elongation of very long chain (>C,,) fatty acids,
precursors that would be necessary for increased synthesis of wax componenets
like alkanes and aldehydes (Millar et al. 1999). Collectively, the metabolic role and
high induction of CER6 by osmotic stress and ABA are suggestive of a major stress
response function.

Cutin genes and cutin synthesis may play an important role in ameliorating
or signaling osmotic or other stresses. CYPS86A2 (ATTI) is a cytochrome P450-
dependent monooxygenase involved in cutin synthesis that is associated with cuticle
permeability (Table 1, Xiao 2004). CYP86A?2 is transiently induced to high levels
by ABA, mannitol, and water deficit (Duan & Schuler 2005). CYP86A8 (LCR) is
also a P450-dependent monooxygenase involved in cutin synthesis (Wellesen et al.
2001), that is transiently induced by ABA but not by salt, drought, or mannitol
treatment (Duan & Schuler 2005). The inducibility of cutin genes by osmotic
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stress and ABA brings to light interesting questions about the role of cutin and
cutin genes in ameliorating water deficit. Little attention has been given to the
role of the cutin polymer in the barrier properties of the cuticle. All cutin mutants
examined exhibit increased cuticle permeability (Lolle et al. 1998, Chen et al. 2003,
Schnurr et al. 2004, Xiao et al. 2004, Goodwin & Jenks 2005, Kurdyukov et al.
2006b). Although highly conjectural, increased synthesis of cutin monomers like
dibasic acids and glycerol, which are thought to play a role in cross-linking ester
chains, may lead to a less permeable cuticle. Notwithstanding, a high proportion of
the cuticle-associated genes thus identified are significantly responsive to drought,
salt, and related treatments and clear examples of gene interactions are evident.
These findings increase the probability that future work with existing and yet to
be identified genes will uncover a significant role for cuticle response in plant
tolerance to drought and salt stress.

8. OPPORTUNITIES FOR CROP IMPROVEMENT

Traditional breeding strategies have focused on glaucousness (i.e. surface deposition
of epicuticular wax crystals) as a target for selection, and research of this type has
succeeded in associating glaucousness to drought resistance in a few crop plants
(Richards et al. 1986, Blum 1988). Studies of near isogenic lines of several Grami-
naceous species (Triticum durum Dest., Triticum aestivum L., and Hordeum vulgare
L.) have shown that glaucousness is associated with increased water use efficiency,
grain yield, straw biomass, and yield index, and at least part of this positive effect
was thought due to the cooler canopy temperatures that glaucousness provided
by the ability of glaucous wax coatings to reflect solar radiation, a phenomenon
especially important under water-limited conditions (Richards et al. 1986, Febrero
et al. 1998, Merah et al. 2000). Similar results with regard to yield, have been found
in advanced inbred lines (Fy) differing in glaucousness; lines derived by single
seed descent from a cross between Triticum aestivum varieties Seri and Baviacora
(Monneveux et al. 2004).

Genetic studies have revealed some interesting facts about the existing genetic
variation for glaucousness and wax quantity in cultivated varieties. In Oryza
sativa L., the inheritance of leaf wax quantity is polygenic in nature (Haque et al.
1992). With the great amount of intraspecific variation in wax amount and compo-
sition found within many other plants, such as Arabidopsis thaliana (Rashotte &
Feldmann 1998), Zea mays (Blaker et al. 1989) and Picea pungens Engelm. (Jenks,
unpublished), it seems quite likely that the wax profiles of other species will be
controlled by numerous genes with multiple alleles of varying dominance. For
example, in breeding populations of Triticum aestivum, glaucousness is determined
by two duplicated genes, W and Iw, with a copy of each found on chromosome 2B
and 2D. W likely functions as a facilitator of wax production, whereas the /w locus
acts in the inhibition of wax production (Tsunewaki & Ebana 1999). Studies in
Musa sp. have asserted that non-glaucousness is encoded by a dominant allele (Wx)
but that the action of modifier genes with additive type action affect Wx expression
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leading to a glaucous phenotype (Ortiz et al. 1995). Further studies are needed
to assess the potential of using genetic selection of glaucousness to improve the
agronomic performance of important crops. Investigation into the genetic control
of cuticle traits like wax and cutin composition and amounts, cuticle ultrastructure,
cuticle permeability, and the development of molecular markers for use in molecular
breeding, awaits a fuller elucidation of the physiological function of these specific
cuticle characteristics, and gene control over them.

9. TRANSGENIC APPROACHES TO IMPROVE
DROUGHT AND SALT TOLERANCE USING CUTICLE
ASSOCIATED GENES

Many genes associated with cuticle production have been identified, but as
mentioned above, there is still a great need to functionally characterize these genes,
and the many yet to be discovered, before targeted genetic modifications can be
effectively designed. A recently published screening technique for identifying plants
with elevated epidermal permeability using toluidine blue stain has much promise
to identify these new genes in a high-throughput manner (Tanaka et al. 2004).
Other strategies that should be explored are the development and use of chemical
based screens (via gas chromatography-mass spectrometry), such as those used
by Rashotte et al. (2004) to find new wax mutants in Arabidopsis. Second site
mutagenesis of wild-type lines carrying stress responsive LUC reporters of cuticle
synthetic and regulatory promoters, an approach described by Koiwa et al. (2006)
and Ishitani et al. (1997), could likewise do much to identify valuable cuticle genes,
perhaps most useful being regulators of signal transduction pathways of the cuticle
stress response.

Very little research has been done to explore the use of existing cuticle genes
in crop improvement, except in the recent publication on Medicago sativa L.
(Zhang et al. 2005). Heterologous expression of WXPI in Medicago sativa L.
resulted in improved plant drought tolerance in greenhouse assays. Ectopic 35S-
driven overexpression of WXP1 in Medicago sativa was not associated with severe
negative pleiotropic effects seen in Arabidopsis overexpressing other cuticle genes,
like CER6 and WIN1/SHNI (Hooker et al. 2002, Aharoni et al. 2004). The use
of promoters from genes like WAX2, recently shown to have epidermal-specific
expression (Nakayama et al. 2005), and CER6 may prove useful in ameliorating
difficulties associated with constitutive overexpression of cuticle-related genes
(Hooker et al. 2002). Several cuticle genes (CERI, CER6, CYPS86A2, KCS1, LACS2,
etc.; Table 1) are known to be responsive to various forms of abiotic stress (Hooker
et al. 2002, Duan & Schuler 2005). The use of epidermis-specific and/or highly
stress responsive cuticle gene promoters driving the expression of cuticle genes that
control cuticle permeability, transpiration, and water conservation, may prove to
be effective strategies for the production of drought tolerant crop species without
undesirable effects on other agronomic traits.
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10. CONCLUSIONS

Many plants, especially xero- and halophytic species, possess unique character-
istics like low cuticle permeability that contribute to their capacity to conserve
water and survive and reproduce in naturally arid and saline habitats. Recent
studies have begun to shed light on the physico-chemical bases for variation in
cuticle permeability however, these studies are still at an early theoretical stage
with the main research emphases revolving around ideas that intracuticular waxes
and the cutin polyester interact at a nanomolecular scale to establish the cuticle’s
barrier properties. The plant cuticle metabolic pathway is now known to respond
to osmotic stress signals, including salt, water deficit, and ABA. Despite this, it is
still unknown what exact role cuticle induction has in providing drought and salt
tolerance, even though reduced cuticle permeability and transpiration rate are postu-
lated as major outcomes. The regulatory mechanisms controlling the genetic and
metabolic networks involved in wax and cutin synthesis are far from characterized.
It is hoped that newly discovered genes that function in cuticle permeability will
be useful in scientific exploration of cuticle function, and for crop improvement.
Notwithstanding, further fundamental studies of gene control over cuticle synthesis
and cuticle permeability are expected to contribute substantially to the molecular
toolbox of plant physiologists, plant breeders, and biotechnologists in the devel-
opment of drought and salt tolerant crops.
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CHAPTER 6

MOLECULAR AND PHYSIOLOGICAL
RESPONSES TO WATER-DEFICIT STRESS

ELIZABETH A. BRAY
Department of Molecular Genetics and Cell Biology, University of Chicago, Chicago, IL 60637, USA

Abstract: Soil-water-deficit stress causes many changes in the biology of the plant cell beginning
with the perception of the stress followed by changes that promote the acclimation to the
stress. The mechanism by which plant cells transduce the physical stress of loss of water
to biochemical changes in the cell continues to elude plant biologists. Using modern
techniques that allow measurements of thousands of changes in gene expression at one
time, researchers have catalogued and are beginning to make progress in interpreting
the function of the many changes in gene expression. Although, it still remains a
challenge to understand the function and relevance of many of these responses. There
are indications that laboratory stress conditions intended to mimic plant water-deficit
stress do not cause a universal water stress response; only a small number of genes
are commonly induced when plants are subjected to water-deficit stress in different
laboratories. Researchers remain optimistic that lessons learned from the molecular
response of Arabidopsis plants to stress can be used to improve crops for growth under
non ideal field conditions and lessen the need for irrigation in areas of the world where
water availabilty for agriculture is decreasing

Keywords: gene expression, microarray, soil water deficit, stress perception

1. INTRODUCTION

Plant water deficits caused by inadequate soil water content, especially during the
growing season, may occur throughout the world triggering significant losses in crop
productivity. Large areas of the world are prone to poor soil moisture conditions for
plant growth and development (Figure 1). Significant problems are predicted for
food production in the future due to the limited availability of fresh water suitable
for agriculture (Jury and Vaux, 2005). The aridic or xeric soil moisture regimes,
which generally can not support crop production without irrigation, are common
throughout the world. Further obstacles for crop production must be considered in
different regions of the world where varied combinations of stresses, depending
upon such characteristics as soil type and temperature, can alter plant responses to
the environment locally.

121

M.A. Jenks et al. (eds.), Advances in Molecular Breeding Toward Drought
and Salt Tolerant Crops, 121-140.
© 2007 Springer.



122 BRAY

Soil Moisture Regimes

o
Panmaben

Imefios:
— i
—

Ustic t g om
— 3
— e

Figure 1. A map of the soil moisture regimes of the world. The aridic and xeric soil moisture regimes
are the most limiting to plant growth and development. The aridic soil moisture regime does not have a
period of water availability as long as 90 consecutive days when the soil temperature is above 8°C. The
xeric soil moisture regime has a limited amount of water but it does not occur at optimum periods for
plant growth. The ustic soil moisture regime has a limited amount of water available at a time when soil
temperature is optimum for plant growth. (From the United States Department of Agriculture, Natural
Resources Conservation Service: http:/soils.usda.gov/use/worldsoils/mapindex/smr.html)

To develop improved genotypes for unfavorable growth conditions, it will require
integrating our knowledge of plant response to water deficit at the physiological,
cellular and molecular levels. Presently, studies to evaluate plant responses to water
deficit have largely been done under controlled growth conditions. More studies
are needed to determine if lessons learned in the greenhouse and growth chamber
are applicable to field-grown plants.

2. RESISTANCE TO WATER-DEFICIT STRESS

Different species have different responses to soil water deficit owing to the responses
programmed in the genome of each species. The genes that are expressed provide
clues to the physiological and cellular responses that are required for maintenance
of plant function in response to water-deficit stress.

Stress resistance, or the ability of a plant to survive periods of soil-water-deficit
stress, can occur in plants that tolerate lowered cellular water content. Yet, resistance
may also occur in situations where the cells of the plant are not subjected to
decreased cellular water content (Figure 2). Thus a plant may be resistant to stress
conditions by avoiding the soil water deficit. Desert ephemerals complete their life
cycle prior to the development of soil water deficit avoiding decreased cellular
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Figure 2. Plant resistance to water-deficit stress. (Originally published as Fig. 1 in Bray, 2001, DOL:
10.1038/npg.els.0001298)

water content. Avoidance of the cellular water deficit conditions may also occur
in plants that have the ability to acquire more water through large root systems or
the ability to prevent water loss through early closing of stomata. When osmotic
adjustment occurs in cells, cellular water loss will also be avoided but the cells
must be able to tolerate a higher cellular content of solutes and low cellular water
potential. Plants with the ability to tolerate stress can withstand conditions of low
cellular water content and low cellular water potential.

2.1. Adaptation or Acclimation

Many different species are adapted to dry environments, displaying characteristics
that allow them to thrive under conditions of low water availability. For example, the
morphology of succulents promotes storage of water and their physiology reduces
loss of water since they fix CO, at night and keep their stomata closed during the
day. Thus, adaptation is a function of the genomic make-up of the plant which is
manifested in all aspects of plant, growth and development and can frequently be
viewed in morphological characteristics. Adaptation to the environment is controlled
by heritable differences that allow some species to be better able to function under
soil water deficit due to their constitutive differences.

When challenged with soil water deficit, many species will respond to that lack of
water in acclimation. Acclimation is an adjustment of physiology through inducible
responses allowing plants to continue to grow or survive when the root media has
a low water potential. For example, Arabidopsis seedlings acclimate to reduced
water content of the media (Verslues and Bray, 2004). When Arabidopsis seedlings
are subjected to low water potential in a PEG-conditioned agar media, acclimation
occurs over a 96 h time period in several phases and patterns. Water relations, as
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measured by relative water content (RWC; Figure 3A) and leaf solute potential
(Figure 3B), decrease in the first 24 h after seedlings are subjected to low water
potential media. In the first phase of acclimation from 24 - 48 h, RWC increases
and solute potential equilibrates with the water potential of the media. After 48 h,
solute potential again drops, indicating that further acclimation occurs at the later
time points. Other responses indicate that some aspects of acclimation occur in a
different profile in time. Proline content increases steadily during the first 72 h of
the stress period, after which there are only minimal increases in proline content
(Figure 3C). When ABA is measured in seedlings, the ABA content is increased
in the initial 12h of the stress decreasing to a content that is higher than the non-
stressed steady-state level near 72 h (Figure 3D). Different measures of acclimation
to stress indicate that each individual response occurs with its own timing.

Different species have different abilities to acclimate and can therefore withstand
different degrees of stress. Thus adaptation may also be a result of the ability to
acclimate.

When studying responses that are triggered by a change in the environment, our
challenge remains to distinguish the responses that function to improve the plant’s
response to the environment compared to the responses that signify that the plant
has been injured and is responding to that damage. Since many of the genes that are
induced by water deficit do not have a known molecular function, we can not be
certain that the function of a gene that is increased in response to stress promotes
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Figure 3. Acclimation in Arabidopsis seedlings. (A) Change in relative water content (RWC) in seedlings
subjected to PEG-conditioned media at -0.75 MPa over a 96 h time course. (B) Solute potential of the
seedlings at different time points after treatment as in A. (C) Proline content of seedlings subjected to
PEG-conditioned media at -1.2 MPa. (D) Seedling ABA content at different timepoints after treatment
as in C. (A and B originally published as Fig. 1 in Verslues and Bray, 2004. C and D adapted from
Fig. 1 in Verslues and Bray, 2005.)
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acclimation. In addition, we can not be certain of the impact of a change in gene
expression of a gene with a known function, such as an enzymatic function, in its
effect on the cellular homeostasis.

3. PERCEPTION OF WATER-DEFICIT STRESS

Among the many questions left to answer about the mechanisms of plant response
to soil water deficit, the most intriguing may be, “By what means does the plant
cell, and thus the whole plant, perceive a lack of soil water content?”” Maintenance
of cellular water relations is a critical component of life in all organisms. Cells
must be able to regulate their water content as well as perceive alterations in
cellular water relations. The ability of a cell to recognize loss of cellular water
allows the cell to transduce a physical condition, such as loss of cell volume,
into a biochemical response. This ability of physical forces to elicit biochemical
responses is a critical event in the life of a cell throughout development as well as in
response to water-deficit stress. Although this process, which may be referred to as
mechanotransduction or osmosensing, has been studied in several model systems,
the mechanisms in plants remain elusive.

Clues to the possible mechanisms that plant cells might use in the perception of
water-deficit stress may come from mechanisms that are used in other organisms.
Perhaps, the best studied model organisms are E. coli and yeasts.

3.1. Osmosensing Mechanisms in E. coli and Yeast

E. coli has two well-studied osmosensors. ProP is an osmosensor and an osmopro-
tectant transporter which is located in the cytoplasmic membrane. ProP promotes
the transport of several osmolytes including proline and glycine betaine in response
to increased external osmolarity (Racher et al., 1999; Figure 4). The transporter
is activated under conditions that cause a decrease in cellular volume. ProP may
act with ProQ to amplify the downstream responses. A second regulatory module,
frequently called a two-component system, which propagates a His-Asp phospho-
relay signal is also active in E. coli as an osmosensor (Cai and Inyoue, 2002).
The first component is a histidine kinase called EnvZ, which has both kinase and
phosphatase activity. EnvZ regulates the phosphorylation status of its response
regulator, the second component of the two-component system, OmpR. OmpR is
a transcription factor which in turn induces the expression of two outer membrane
porins, OmpF and OmpC, which allow the diffusion of small molecular weight
hydrophilic molecules.

The mechanisms that permit adaptation to the osmotic environment are perhaps
best understood in yeast (Saccharomyces cerevisiae). Although this is not a simple
linear regulatory process; there are a number of different processes that are coordi-
nated which result in the osmotic stress response (Figure 5). A mitogen-activated
protein (MAP) kinase cascade is initiated by the inactivation of the osmosensor
Slnl promoting glycerol production, the main osmolyte in yeast. When yeast cells
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Figure 5. Diagram of the interrelated osmosensors that control glycerol accumulation and further
downstream events in Saccharomyces cerevisiae

are not exposed to hyperosmotic stress, a phosphorelay similar to that found in
E. coli is active from Slnl through Sskl. Concurrently, another osmosensor, Shol,
activates the Map kinase cascade through a second MAPKKK, Stell (Posas and
Saito, 1997). At the same time, osmotic stress inactivates the glycerol channel,
Fps1, preventing glycerol from being released from the cell. These three different
pathways promote the increase in turgor pressure of the cell through an increase
in glycerol content. Interestingly, both Slnl and Fpsl can sense osmotic stress,
through an unknown mechanism that possibly allows the cells to sense turgor
pressure. Klipp et al. (2005) have modeled this response to osmotic stress, which
provided insight into the importance of the rapid regulation of the glycerol channel
in response to hyperosmotic stress. It remains possible that there are additional
osmosensing mechanisms active in yeast cells.

Currently, there are two different theories on the mechanisms that control
the ability of the cell to recognize water loss. One is that altered physical
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forces, especially to a membrane, change protein conformation causing changes to
downstream processes that are directed by changes in gene expression. Another
theory states that the change in pressure, and thus the change in water content of
the cell, is sufficient to alter existing ligand concentration and activate receptors
containing domains in the extracellular matrix (Tschumperlin et al., 2006). In normal
human bronchial epithelial cells, compressive stress causes an increase in binding of
epidermal growth factor family ligands to the epidermal growth factor receptor, due
to increased local concentration of the ligand in stressed cells. Although, ligands are
known in animal cells that can be involved in the response to loss of cellular water,
analogous ligands have not been identified in plant cells. Yet, it is likely that in
plant cells as well as in other eukaryotic cells, ligands would become concentrated
as a result of cellular water loss (Hsiao, 1973).

3.2. Potential Mechanisms in Plants

Higher plants have many of the components that are involved in osmosensing
in E. coli and yeast. Although, it has not been demonstrated that these act as
osmosensors in plant cells. Presently, the molecule with the most potential to be
an osmosensor in plants is ATHKI identified in Arabidopsis (Urao et al., 1999).
ATHKI1 is a hybrid-type histidine kinase containing domains of both components
of the typical two-component system, as well as predicted transmembrane domains.
ATHKI1 is able to complement yeast Slnl mutants, indicating that ATHK1 may
act as a histidine kinase in yeast cells. CRE1, which acts as a cytokinin receptor,
is also a hybrid histidine kinase which can complement yeast SInl mutants in the
presence of cytokinins (Inoue et al., 2001). The complementation assays indicate
that the hybrid-type histidine kinases from plants are able to fulfill the role of these
kinases in yeast cells, but it does not confirm that these proteins act as osmosensors
in plant cells.

Reiser et al. (2003) present a paper in which they argue that both Sinl derived
from yeast and CRE1 from Arabidopsis are regulated by changes in cellular turgor
pressure. Hyperosmotic stress, nystatin and cell wall removal all activate the Sinl
branch of the yeast osmoregulation pathway, but not the Shol branch. The authors
argue that Slnl senses the turgor pressure of the cell through pressure against the
cell wall. CRE1 responded to the treatments in the same manner as SInl. Although
these experiments are not conclusive they do indicate that cell volume changes can
be sensed by these proteins.

Given the importance of the ability to maintain cellular turgor and water relations
properties, it is likely that higher plants have multiple osmosensing mechanisms
which can be coordinated to fine-tune the response to the environment. In 1973,
Dr. T.C. Hsiao proposed that turgor pressure may directly affect biochemical
changes in the plant cell. Changes in molecular and ionic concentrations and spatial
relations within the cell as a result of loss of cell volume may also be a means
for a physical change to be transduced into changes in biochemical processes
(Hsiao, 1973). Many signaling molecules are involved in osmotic sensing in plants,
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including abscisic acid, calcium, phospholipids and different types of kinases and
phosphatases (Boudsocq and Lauriere, 2005). More progress has been made in
sorting out these signaling pathways than the initial events that trigger the cascades.

4. GENE EXPRESSION IN RESPONSE TO WATER-DEFICIT
STRESS

Many different proteins are expressed in response to abiotic stresses such as water
deficit. Perusing the types of genes that are induced by water-deficit conditions, it
is easy to draw the conclusion that the expression of all classes of genes important
in the biology of the plant is altered by stress. Indeed, there are genes involved
in metabolism, cellular structure, signaling and regulation of cellular processes all
induced by water-deficit stress. The extent of the changes in gene expression can
be viewed using a two-dimensional gel comparison of proteins that accumulate in
response to leaf water-deficit stress (Figure 6; after Bray, 1988). Many abundant
proteins have altered patterns of expression in response to stress. At this time all
of the proteins that are expressed have not been identified. The plant hormone
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Figure 6. A comparison of proteins that accumulate in tomato leaflets after a period of nonstress or a
period of leaf wilting. The most abundant proteins that are present in the water-deficit treatment and not
in the nonstress treatment are circled. (After Bray, 1988)
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ABA plays an important role in this regulation (Bray, 1988). The changes in gene
expression are regulated by transcriptional mechanisms as well as by mechanisms
that control the translation of specific mRNAs (Kawaguchi et al., 2004).

4.1. The First Glimpse at the Genes which are Induced
by Water-Deficit Stress

Using cDNA library techniques that permitted differential screening for water-
stress-induced genes, many of the major stress-induced genes were identified. Using
RNA isolated from tomato leaves that had been wilted for 6 h, a cDNA library
was constructed and screened to identify stress- and ABA-induced genes (Cohen
and Bray, 1990). Two major types of stress-induced genes were identified using
this approach: late embryogenesis abundant (LEA) and lipid-transfer proteins (LTP;
Cohen et al., 1991; Plant et al., 1991).

LEA genes were originally identified as abundant transcripts that are expressed
in the embryo in the late stages of seed development, during the period when
seeds desiccate (Dure et al., 1989). These proteins are of unique character being
extraordinarily hydrophilic and soluble at high temperatures. The expression during
a developmental stage that requires survival of low cellular water content and
expression in response to soil-water deficit has led many to propose that LEA
proteins play an important role in cellular survival of low cellular water content
possibly through a protective mechanism. There are several different classes of LEA
genes based on the sequence of amino acids (Dure et al., 1989; Wise, 2003). Struc-
tural analyses indicate that at least two of the LEA groups are largely unstructured.
Yet, protein of LEA14 (Pfam cluster PF03168) has a defined structure with its
closest structural homolog being fibronectin type II (Singh et al., 2005). Given, the
different amino acid sequences and structural forms, there are likely many different
specific functions that these types of proteins perform. Recent evidence indicates
that one of the roles of LEA proteins (group 1 and 3) may be to prevent protein
aggregation under conditions of reduced cellular water content (Goyal et al., 2005).

LTP genes are induced under stress conditions. LTPs in plants were first studied
for their ability to transfer lipids between membranes in vitro (Kader, 1996). These
abundant proteins are small basic proteins which contain an internal hydrophobic
pocket that can carry a lipid. However, it is unlikely that these proteins transfer
lipids from membrane to membrane within the cell in vivo; LTPs, having signal
peptides, enter the secretory pathway and are present in the cell wall rather than
the cytoplasm. The true role of these proteins remains uncertain. In addition, LTPs
have been identified as a major food allergen (van Ree, 2002).

The screening of a cDNA library constructed from mRNA isolated from
Arabidopsis plants that were subjected to 10 h of rapid dehydration on filter paper
led to the initial identification of 9 stress-induced genes, including members of
LEA gene families and cysteine proteases (Yamaguchi-Shinozaki et al., 1992), and
subsequently many more (Kiyosue et al., 1994).
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4.2, Global Measures of Gene Expression—Microarrays

Microarrays facilitate the simultaneous measurement of numerous changes in gene
expression, although a major challenge arises in cataloguing and interpreting the
function of the hundreds to thousands of changes in gene expression that are
identified. It is very difficult to ascertain the cellular or physiological relevance
of the changes in gene expression that are altered under the relevant stress condi-
tions. This is only partly because many of the induced or repressed genes do not
have a known function. Using the model plant Arabidopsis thaliana, at least three
microarray experiments with the goal to examine global changes in gene expression
in response to plant water deficit stress have been published. More recently, the
Arabidopsis Functional Genomics Network (AFGN), under the title of AtGenEx-
press, produced a set of microarray experiments using Affymetrix arrays ATHI in
which shoot and root gene expression were analyzed separately with two biological
replicates. The “drought stress” treatment was a stream of dry air supplied to plants
until they lost 10% of their fresh weight. After the treatment, plants were returned
to the growth chamber and sampled for 24 h. An “osmotic stress” treatment was
completed on plants continuously subjected to 300 mM mannitol. Whereas the
experiments that have been completed thus far are a superb resource for studies
on water-deficit stress, further microarray experiments are needed using plants that
have been subjected to field conditions, or realistic controlled mimics of field condi-
tions, to obtain a full appreciation of the changes in gene expression that occur
under limiting water conditions in field-grown crop plants.

4.2.1. Genes commonly induced by water-deficit-stress treatments

A comparison of the Arabidopsis thaliana genes regulated by water-deficit stress
among several different microarray experiments revealed that relatively few of the
genes are commonly induced or repressed (Bray, 2004). The three experiments
compared include: an oligonucleotide microarray containing approximately 7000
Arabidopsis genes used to analyze changes in gene expression of three-week-old
plants to a 24 h desiccation treatment (Seki et al., 2002b). In a separate publication,
gene expression in plants exposed to ABA treatment was examined (Seki et al.,
2002a). Affymetrix arrays containing approx. 8000 Arabidopsis genes were used
by Kreps et al. (2002) and Kawaguchi et al. (2004) to analyze changes in gene
expression caused by two different methods of subjecting plants to cellular water
deficit; four week-old plants grown in liquid culture were transferred to media
containing 200 mM mannitol for 3 or 27 h (Kreps et al., 2002) or plants grown in
soil were subjected to progressive loss of soil-water content and leaf samples were
collected after 8 days when leaf RWC reached 65% (Kawaguchi et al., 2004).

In the three published experiments, there were 806 unique genes induced.
Surprisingly, only 27 were induced in response to all three stress conditions
(Figure 7A; Bray, 2004). Only 1.4% and 0.2% of the genes analyzed were commonly
induced and repressed, respectively in the three experiments analyzed. Of the 27
commonly induced genes, all except At2g43570, an endochitinase isolog, were also
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Figure 7. Genes commonly induced (A) or repressed (B) by water-deficit stress. (Originally published
as Fig. 1 and 3 in Bray, 2004)

induced by ABA in a microarray experiment completed on ABA-treated plants
(Seki et al., 2002a). Using the eFB Browser (http://bbc.botany.utoronto.ca/efp/cgi-
bin/efpWeb.cgi), it was determined that the 27 genes were also induced in
response to the osmotic stress conditions given in the AtGenExpress exper-
iments. The 27 commonly induced genes were classified into six different
categories: cellular metabolism, cellular transport, signal transduction, transcrip-
tional regulation, hydrophilic proteins (LEAs), and unknown function (Bray, 2004).

Three genes were down regulated in all experiments (Figure 7B). These three
genes were also down regulated in the AtGenExpress osmotic stress experiment.
The three genes are all likely involved in the growth response through the repression
of genes that increase cell wall extensibility. Two germin genes (AtGERI1 and
AtGER3; At1g72610, At5g20630) and an XTH (xyloglucan endotransglycosylase)
are commonly down-regulated. Germin proteins are a member of the cupin super-
family, which have two histidine containing domains, yet the function is not
clear. One possible function is in the alteration of cell wall properties that control
growth. The xyloglucan endotransglucosylase/hydrolases (XTHs) are also involved
in controlling cell wall extensibility through the cleavage and reformation of bonds
between xyloglucan chains (Hyodo et al., 2003).

Why are there so few similarities in gene expression among these experiments?
Since each laboratory experiment had individual characteristics including develop-
mental stage of the plants, light, temperature, and degree and rate of stress, the
lack of similarity may indicate exquisite control of gene expression in response to
relatively small differences in the environment. An important difference between
the experiments may be the rate of stress imposition and the timing of sampling.
For example, in the progressive water loss experiment (Kawaguchi et al., 2004),
plants had sufficient time to acclimate to the stress prior to sampling, whereas
they were not likely to have acclimated in the more rapid rate of stress application
in the other two experiments (Kreps et al., 2002, Seki et al, 2002b). Thus, in
each case a set of changes in gene expression are sampled that are altered by the
individual stress conditions. The genes that are identified as commonly induced are
likely to be important under a broader range of conditions causing cellular water
deficit.



132 BRAY

4.3. What Can be Learned about the Physiologic/Metabolic State
of the Cell from Microarray Experiments

The AtGenExpress data on drought and osmotic stress provide an excellent oppor-
tunity to study many changes in gene expression over a period of stress. Using
the metabolism overview window on MapMan as a viewer to evaluate the stress
response (http://gabi.rzpd.de/projects/MapMan/ data.shtml), it can be seen that the
drought-stress treatment caused relatively few changes in expression of metabolic
genes. In the shoot, there was mild down regulation of the light reactions after 6
h, and there were increases in genes involved in cell wall metabolism at the 30
min time point. In the root, the greatest changes were observed in the 1 h sample.
As time progressed, changes in gene expression in comparison to the control were
eliminated. This indicates that the plants recovered from the initial 10% loss of fresh
weight after they were returned to the growth chamber in this experimental protocol.
The osmotic stress treatment yielded many more changes in gene expression. The
number of changes in the shoot increased throughout the 24 h time course, while
the number of changes in the root appeared greatest at 12 h. After a 24 h treatment
of 300 mM mannitol, there was a decrease in expression of genes in the shoot in
the three categories of photosynthesis: light reactions, Calvin Cycle and photores-
piration (Figure 8). The synthesis of tetrapyrroles, such as chlorophyll, would also
be predicted to be reduced based on the decreased gene expression in this category.
There was a general down regulation of genes involved in amino acid synthesis.
The expression of enzymes involved in cell wall modification and degradation
was also generally decreased. In categories that may serve to increase energy in
the plant when photosynthesis is decreased, there were many genes that were up
regulated. The expression of genes involved in mitochondrial electron transport, as
well as sucrose degradation, was up regulated. Degradation of the amino acids and
lipids through beta-oxidation and lipases also appears to be promoted based on the
dramatic up regulation of genes involved in these processes. Increases were also
evident for phenylpropanoid metabolism.

An analysis of the most abundant transcripts in the AtGenExpress osmotic stress
data also provides some interesting insights into the physiology and cell biology
of Arabidopsis plants as they are subjected to 300 mM mannitol. The assumption
was made that the most abundant transcripts would highlight some of the major
processes occurring in the cell at the time of stress and could be used to identify
changes in response to the stress. The most abundant transcripts in roots and shoots
were compared at two different time points, 3h and 24h, in the control and osmotic
stress treated plants. The genes were ordered according to transcript abundance
(hybridization value to the ATHI microarray spot) and the top 250 genes were
categorized into one of 13 different categories (Table 1).

In plants that were well watered, the category with the greatest number of
genes in roots was protein synthesis, whereas in shoots the largest category was
photosynthesis. After 24 h of stress in roots, there was a reduction in the number of
genes involved in protein synthesis and genes of unknown function became the top
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Figure 8. Metabolic overview viewer of MapMan for Arabidopsis shoots exposed to osmotic stress
for 24 h collected for AtGenExpress. The squares outlined in black refer to genes that are up-
regulated and those outlined in white indicate down-regulation. The intensity of the gray color
indicates the increase or decrease in expression. (Captured from the output that can be viewed at
http://gabi.rzpd.de/projects/MapMan/ data.shtml and then modified by outlining the squares to permit
viewing in grayscale.)

category. There was an increase in the repair and degradation of proteins category
owing to an increase in genes encoding chaperones and proteolytic enzymes.

The category of photosynthesis decreased after 24 h of osmotic stress, but not after
3 h of stress, in the shoots. There were also decreases in the carbohydrate metabolism
and protein synthesis categories. In contrast, the carbohydrate metabolism category
increased in roots. The categories that increased in response to the stress in shoots
were repair and degradation of proteins, protection and unknown function. Many
LEA genes and genes predicted to play a role in detoxification in the cell were
present in the list of the 250 most abundant transcripts after 24 h of stress.

In response to stress, cellular resources were funneled away from building and
maintaining the machinery required for protein synthesis and photosynthesis and
into the production of genes involved in protection of the cell and repair and
degradation of damaged proteins. In addition, the transcripts of more genes which
are currently of unknown cellular function also became more abundant in roots and
shoots as the stress conditions were sustained.



134 BRAY

Table 1. A categorization of the function of the most abundant transcripts in Arabidopsis plants subjected
to osmotic stress (AtGenExpress Osmotic Stress Experiment) for 3 and 24h. The percent of genes in
each category is shown. Control and stress treatments and roots and shoots are considered separately.
The energy category includes genes involved in electron transport and the protein maintenance category
includes genes involved in protein repair as well as degradation

3h 24h

Root Shoot Root Shoot

control stress control stress control stress control stress

% of the Top 250 Genes

Photosynthesis 0 0 25 23 0 1 21 16
Photorespiration 0 0 1 1 0 0 2 1
Energy 2 2 2 2 2 1 2 2
Carbohydrate metabolism 8 8 6 8 7 10 9 4
Other metabolism 7 6 8 5 7 8 9 7
Protein synthesis 30 23 14 7 33 10 13 1
Protein maintenance 6 8 4 6 5 10 4 10
Transport processes 4 3 3 4 4 3 4 4
Cellular structure 3 2 1 0 2 3 0 0
Signaling 2 2 1 2 3 2 2 3
Gene expression 2 1 1 1 2 3 2 2
Protection 7 10 6 10 8 10 5 12
Unknown function 12 20 16 17 11 25 16 26
No annotated gene 16 16 12 13 16 14 11 11
4.4. Translational Regulation of Gene Expression

by Water-Deficit Stress

Although most studies on water-deficit-induced genes have been completed on
regulation of gene expression by transcriptional and post-transcriptional mecha-
nisms, other mechanisms of regulation of gene expression may occur. The
production and accumulation of a gene product can also be regulated at the level
of translation. In order to determine the extent of changes in gene expression that
occur at the translational level, we used microarrays to compare the genes whose
mRNAs are in the actively translated pools (polysomal complexes) compared to the
nonactively translated pools (non-polysomal complexes) in well-watered and water-
stressed Arabidopsis plants (Kawaguchi et al., 2004; Figure 9). The proportion
of individual mRNA species in polysomal complexes in leaves of non-stressed
and moderately dehydration-stressed Arabidopsis plants was used to estimate the
extent of translational regulation in response to water-deficit stress. On average the
proportion of each mRNA species associated with the polysome was reduced by
the water deficit. Under non-stress conditions, an average of 82% of each mRNA
species was isolated in the polysomal fraction with only a 72% average for the plants
subjected to a progressive soil water deficit (Figure 9). On average there was a
significantreduction in the proportion of mRNAs that were being translated in response
to this stress. Yet, the translational status of individual genes varies considerably.



RESPONSES TO WATER-DEFICIT STRESS 135

Frequency [number of genes]

Polysomal mRNA level [%]

Figure 9. Reduction in polysomal mRNA level in response to moderate water-deficit stress. NS=non
stress. DS=drought stress.(Originally published as Fig. 3B in Kawaguchi et al., 2004.)

Less than 1% of the 2136 genes analyzed by Kawaguchi et al. (2004) had an
increase in translational status in response to progressive, soil-water-deficit stress
(Table 2). This indicates that although translational regulation can be an important
means of controlling the synthesis of gene products in response to water-deficit
stress, it is not a major method on its own. However, when the translational status
of mRNA species with increased abundance in response to water deficit were
considered, it is noted that these genes are more likely to have an increase in
translational status in response to water-deficit stress than the average. 15% of
the dehydration-inducible mRNAs (2-fold or greater increase in abundance) had
increased polysomal levels in response to water-deficit stress (Figure 10A). The
translational status of 45% of the genes with increased mRNA abundance was
maintained, compared to 28% maintenance of translational status when the entire
set of genes was considered.

Table 2. Genes that are regulated by progressive water-deficit stress at the translational level in
Arabidopsis thaliana

Locus ID Annotation Affy ID p-value Change in mRNA A
polysomal abundance
level [%)]

Metabolism

At5g35790 glucose-6-phosphate 16385_s_at 2.08E-03 16.3 0.45

dehydrogenase

Protection

At2¢21620 universal stress protein  14697_g_at 6.31E-03 4.7 3.22

(RD2)
At3g49120 peroxidase, putative 14638 _at 4.32E-02 6.5 5.13
At5g06760 late embryogenesis 19152 _at 5.03E-03 17.0 13.52

abundant-like

(Continued)



136 BRAY
Table 2. (Continued)
Locus ID Annotation Afty ID p-value Change in mRNA A
polysomal abundance
level [%]
Degrade and Repair Proteins
Atlg45145 thioredoxin, putative 13187_i_at 4.97E-02 2.9 3.28
At3g12580 heat shock protein 70 13284 _at 2.16E-03 11.5 3.93
At4g39090 cysteine proteinase 14658 _s_at 1.29E-02 6.1 2.57
RDI19A

Unknown Function

Atlg62510 similar to 14KD 18560_at 8.69E-05 3.6 5.67
proline-rich protein
DC2.15 precursor
(splP14009)

At1g78850 curculin-like 1.24E-02 1.8 3.56
(mannose-binding)
lectin family protein

Atlg78860 curculin-like 3.48E-04 2.0 4.08
(mannose-binding)
lectin family protein

At2g41100 calmodulin-like protein 19848_s_at 1.31E-02 53 1.59
(TCH3)

At2g47770 TspO-MBR protein 14097 _at 2.15E-05 22.4 25.16

At3g26740 light regulated protein, 16046_s_at 2.11E-03 7.1 2.36
putative
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Figure 10. Translational regulation of mRNAs that (A) accumulate in response to water-deficit stress
and (B) decrease in abundance. The normalized ratio of expression (nRL) in PS to NP were plotted for
the nonstress (NS) or water-deficit (DS) treatments. (The gray points are all of the data and the black
dots are the data points selected based on calculated mRNA abundance. (Originally published as Fig. 4A
and C in Kawaguchi et al., 2004.)
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Of the mRNAs which have decreased abundance in response to the stress, 92%
of them have decreased translational status (Figure 10B). It is proposed that there
is a connection between transcription and/or mRNA turnover and translation, as
genes that have decreased transcription and or increased turnover in response to
water deficit also have a decreased translational status.

Mechanisms that target specific genes for translation are not a solitary method
of promoting cellular function in response to water-deficit stress. However, there
is a tendency for genes with increased transcript abundance to maintain their
translational status and for genes that have decreased abundance during stress to
have decreased translational status.

Table 2 lists the 12 genes that are translationally regulated by water-deficit
stress. One enzyme is included in the list. Three of the genes are in the protection
category and three in the protein repair and degradation category: two of the
categories that have many changes in gene expression and include many abundant
mRNAs. All but two of the genes have a greater than 2-fold increase in mRNA
abundance, highlighting the coordinate regulation by transcriptional and transla-
tional mechanisms.

5. CONCLUSION

Our understanding of the mechanisms that are involved in acclimation to water-
deficit stress grow year-by-year. Yet, there is much to learn. It is important to use
our advances in knowledge to develop better crops for food production in marginal
lands. Genetic engineering remains a promising means to improve our crops. Thus
far, the main use of transgenic plants has been to test the function of specific genes
when they are mis-expressed. Few studies have been completed to determine the
agricultural application of the over or under expression of a single gene or a suite
of genes. Many genes have now been engineered into transgenic plants and tested
under controlled growth conditions to determine if specific genes are involved in
the stress response (Valliyodan and Nguyen, 2006). And, many different genes
encoding transcription factors, specific enzymes, or protective proteins have been
shown to function in the response to drought in the sense that the plants response to
the stress is altered when the gene is mis-expressed. These clues to gene function
continue to fuel our enthusiasm that this approach can lead to improved crops.

Is Arabidopsis a good model system for future agricultural studies? The answer to
this question is yes and no. Arabidopsis acclimates to water-deficit stress, through an
induction of many processes that have also been recorded in other plants. However,
there are many other species that are more tolerant of water deficit, and thus should
be studied to understand mechanisms that allow further acclimation or to identify
the adaptive characteristics of a species.

Many attempts to improve stress resistance have centered on the thinking that
improved resistance will come from increased expression of genes that protect
the plant. This approach is likely to have a limit to its effectiveness, and other
approaches will need to be added to our repertoire. An alternative may be to
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understand the mechanisms that cause the down regulation by stress of necessary
processes for survival such as photosynthesis and protein synthesis. If the signaling
pathway that directs the decrease in photosynthesis, decrease in protein synthesis and
alterations in the cell wall could be blocked, plants may achieve an enhanced ability
to function in the field during the stress. Gene expression associations in Arabidopsis
can now be monitored, such as using the VxInsight tool to view global gene
associations (http://www.arabidopsis.org/tools/bulk/microarray/analysis/index.jsp).
For example, the two germin genes that are commonly down regulated by different
water deficit conditions have strong expression associations with major processes
that are also down regulated by stress. AtGER1 (Atl1g72610) has strong associations
with genes involved in photosynthesis and AtGER3 (At5g20630) is associated with
ribosomal genes.
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INTEGRATION OF Ca* IN PLANT DROUGHT
AND SALT STRESS SIGNAL TRANSDUCTION
PATHWAYS
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Abstract: Plants cope with environmental changes by activating signal transduction cascades
that control and coordinate the physiological and biochemical responses necessary for
adaptation. Numerous signaling pathways that function as an integrated network have
been implicated in plant abiotic stress response. Amongst them, calcium signaling was
found to be incorporated in different signaling pathways during abiotic stress response,
e.g. to heat, cold, drought, and salt. A well-recognized model of calcium signaling
is that calcium signals characteristic of either elevation or oscillation of cytosolic
Ca’* is generated upon stimulation and then transduced through an array of Ca’*
activated proteins and downstream components, including calmodulins (CaMs) and
CaM-binding proteins (CaMBPs), calcineurin B-like proteins (CBLs), Ca?*-dependent
protein kinases (CDPKs), Ca>* and CaM-binding transcription factors, and other Ca’*-
binding proteins. Potential targeted effectors of calcium signaling include important
enzymes/proteins involved in various cellular metabolism and physiological adjustment.
This review begins with the generation of calcium signals followed by reviewing
components decoding calcium signals. Implication of the signaling components in

drought and salt stress response is emphasized and discussed

Keywords: calcium signaling, calcium sensor, abiotic stress, signal transduction

1. INTRODUCTION

Unlike animals, higher plants are sessile and therefore can not escape from
unfavorable growth conditions such as drought and high salinity. Plants, including
economically important crops frequently encounter these abiotic stresses, which
represent major constraints on crop yield potential. Plants cope with environmental
changes by activating signal transduction cascades that control and coordinate the
physiological and biochemical responses necessary for adaptation. Abiotic stress
signaling is extremely complex presumably because plants must have the capacity
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to tolerate several possible environmental extremes for their survival and repro-
duction. Numerous signaling pathways that function as an integrated network have
been implicated in plant abiotic stress response. Amongst them, calcium signaling
was found to be incorporated in different signaling pathways during abiotic stress
response, e.g. heat, cold, drought, and salt.

Calcium is an essential micronutrient in plants. As a divalent cation, it has
structural roles in the cell wall and membrane. Quantitatively it is most prominently
present in the apoplast, the cell wall space where it fulfills at least two distinct
functions: to cross-link pectin chains thereby contributing to their stability and
mechanical properties. Calcium is essential for the integrity of the plasma membrane
of the plant cells, specifically, the selectivity of the transport of the ions across
the plasma membrane. Besides its nutritional role, calcium is also a well-known
intracellular messenger mediating diverse responses of plants to both internal and
external stimuli. This review focuses on the signaling role of calcium in plants. A
well-recognized model of calcium signaling is that calcium signals characteristic
of either elevation or oscillation of cytosolic Ca*" is generated upon stimulation
and then transduced through an array of Ca?* activated proteins and downstream
components, including calmodulins (CaMs) and CaM-binding proteins (CaMBPs),
calcineurin B-like proteins (CBLs), Ca®*-dependent protein kinases (CDPKs), Ca**
and CaM-binding transcription factors, and other Ca**-binding proteins. Potential
targeted effectors of calcium signaling include important enzymes/proteins involved
in various cellular metabolism and physiological adjustment. This review will begin
with the generation of calcium signals, followed by reviewing components decoding
calcium signals. Implication of the signaling components in drought and salt stress
response will be emphasized.

2. GENERATION OF CALCIUM SIGNALS

Although Ca”* is an essential nutrient in plants, high concentration of Ca®* in
cytosol ([Ca’*].,) is toxic. The calcium concentration in soil is generally above
1.27 mM, while [Ca**].,is around 0.15 uM. Plant cells maintain low cytosolic
calcium by the functions of Ca*"-ATPases and Ca®*/H™ antiporters (Sze et al., 2000;
Hirsch, 2001). These enzymes transport cytosolic Ca>* into either apoplast or the
lumen of intracellular organelles, such as vacuole and endoplasmic reticulum (ER).
Low concentration of cytosolic calcium facilitates rapid and dramatic increases in
[Ca”]Cyt during cell response to biotic and abiotic stress. Almost without exception
abiotic stresses elicit a rise in the concentration of free calcium in the cytoplasm
(White and Broadley, 2003). Repeated exposures of plants to NaCl treatments
provoke prolonged alternations of both cytosolic and apoplastic Ca>* concentrations
(Gao et al., 2004).[Ca**],,, elevation is also observed when plants are exposed to
hypo-osmotic stress (Gao et al., 2004). Use of aequorin as a reporter has revealed
that cold and wind can initiate specific Ca?* signals that are spatially distinct in
tobacco seedlings (van de Luit et al., 1999). Environmental stresses often cause the
production of reactive oxygen intermediates (ROIs). There seems to be a relationship
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between the levels of ROIs and Ca’* in plant cells. H,O, triggers a biphasic Ca**
elevation in tobacco cultured cells (Lecourieux et al., 2002). Rentel and Knight
(2004) also observed a biphasic Ca®* signature composed of two independent peaks.
The magnitude of the Ca®* signal correlates with the ROI levels. The elevation
of [Ca”]cy[ serves as a signal to mediate appropriate response of the cells to
abiotic stress. The calcium signals are generated through the opening of Ca*-
permeable channels that allow the downhill flow of Ca®* from a compartment, such
as apoplast, vacuole or ER, into cytoplasm. Conversely, upon cessation of the stress
stimuli, the free calcium concentration in the cytoplasm reverts to its resting level
by Ca*"-ATPases and Ca>"/H" antiporters. The interplay between influx through
ion channels and efflux from pumps and carriers would be important to determine
the form of a Ca>* spike that is specific to both stimuli and signal decoders.

2.1. Characteristics of Calcium Signals

Although it is a common thought that elevating [Ca”]Cyl is a primitive and universal
response to stress, how calcium signals convey stimulus specificity to a variety of
signaling pathways is still a debatable issue. The specificity of calcium-mediated
signaling might be encoded by the spatial properties, and/or kinetics or magnitude
of the [Ca”],:yt perturbation. The location of cytosolic Ca?* elevation triggered
by abiotic stress can be affected by the type, cellular location and abundance of
Ca’*-permeable channels. Since the diffusion of Ca** within the cytoplasm is slow
(Clapham, 1995), transient Ca?* influx to the cytosol from apoplast, ER or vacuole
can make significant difference on the cytosolic location of Ca>* elevation, thereby
influence the spatial characteristics of [Ca®"],,,. Different stimulus could activate
distinct subcellularly localized Ca?*-permeable channels, thus generate specific
location of Ca®* elevation with distinguishable spatial signal for the downstream
Ca’* signal transducing proteins. Pauly et al. (2001) showed that different cytosolic
and nuclear calcium signals may be involved in discrimination between hyper- and
hypo-osmotic treatments in tobacco suspension culture cells. In embryos of the
multicellular alga Fucus, different spatial patterns of Ca>* elevation were generated
by different degrees of hypo-osmotic shock (Goddard et al., 2000). Spatial changes
of [Ca’"],, elevation was also observed in the guard cells after ABA treatment.
The [Ca”]Cyl elevation is first close to the plasma membrane and then adjacent
to the vacuole (McAinsh et al., 1995; Allen et al., 1999). This spatial change is
thought to be due to the sequential opening of hyperpolarization-activated Ca>*-
permeable channels at the plasma membrane and then second messenger activated
Ca’*-permeable channels in the tonoplast (Grabov and Blatt, 1998; Schroeder et al.,
2001). The importance of cellular location of ion channels in determining stimulus
specificity was evidenced by the observation that low temperature-induced stomatal
closure involves primarily entry of Ca>* across the plasma membrane, while intra-
cellular mobilization appears to dominate if stomatal closure is initiated with ABA
or mechanical stimulation (Wood et al., 2000). Spatial restricted Ca>* elevation
also appears to underlie the response of leguminous root hairs to Nod factors
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(Hetherington and Brownlee, 2004). To sense and transduce the localized [Ca**],,,
elevation, the signal transducing proteins might be required to be either associated
with the Ca®* channel or recruited to membrane in close proximity to the channels.
This notion is supported by the fact that many calcium-binding proteins including
CDPKs and CBLs contain N-terminal myristoylation sites conferring membrane
association. Another possibility defining specificity of calcium signaling is that
elevation of [Ca”]cy[ is necessary but insufficient to trigger specific response, rather,
the combination of [Ca”]Cyl elevation and the specific responding proteins decodes
a specific stimulus and activate a corresponding signal transduction pathway. Plants
possess numerous Ca>*-binding proteins. Each or a group of these proteins could
be specifically induced or activated by a specific stimulus.

The dynamic properties of the Ca** signal might determine the efficacy with
which the response is elicited. In animal cells, stimulus-induced [Ca**].,, oscilla-
tions and the mechanisms of generation and the potential for the information to
be encoded in the frequency of [Ca®*].,, oscillation was largely studied (reviewed
by Berridge et al., 2003).[Ca2+]Cyt oscillations and transients also occur in plant
cells. This phenomena was observed in maize coleoptiles in response to IAA
stimulus (Felle, 1988), in the shank of poppy pollen tubes during the self incom-
patibility response (Straatman et al., 2001; Rudd and Franklin-Tong, 2001), in
the legume root hair in response to Nod factors (Hetherington and Brownlee,
2004), in the guard cells in response to different treatments (Schroeder et al.,
2001), and in other type of cells (Evans et al., 2001). The frequency, period,
and amplitude of [Ca”]Cyl oscillations vary among different cell types and in
response to different stimuli (Evans et al., 2001). Since the demonstration that
stomatal guard cells could exhibit [Ca®]., oscillations (McAinsh et al., 1995),
the guard cell has been used as a model in dissecting the functional significance
of [Ca’*],,, oscillation. Ng et al. (2001) observed induced [Ca’*].,, oscillations in
the guard cells by sphingosine-1-phosphate (S-1-P). The frequency and amplitude
of [Ca’*],,, oscillations were S-1-P concentration dependent, which led to corre-
sponding kinetics of stomatal closure. They concluded that drought-induced guard
cell signal transduction involves S-1-P and [Ca”]Cyt elevation. By combining
cameleon (a ratiometic flurescent protein Ca?" indication) technology with the use
of Ca** homeostasis or signaling mutants, significant progress has been made in
assigning specificity of Ca?* signals in guard cells. Allen et al. (2000) showed that,
in response to elevated external Ca?* or oxidative stress, det3 mutants defective of
a vacuolar H-ATPase generate prolonged Ca’* elevations, resulting in failure of
stomatal closure, while wild type plants display repetitive transients of [Ca”]cyt,
leading to stomatal closure. In contrast, similar [Ca”]Cyl oscillations and stomatal
closure were observed in the guard cells of both dez3 and wild type in response to
cold or ABA treatments. Moreover, Allen et al. (2001) found that, in guard cells
of the ABA-insensitive mutant gca2, [Ca”]Cyt oscillations induced by abscisic acid
and extracellular calcium had increased frequencies and reduced transient duration,
and steady-state stomatal closure was abolished. Experimentally imposing [Ca”]cy[
oscillations with parameters that elicited closure in the wild type restored long-term
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closure in gca2 stomata. Another study by use of gca2 mutant (Pei et al., 2000)
indicated that ABA-induced H,O, production and the H,O,-activated Ca>* channels
leading to [Ca”]Cyt elevation are important mechanisms for ABA-induced stomatal
closing. Thus, Ca?* signal is an essential component mediating drought induced
ABA signaling cascade in guard cells that results in stomatal closure and reducing
water loss.

2.2. Elements Encoding Calcium Signals

Elevation of [Ca”]Cyt can arise via increased influx and/or decreased efflux. Ca*"-
permeable channels are the key entry points for Ca** into the cytosol (Sanders
et al., 2002). These channels have been found in all plant membranes including
plasma membrane, ER membrane, and vacuolar membrane. The primary roles
of Ca®*-permeable channels in the plasma membrane appear to be responsible
for the generation of calcium signals, but they may also contribute to nutritional
Ca’* uptake (White, 2000). The presence of Ca’*-permeable channels in diverse
membrane is thought to contribute the specificity of calcium signals and to enable
physiological flexibility. Although most calcium signals generally initiate from
increased Ca’t channel activity, the transport systems energizing calcium efflux
from the cytosol provide critical functions in keeping low [Ca2+]cy[ to facilitate
cytosolic Ca*" perturbation in response to stimuli and in terminating a Ca*" signal
by restoring [Ca”]Cyl to resting level. The efflux pathways might also help shape
the dynamic form of a calcium spike and thereby help define the information
encoded in the signals. The Ca*>* efflux systems include Ca** pumps and Ca**/H*
antiporters. The following is to discuss each element encoding calcium signals and
their implications in salt and drought stress.

2.2.1. Ca’*-Permeable channels

In animal cells, specific [Ca”]Cyt elevations have been assigned to specific
Ca?*-selective channels (Zou et al., 2002; Grimaldi et al., 2003). However,
plants predominantly use Ca®* permeable, rather than selective, channels. Ca*-
permeable channels are present in the plasma membrane, tonoplast, ER and other
endomembranes. These channels have been investigated with electrophysiological,
biochemical and molecular approaches. At the molecular level the Ca®*-permeable
channels have been broadly classed as non-selective cation channels (NSCCs).
NSCCs are a diverse group of ion channels characterized by their low discrimi-
nation between many essential and toxic cations. Members of this group are likely
to function in low-affinity nutrient uptake, in distribution of cations within and
between cells, and as plant Ca®* channels. They are gated by diverse mecha-
nisms, which can include voltage, cyclic nucleotides, glutamate, reactive oxygen
species, and stretch. Accordingly, Ca’**-permeable channels have been classified
into depolarization-actived Ca®* channels (DACCs), hyperpolarization-activated
Ca?* channels (HACCs), cyclic nucleotide gated channels (CNGCs), and glutamate
receptor channels (GLR).
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DACCs are Ca** permeable channels that are activated by membrane depolar-
ization (White, 2000). Several types of DACCs have been observed in the plasma
membrane of plant cells. All DACCs are permeable to both monovalent and divalent
cations. Their activity appears to be controlled by microtubule cytoskeletal inter-
actions and stabilized by the disruption of microtubules (Thion et al., 1998). Since
plasma membrane depolarization is a frequently observed response to various biotic
(Ehrhardt et al., 1992; Lhuissier et al., 2001) and abiotic (Okazaki et al., 2002)
stresses that also elicit [Ca”]Cyl elevations, it is deduced that DACCs might play
a pivotal role at an early stage in transducing general stress-related signals by
perception of a range of stimuli resulting in membrane depolarization. The molecular
identities of DACCs have not been verified. An Arabidopsis homologue of the animal
al subunit of voltage-dependent Ca®* channels, AtTPCI1, has been proposed to
form a depolarization-activated channel (White et al., 2002). Predicted secondary
structure of the AtTPC1 contains two shaker-like domains, each of which has six
transmembrane spans forming a pore. A hydrophilic domain connecting these two
shaker-like domains includes two EF hands, suggesting a calcium regulation of this
channel. Overexpression of AtTPCI in Arabidopsis enhanced an increase of [Car‘”r]Cyt
that was elicited by sugar-induced membrane depolarization, whereas antisense
suppression of AtTPC1 also suppressed the [Ca”]cytelevation in response to sugar
supply (Furuichi et al., 2001). Although firm conclusion regarding voltage gating
awaits electrophysiological characterization, these results suggest that AtTPCl1 is a
likely DACC. The role of AtTPC1 in abiotic stress response is to be elucidated.

Patch clamp electrophysiological techniques have identified HACCs in different
types of cells including stomatal guard cells (White and Broadly, 2003). Implications
of HACCs in drought stress came from the studies in the guard cells in response
to ABA. These channels activate at hyperpolarized membrane potentials (more
negative than -100 mV) that is directly associated with [Ca**] ,, elevation in guard
cells that follows ABA application (Grabov and Blatt, 1998; Pei et al., 1999).
Drought stress increases ABA concentration in the guard cells which shifts the
activation potential of HACCs to more positive voltage and the subsequent entry
of Ca®>* not only depolarizes the plasma membrane but also initiates the [Ca“]cyt-
dependent events, including [Ca“]cy[-dependent Ca’* release from intracellular
stores, that leads to stomatal closure (Blatt, 2000; White, 2000; Schroeder et al.,
2001; White and Broadley, 2003). ABA-induced stomatal closure involves the
production of reactive oxygen species (ROS) (Pei et al., 2000; Zhang et al., 2001).
In Arabidopsis guard cells, H,O, activates HACCs and thereby an increase in
[Ca**],, (Pei et al., 2000). This process requires cytosolic NAD(P)H, suggesting
that NADPH oxidases might be a component in the signaling chain of drought-ABA-
H,0,-[Ca*"],,, elevation-stomatal closure (Murata et al., 2001). In Arabidopsis root
hair, reactive oxygen species, especially hydroxyl radical, increase HACCs activity
(Foreman et al., 2003). Molecular evidence has shown that the plasma membrane
NADPH oxidase AtrbohC is required for the production of ROS and the generation
of the root hair apical [Caz*]Cyt gradient. The molecular identities of HACCs are
not yet known.
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Animal CNGCs were shown to play important roles in transduction of visual
and olfactory stimuli via modulation of the membrane potential and Ca>* signals
in sensory cells. In addition, animal CNGCs are increasingly being implied in Ca**
signaling in many other cell types (Kaupp and Seifert, 2002). Animal CNGCs
can contain o and (3 subunits. The membrane-spaning, pore-forming o subunit
forms a functional channel while the 3 subunit play a regulatory role (Kramer and
Molokanova, 2001; Kaupp and Seifert, 2002). Animal cells encode only three o
subunits and three 3 subunits. In Arabidopsis, CNGCs are encoded by no fewer
than twenty genes (Talke et al., 2003). The twenty members of Arabidopsis CNGCs
are structurally related to Shaker type K+ channels with six putative transmembrane
spans and a pore region between spans five and six. The C-terminus of Arabidopsis
CNGCs contain overlapping CaM and cyclic nucleotide binding domains (Arazi
et al., 2000; Kohler and Neuhaus, 2000). Binding CaM and cyclic nucleotides
provides the potential for dual regulation by different signaling pathways and
possible mechanisms for integrating these two signal molecules. Animal CNGCs
have an N-terminal CaM binding domain and a C-terminal cyclic nucleotide binding
domain. cNMP (cAMP or ¢cGMP) binding to the CNGCs activates the channels,
while CaM/Ca binding to the N-terminus of CNGCs alters the protein confor-
mation, resulting in a decreased affinity of the channel for cNMP. Hence, cytosolic
CaM modulates cNMP activation of CNGCs in animal cells (Kaupp and Seifert,
2002). Understanding of CNGC function in plants is fragmented. Evidence has been
shown that CNGCs are involved in the pathogen response signaling pathways. An
Arabidopsis mutant lacking ATCNGC2 shows a “defense no death” phenotype and
fails to generate a typical hypersensitive response or program cell death (Clough
et al., 2000). In addition, Ca** and monovalent cation homeostasis is affected
in cngc2 mutants (Chan et al., 2003). Some evidence suggests a role of CNGCs
in heavy metal homeostasis. Arazi et al. (1999) found that overexpression of a
tobacco CNGC, NtCBP4, led to hypersensitive to Pb*t. In contrast, expression of
a truncated version of NtCBP4 enhanced tolerance to Pb’* and reduced uptake of
this heavy metal (Sunkar et al., 2000). Arabidopsis CNGC10 was recently shown
to be involved in Kt uptake (Li et al., 2005; Borsics et al., 2000).

GLRs comprise another class of ion channel that might transport Ca®* in a
non-selective manner. The activation of GLRs by glutamate and other amino acids
is a key event in animal cells in mediating fast chemical transmission and long-
term synaptic potentiation (Dingledine et al., 1999). Arabidopsis possesses thirty
members of GLRs (Davenport, 2001, Lacombe et al., 2001). Arabidopsis GLR
structure is similar to that of animal glutamate receptors and is composed of
four membrane-localized domains. Two glutamate binding domains are localized
on the outside of the membrane; one is at the N-terminal and the other resides
between membrane spans three and four (Sanders et al., 2002). Molecular
identities of GLRs in plants have been lacking. Implication of these ion channels
in salt and drought stress has not yet reported except the observation that
glutamate stimulated unidirectional influx of Na' into intact roots by up to 25%
(Demidchik et al., 2002).
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2.2.2. Ca** pumps

Ca’t pumps are active Ca®* transporters directly energized by ATP hydrolysis
(Ca*"-ATPases) driving Ca** out of cytosol against the steep Ca** electrochemical
gradient at the plasma membrane and across the endomembranes. Ca?t pumps,
together with Ca®*/H* antiporters (see below) may be important in determining
the peak amplitudes and duration of Ca** transients. Evidence to support the role
of Ca** pumps in helping define the information encoded in the Ca®* signals are
still lacking, although the properties of Ca** pumps have been elucidated in some
detail. Ca>"-ATPases are high affinity Ca?* transporters (Km=1-10uM, Evans and
Williams, 1998). They can be grouped as Type IIA and Type IIB based on their
protein sequence similarity to animal PMCA or SERCA, respectively (Sze et al.,
2000; White and Broadley, 2003). Four Type ITA pumps have been identified in
Arabidopsis (designated as AtECA1-4, Axelsen and Palmgren, 2001). Subcellular
localization revealed that Type IIA pumps are present in the plasma membrane,
toloplast, ER and Golgi apparatus (White and Broadley, 2003; Hetherington and
Brownlee, 2004). Arabidopsis possesses at least ten genes encoding Type IIB
Ca’t pumps (AtACAs, Axelsen and Palmgren, 2001). Both plasma membrane
and endomembrane localizatons of AtACAs have been found (Hetherington and
Brownlee, 2004). Type ITA and IIB Ca>*-ATPases have similar topology except that
Type IIB has an N-terminal autoinhibitory domain but Type IIA lacks this domain.
Both types of pumps contain ten transmembrane domains and a large cytoplasmic
loop connecting membrane spans four and five. The large central cytoplasmic loop
contains an ATP binding site and the aspartate residue that becomes phosphory-
lated during the reaction cycle (Sze et al., 2000). The N-terminal autoinhibitory
domain in Type IIB pumps plays an important role in regulating pump activity. The
autoinhibitory domain contains a binding site for Ca-CaM plus a serine phosphory-
lation site. Binding of CaM to the autoinhibitory site activates pump activity, while
phosphorylation of this domain by CDPK inhibits pump activity (Sze et al., 2000).

Functional analysis of Ca** pumps has implicated their roles in salt stress
response in both yeast cells and plants. PMR1, a yeast Ca’*-ATPase in Golgi,
controls salt tolerance by modulating the expression of the plasma membrane Na*-
ATPase PMR2 (Park et al., 2001). In yeast, activation of calcineurin is required for
up-regulation of Na™ efflux mechanism and thereby confers salt tolerance. Mutation
in PMRI results in a maintained high cytosolic Ca®* concentration, which causes
continuous activation of calcineurin and increased expression of PMR2. Conse-
quently, pmrl mutant cells are more salt tolerance (Park et al., 2001). This study
suggests that modulation of cytosolic Ca’* via Ca** pumps plays crucial role in
salt stress response. The Arabidopsis ACA4 gene encoding a vacuolar membrane
Ca?t pump can improve salt tolerance in yeast (Geisler et al., 2000). Although
ACA4 expressing yeast cells displayed increased osmotic sensitivity at high external
calcium, the ACA4 conferred significant osmotic stress tolerance to yeast cells at
low external calcium. A more active N-terminal truncated form of ACA4 lacking
CaM binding site specifically enhanced NaCl tolerance, whereas full-length ACA4
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had less effect. The mechanism underlying salt tolerance conferred by ACA4 is
likely due to the modulation of [Ca®*].,.

The involvement of Ca’>* pumps in salt stress response is also highlighted by
the fact that the expression of many Ca*"-ATPases is increased upon exposure
to high salinity and some Ca®*-ATPase genes are expressed only under stress
conditions (Geisler et al., 2000; Garciadeblas et al., 2001). The expression of Type
IIA Ca*" ATPases from tomato (Wimmers et al., 1992) and tobacco (Perez-Prat
et al., 1992) has been shown to be induced by NaCl. The plasma membrane
Ca’>"-ATPase SCAI from soybean is highly and rapidly induced by NaCl stress
but not by osmotic stress (Chung et al., 2000). The Arabidopsis ACA4 gene is
also up-regulated by NaCl treatment (Geisler et al., 2000). A survey of gene
expression profiles of Ca*"-ATPAase genes including both AtECAs and AtACAs
in Arabidopsis based on the public available microarray data at AtGenExpress
(http://jsp.weigelworld.org/expviz/expviz.jsp) revealed distinct basal and induced
expression patterns of different Ca?*-ATPase genes. The transcript level of Type
IIA Ca’*-ATPase ECA2 (At4g00900) is increased 2- to 4-fold by NaCl treatments.
ECA4 (At1g07670) is slightly up-regulated by salt stress, while the expression of
ECA3 (Atl1g10130) is not affected by NaCl treatments. The expression of AtTACAs is
more dynamic. In spite of three ACA genes (ACA4: At2g41560, ACA7: At2g22950,
ACA9: At3g21180) whose expression is not affected by cold, osmotic and salt
stress, the expression of other ACA genes are significantly regulated by these stress
treatments, especially by NaCl treatment. The expression of ACAI (Atlg27770)
is highly induced by NaCl in roots, while the induction of ACA2 and ACAIO
expression is only moderate. The ACAS (At5g57110) is induced up to 10-fold by
cold stress but not affected by salt stress, suggesting this Ca** pump might be
important for calcium-mediated cold stress signaling. In contrast, the expression
of ACAII (At3g57330) is down-regulated by cold stress for 24 hours. The ACAI2
(At3g63380) and ACA13 (At3g22910) are two Type IIB Ca*"-ATPase genes whose
expression is strongly induced by both cold and salt stress. The expression of
these two genes is induced up to 20-folds by cold stress. The expression level of
ACAI3 is increased about 200-folds in root by NaCl treatment for 6 hours. Induced
expression of Ca’*-ATPase genes suggest that the Ca>* pumps might be part of
Ca’*-dependent signal transduction pathway linked to abiotic stress including salt
stress. The increase in cytosolic Ca?* upon NaCl exposure is indeed an effector of
salt tolerance. However, the elevated calcium level must be transitory, which could
be adjusted by an increased capacity of Ca’>* pumps.

2.2.3.  Ca**/H* Antiporter

Ca®*/H™ antiporters are low affinity Ca>* transporters driven by the electrochemical
gradients of H* to remove Ca’! from the cytosol (Evans and Williams, 1998;
Sanders et al., 2002). The Arabidopsis CALCIUM EXCHANGER 1 (CAXI) was
the first plant gene encoding an Ca®*/H* antiporter to be cloned. This gene
was identified by screening a cDNA library from Arabidopsis for clones able to
complement a yeast mutant defective in vacuolar Ca** transporter (Hirschi et al.,
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1996). CAX1 appears to have low Ca?" affinity (Km is ~13 uM) and high Ca**
transport capacity (Shigaki et al., 2001). CAX1 seems to be localized in the vacuolar
membrane (Cheng et al., 2003). An N-terminal autoinhibitory domain has been
determined to play a regulatory role in modulating CAX1 activity (Pittman and
Hirschi, 2001). Loss of CAX1 function (Cheng et al., 2003) resulted in mass
reduction of tonoplast Ca**/H" antiporter activity and, interestingly, increased
activities of V-type H"-ATPases and tonoplast Ca*"-ATPases. Significantly, cax]
mutants displayed increased expression of other Ca?*/H* antiporters CAX3 and
CAX4 and enhanced tolerance to Mn** and Mg?**. The mutants exhibited altered
plant development, perturbed hormone sensitivities, and altered expression of an
auxin-regulated promoter-reporter gene fusion, which suggest a possible signaling
role of CAX1 in stress and hormone response.

Arabidopsis possesses at least 12 genes encoding antiporters closely related to
CAX1 (Maser et al., 2001), four (CAX1-4) of which have been characterized. CAX2
has a lower capacity for Ca** and appears to transport Mn>* and Cd>* in addition to
Ca’" (Pittman and Hirschi, 2003). CAX2 also contains an N-terminal autoinhibitory
domain, suggesting that CAX1 and CAX2 may have shared regulatory features.
Unlike caxl, cax2 mutants displayed no discernable morphological phenotypes or
alternations in Ca®*/H™ antiporter activities. However, cax2 mutants exhibited a
reduction in vacuolar Mn?*/H antiport and reduced V-type H"-ATPase activity.
CAX3 was also biochemically and genetically characterized (Cheng et al., 2005).
CAX3 is localized to the tonoplast. The expression of CAX3 is predominate in
roots, while CAX1 is highly expressed in leaves. Knockout of CAX3 were modestly
sensitive to exogenous Ca’>* and also displayed reduction in vacuolar H*-ATPase
activity. Ionomic analysis of cax/ and cax3 single mutants and caxlcax3 double
mutant revealed synergistic function of CAX1 and CAX3 in plant growth and
nutrition acquisition. CAX4 also appears to have vacuolar membrane localization
(Cheng et al., 2002). The expression of CAX4 is induced by Mn**, Na*, and Ni**
treatments.

In addition to the nutritional function, it has been proposed that CAXs may play
a role in reducing cytosolic Ca** concentration to resting levels after a [Ca”]Cyt
elevation in response to external stimuli (Hirschi, 1999). Consistent with this notion
is the observation that an Ca?>*/H" antiporter, but not the vacuolar Ca>* pump,
resets [Ca’*] ,, in yeast following hypertonic shock (Denis and Cyert, 2002). In
addition, Arabidopsis det3 mutant with reduced tonoplast Ht-ATPase activity and
presumably reduced Ca®*/H™ antiporter activity has a continuously high [Ca2+].y,
(Allen et al., 2000). Also support the signaling role of Ca®*/H* antiporters is that
plants treated with V-type ATPase inhibitor bafilomycin show greater [Ca”]cyl
elevation in response to hyperosmotic shock (Takahashi et al., 1997). Signaling role
of Ca**/H" antiporter was also evidenced at molecular level by the observation
that mutations in CAX/ increase CBF/DREBI expression and the cold-acclimation
response in Arabidopsis (Catala et al., 2003). The expression of CAX/ is induced in
response to low temperature through an ABA-independent pathway. In fact, earlier
study has identified a RARE COLD INDUCIBLE (RCI) gene named RCI4 that is
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identical to CAX1 (Jarillo et al., 1994; Capel et al., 1997; Llorente et al., 2002). The
characterization of two T-DNA insertional mutants, cax/-3 and cax/-4, demon-
strated that mutations in CAX/ gene do not affect the constitutive capacity to tolerate
freezing temperature, dehydration, chilling, or high salt. Surprisingly, however, the
cax mutants exhibit an increased ability to cold acclimation, which correlates with
an enhanced expression of cold responsive transcription factor CBF/DREBI genes
as well as the downstream targets in response to low temperature. These results
indicate that CAX1 plays an essential role in the cold-acclimation response by
controlling CBF/DREB] expression, likely by ensuring the proper control of Ca**
homeostasis under low temperature condition. It seems that, following the [Ca®*]
elevation elicited by environmental stimuli, subsequent reestablishment of [Ca“]cyt
to resting level by Ca2* pumps and Ca>*/H™* antiporters is a part of the generation
of calcium signals. Implication of CAXI in salt stress response stemmed from a
study showing that the salt tolerance determinant SOS2, a Ser/Thr protein kinase
can activate the Ca**/H* antiporter CAX1 to integrate calcium transport and salt
tolerance (Cheng et al., 2004). SOS2 was able to interact with the N-terminus of
CAXI1 and activate CAX1 transport activity in a SOS3-independent manner in yeast
cells. Moreover, the high level expression of a deregulated version of CAX1 in
planta caused salt sensitivity. Thus, the vacuolar Ca>*/H* antiporter CAX1 might
be a component of salt stress signaling modulating [Ca”]cy[ during calcium signal
generation and subsequent signal transduction in response to salt stress.

eyt

3. DECODING CALCIUM SIGNALS

Once calcium signal is generated in response to internal or external stimuli, the
signal is initially perceived by binding of Ca** to Ca*" sensors. Most Ca** sensor
proteins contain a common structural motif, the “EF hand”. EF hand is a conserved
helix-loop-helix structure that can bind a single Ca?* ion (Kretsinger and Nockolds,
1973). Plants have huge number of EF-hand containing proteins. In Arabidopsis,
approximately 250 genes encode EF-hand containing proteins (Day et al., 2002).
Note that not all Ca?>*-binding proteins contain EF-hand and other protein motifs
also confer Ca?* binding ability. For example, the 70-amino acid annexin fold
present in members of the membrane-associated annexin subfamily is a Ca"-
binding motif (Delmer and Potikha, 1997). Another Ca**-binding motif termed the
“C2 domain” is about 130-145 amino acids and is important for modulation of
phospholipase D activity (Wang, 2005). Plant Ca’* sensors include CaMs and CaM-
like(CML) proteins, calcineurin B-like (CBL) proteins, Ca®*-dependent protein
kinases (CDPKs), and Ca*-binding proteins without EF-hand. The conformation
change of Ca’*" sensors upon Ca’* binding is essential for the calcium signal
transduction. The Ca?* sensors can be divided into two types, sensor relays and
sensor responders (Sanders et al., 2002). Binding of Ca** onto a sensor relay results
in its conformational change that is relayed to an interaction partner. The interaction
partner then undergoes changes in structure or enzyme activity, which modulates the
functions of the effectors. This type of sensor includes CaMs, CMLs, and CBLs. In
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contrast, sensor responders undergo a calcium-induced conformational change that
alters their own activity or structure through intramolecular interactions. CDPKs
are one of the sensor responders in plants. The following will discuss each type of
Ca’* sensors and their involvements in salt and drought stress response.

3.1. CaMs and CMLs

CaM is one of the best characterized Ca’** responsive proteins in eukaryotic
cells. Eukaryotic CaMs are well conserved proteins, reflecting their central role in
eukaryotic biology (van Eldik and Watterson, 1998). CaMs are small acidic protein
containing EF-hands. A CaM is arranged as two globular domains connected with
a long flexible helix. Each globular domain contains a pair of intimately linked
EF-hands (Bouche et al., 2005; McCormack et al., 2005). CaM is an unusual
protein that has no catalytic activity of its own but activates numerous target
proteins upon binding Ca®*. Selectively binding of Ca’>* onto CaM with micro-
molar affinity results in the conformational change characteristic of exposing two
hydrophobic surfaces surrounded by negative charges, one in each globular domain.
The hydrophobic surfaces provide sites for interactions with target proteins with
an affinity in the nanomolar range through non-specific van der Waals interactions
(Crivici and Ikura, 1995). In this way, cytosolic Ca’* perturbation perceived by
CaM are transduced into altered target protein activity leading to subsequent cellular
responses.

Plant CaMs are defined by their high sequence similarity, over 89% identity, to
vertebrate CaMs and no predicted functional alteration caused by the amino acid
variations (McCormack et al., 2005). By this definition, all CaMs in vertebrates
are highly conserved, suggesting a structural requirement for CaMs to interact
with diverse targets. CaM isoforms are encoded by small gene families in plants.
In Arabidopsis, seven genes encode highly conserved or identical CaM proteins,
named CaM1-7, having 148 amino acids in their mature forms (149 aa with the
first Met that is cleaved following translation). These seven genes only encode four
CaM isoforms. CaM2, 3, and 5 genes (At2g41110, At3g56800, and At2g27030,
respectively) encode a single isoform and CaM1 and CaM4 genes (At5g37780 and
At1g66410) encode another isoform. CaM6 (At5g21274) and CaM7 (At3g43810)
are other two CaM isoforms in Arabidopsis. Amongst the CaM isoforms, only
one to five amino acids substitutions are found. Comparing with CaM?2/3/5, CaM7
has only one amino acid substitution, i.e. K'?’ to R'?’, while CaM6 shows two
amino acids substitutions of T''® to S'"® and K'*” to R'?’. Therefore, CaM6 (S''®)
only differs from CaM7 (T''®) on one amino acid. CaM1/4 has five amino acids
differences from CaM?2/3/5, which are D® to E3, R to K”, D'® to E'®, K'¥
to R'?, and V¥ to I'*. Although one to five amino acid substitutions exist, the
function of these four CaM isoforms is very likely to be identical or very similar
because the amino acid substitutions are from one to another with very similar
properties. For example, aspartic acid (D) and glutamic acid (E) are structurally
very similar and both have negative charges. Change from aspartic acid to glutamic
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acid is not likely to alter the protein functions. Similarly, the properties are very
similar between the amino acids K and R, T and S, V and I. Substitution between
these two amino acids is unlikely to change the protein functions. However, minor
changes in CaMs, especially those that reside within Ca®*-binding loop, might
contribute to target specificity selection (Bhattacharya et al., 2004). It has been
reported that different Arabidopsis CaM isoforms also differ in their affinity for
the same protein. Liao et al. (1996) showed that the Arabidopsis CaM isoforms
have different capacity to activate NAD kinase in vitro. It has also shown that
the binding affinity of Arabidopsis CaM isoforms to kinesin-like motor protein is
different (Reddy et al., 1999). CNGCs are ion channels with CaM binding motif.
Different CaM isoforms from Arabidopsis possess distinct binding capacity to the
CNGCs (Kohler and Neuhaus, 2000).

Multiple genes encoding identical or nearly identical CaM isoforms in
plants indicate that the different CaM genes might have evolved distinct
expression patterns, thus contribute to tissue-specific expression, developmental
regulation and/or differential response to environmental stress. Indeed, expression
studies show that the Arabidopsis CaM genes are differentially expressed in
different tissues and circumstances (Perera and Zielinski, 1992; Gawienowski
et al., 1993). The CaMs in Arabidopsis are expressed during all develop-
mental stages (McCormack et al., 2005). Microarray results at AtGenExpress
(http://jsp.weigelworld.org/expviz/expviz.jsp) revealed that, although Arabidopsis
CaM transcripts are associated with all tissues and organs tested, the expression
patterns are somewhat different. The Arabidopsis CaM gene expression is not signif-
icantly affected by different stress and hormone treatments tested in microarray
analysis. However, some of the Arabidopsis CaMs were shown to be touch-inducible
but at different levels and with different kinetics (Perera and Zielinski, 1992). CaM2
was also named as TCHI1 because it is induced by touch stimulus. The soybean
SCaM4 and ScaMS5 are induced by a fungal elicitor (Heo et al., 1999). In a recent
report three CaM genes from rice were shown to be differentially regulated by
various stress signals (Phean-o-pas et al., 2005). OsCaM1 mRNA levels is strongly
increased in response to NaCl, mannitol and wounding treatments. In contrast,
OsCaM? expression is relatively unchanged under these stress conditions. OsCaM3
is also up-regulated by NaCl and wounding treatments, but more in a transient
manner.

In addition to these highly conserved CaMs, plants also possess many CaM-like
proteins (CMLs). McCormack and Braam (2003) defined the CMLs as proteins
composed mostly of EF-hand Ca’*-binding motif, having no other identifiable
functional domains, and at least 16% identical with CaM, which excludes Ca?*-
binding proteins such as CDPKs and CBLs that contain additional functional
domains. In Arabidopsis genome, fifty genes encode CMLs composed of CaM-like
EF hand structures (McCormack and Braam, 2003; McCormack et al., 2005). All
but one (CML1) of the CMLs have at least two EF hand-like motifs (McCormack
and Braam, 2003). Thirty out of fifty CMLs have four predicted EF hands; one
(CML12) has six EF hands. CMLs are more sequence diverse comparing with
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CaMs and grouped into nine groups. In contrast to CaM genes, the fifty CML
genes display distinct developmental regulation and abiotic stress response. Thirty-
five CML genes in Arabidopsis have at least an average fivefold increase in
expression by at least one of the stimuli tested based on Genevestigator online search
(McCormack et al., 2005; http://www.genevestigator.ethz.ch). CML37 (At5g42380),
CML39 (Atlg76640) and CML40 (At3g01830) are among the most strongly
regulated genes. The expression levels of CML37 and CML39 are nearly 100-
and 60-fold higher, respectively, in salt-stressed plants relative to the non-stresses
control plants. Two CML genes are touch-inducible genes previously identified as
TCH genes (CML12/TCH3, At2g41100; CML24/TCH2, At5g37770; Braam et al.,
1997). Recently, a more detailed characterization of CML24/TCH2 has implicated
its function in response to diverse stimuli (Delk et al. 2005). CML24 shares over
40% amino acid sequence identity with CaM, has four EF hands, and undergoes
Ca?*-dependent in hydrophobic interaction chromatography, indicating that CML24
binds Ca>* and consequently undergoes conformational changes. CML24 expression
is up-regulated by touch, darkness, heat, cold, H,0,, ABA and IAA, suggesting
its involvement in multiple stress and hormonal response. CML24-underexpressing
transgenic plants are resistant to ABA inhibition of germination and seedling growth
and have enhanced tolerance to ionic stress. These data suggest that CML24 encodes
a potential Ca>* sensor that may function to enable response to ABA and presence of
various salts. The Arabidopsis CML gene family also includes previously identified
CaBP-22 (Ling and Zielinski, 1993), APC1 (Rozwadowski et al., 1999) and centrin-
like protein (CNL20, At3g50360), suggesting diverse functions of CMLs in plant
response to environmental, developmental and pathological challenges.

Use of bioinformatics tools and molecular approaches has enabled the identifi-
cation of the cellular targets of CaM and CML in plants as well as in other organisms.
The list of numerous CaM-binding proteins (CaMBPs) described by Snedden
and Fromm (2001) reflects the functional diversity of plant CaMBPs and reveals
an involvement in regulation of metabolism, cytoskeleton, ion transport, protein
folding, transcription, protein phosphorylation and dephosphorylation, phospho-
lipids metabolism, and unknown functions. Current findings support the idea that
CaMs and CMLs are involved in response to environmental stimuli likely via
activation/inactivation of specific CaMBPs. Plant CNGCs have diverse functions
including control of ion homeostasis. Plant CNGCs contain a CaM binding domain
overlapping with the cNMP binding motif (see the discussion in Ca®*-permeable
channels). Binding of Ca?*/CaM inhibits cNMP-mediated channel activation (Hua
et al., 2003), which might play roles during salt stress response. In Arabidopsis,
ACA4 encodes a vacuolar Ca*"-ATPase and is up-regulated by salt stress (Geisler
et al., 2000). ACA4 Ca>* pump contains a CaM-binding domain within the N-
terminal autoinhibitory domain. Binding of CaM to the N-terminal CaM binding site
of ACAA4 likely relieves autoinhibition, thus activating its Ca’* pump activity. The
regulation of ACA4 by CaM seems to play important role in salt tolerance (Geisler
et al., 2000; also see the discussion in Ca*" pumps). Another salt tolerance deter-
minant AtzNHX 1 encoding a vacuolar Na™/H™ antiporter also contains a CaM binding
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domain in its C-terminus (Yamaguchi et al., 2005). The expression of AtINHXI
is up-regulated by salt stress in an ABA-dependent manner (Shi et al., 2002).
Topological analysis revealed that the C-terminus of AtNHX1 resides in the vacuolar
lumen and has regulatory role in antiporter cation selectivity (Yamaguchi et al.,
2003). Yeast two-hybrid screening has identified a cDNA encoding a CML, named
AtCaM15 (CML18, McCormack and Braam, 2003) that can interact with AINHX1
C-terminus (Yamaguchi et al., 2005). The binding of AtCaM15 to AtNHX1 was
shown to be Ca>*- and pH-dependent. This interaction modifies the Na™/K* selec-
tivity of the antiporter, decreasing its Nat/H* exchange activity (Yamaguchi et al.,
2005). These studies suggest that CaMs and CMLs can perceive Ca?* signals
elicited by salt stress and then directly regulate ion transporters that are important
for Na™ and K* homeostasis and salt tolerance in plants. Two ABA-, cold- and
osmotic stress-induced genes in bryophytes have been identified to encode CaMBPs
sharing sequence similarity to mammalian inward rectifier potassium channels
(Takezawa and Minami, 2004). These two putative membrane-bound transporter-
like proteins, MCambl and MCamb2, have a central hydrophobic domain with
two putative membrane spans and N- and C-terminal hydrophilic domains. CaM
binds to MCambl and MCamb2 via an interaction with basic amphiphilic amino
acids in the C-terminal domain. Expression of these two genes is dramatically
increased following treatment with low temperature, hyperosmotic solutes, and
ABA. Tt appears that one way of CaM participating in cellular signaling leading to
enhancement of stress tolerance is through regulation of membrane transporters.
Some CaMBPs are induced by salt or osmotic stress treatments. Stress induction
of above-mentioned MCamb genes from bryophytes is one example. In tobacco, a
Ca’*/CaM-binding kinase (NtCBK?2) is induced by salt stress and GA treatment but
not by cold or heat stress and other hormones (Hua et al., 2004). A recent identified
CaMBP gene, AtCaMBP25, from Arabidopsis is highly induced by dehydration,
low temperature and high salinity (Perruc et al., 2004). The 25 kDa AtCaMBP25
was identified by using a radiolabelled CaM probe to screen a cDNA library
derived from Arabidopsis cell suspension cultures challenged with osmotic stress.
AtCAMBP25 was shown to be nuclear localized and capable of binding to CaM in
a Ca?*-dependent manner. Overexpression of AtCaMBP25 enhances sensitivity to
both salt and osmotic stress, while knockdown of this gene significantly increases
tolerance to salt and osmotic stress. Thus, AtCaMBP25 functions as a negative
regulator of osmotic stress tolerance in Arabidopsis. Some CaMBPs are induced not
only by salt or osmotic stress but also by other stresses and different hormones. For
example, members of the CAMTA (CaM-binding transcription activator) family in
Arabidopsis, designated AtSR1-6, are rapidly and differentially induced by environ-
mental signals such as temperature extremes, UV-B, salt, and wounding; hormones
such as ethylene, ABA; and signal molecules such as methyl jasmonate, H,O, and
salicylic acid (Yang and Poovaiah, 2002). AtSR gene family in Arabidopsis encodes
a family of CaM-binding/DNA-binding proteins that are located in nucleus and
specifically recognize a novel 6-bp CGCG box found in the cis-elements of the gene
promoters involved in ethylene, ABA, and light signaling. Another family gene in
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Arabidopsis encodes a family of Ca*"/CaM-binding proteins that are involved in
transcriptional regulation of gene expression by interacting with fsh/Ring3 class
transcription activators (Du and Poovaiah, 2004). This CaM-binding protein family
was named as AtBT (Arabidopsis thaliana BTB and TAZ domain protein) family
because it contains an N-terminal BTB domain and a C-terminal Zf-TAZ domain
besides the C-terminal CaM-biding domain. Arabidopsis possesses five AtBT genes
that exhibit varying responses to different stress stimuli, except that all five genes
respond rapidly to H,O, and salicylic acid treatments. AtBT3 and AtBT4 are induced
by NaCl, whereas AtBT2 is down-regulated by NaCl. The expression of AtBTI
and AtBT5 are not affected by NaCl treatments. AtBT1 targets the nucleus and
interacts with AtBET9 and AtBET10 that belong to the family of fsh/Ring3 class
transcription regulators. AtBET10 also interacts with AtBT2 and AtBT4 and exhibits
a transcriptional activation function in yeast cells. A recent study has identified
another CaM-interacting transcription factor AtMYB2 that plays important role
in salt tolerance in Arabidopsis (Yoo et al., 2005). AtMYB2 was isolated by
using a salt-inducible CaM isoform GmCaM4 as a probe to screen a salt-treated
Arabidopsis expression library. AtMYB2 contains a CaM binding motif located
within the R2R3 DNA binding region. Interestingly, the DNA binding activity
of AtMYB2 is enhanced by its interaction with the specific isoform GmCaM4,
but inhibited by the interaction with a closely related CaM isoform GmCaM],
suggesting an antagonist regulation of AtMYB2 transcription activation activity by
different CaM isoforms. Overexpression of GmCaM4 in Arabidopsis up-regulates
the transcription of AtMYB2-regulated genes, including RD22, P5CSI and ADH].
The elevated transcription of P5CSI gene encoding a proline-synthesizing enzyme
results in higher accumulation of proline in the overexpression transgenic plants.
Overexpression of GmCaM4 in Arabidopsis confers salt tolerance in the transgenic
plants. Thus, abiotic stress including salt stress elicits Ca’>* signal, which triggers
the binding of Ca?>* onto CaM; conformational change of CaM upon Ca** binding
promotes interaction of Ca?*/CaM with its target proteins including transcription
factors or CaM-binding proteins that can interact with transcription regulators; the
interaction modulates the activities of transcription activators and consequently
change gene expression. It seems that targeting transcription factors directly or
indirectly via CaMBPs by CaM might be a fast way to alter gene expression pattern
in response to stress signals.

CaM also targets metabolic or signaling enzymes. One of these enzymes called
glyoxalase is on the list of identified CaM targets (Reddy et al., 2002; Reddy and
Reddy, 2004). In animal systems, glyoxalase has been long known to be involved in
various functions including cell division and proliferation, microtubule assembly,
and protection against oxoaldehyde (Thornalley, 1990). Glyoxalase enzymes are
important for the glutathione (GST)-based detoxification of methylglyoxal, which is
formed primarily as a byproduct of carbohydrate and lipid metabolism. Glyoxalase
I has been shown to be induced by salt and osmotic stress in tomato (Espartero
et al., 1995). In Arabidopsis, glyoxalase I has also been found to be one of the
genes induced by drought and cold stress (Seki et al., 2001). Overexpression of
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glyoxalase I or glyoxalase II alone in tobacco can improve salt tolerance of the
transgenic plants (Veena et al., 1999; Singla-Pareek et al., 2003). Importantly,
double transgenic plants overexpressing both glyoxalase proteins confers better
response to salt stress than either of the single transgenic plants (Singla-Pareek
et al., 2003). Tonic measurements revealed higher accumulation of Nat and K*
in old leaves and negligible Na™ accumulation in seeds of the transgenic lines as
compared with the control plants. The redistribution of toxic Na' in the transgenic
plants might contribute to salt tolerance.

Mitogen-activated protein kinase (MAPK) is one of the key molecules of signal
transduction responding to various external stimuli in animals, plants and yeasts
(MAPK group, 2002). In plants, the MAPKs investigated so far were mainly
involved in stress responses (Jonak et al., 2002). The Arabidopsis MPK3, MPK4,
and MPKG6 are activated by a diverse set of stresses, including pathogens, osmotic,
cold, and oxidative stress (Jonak et al., 2002). An upstream activator in Arabidopsis,
MKK?2 is specifically activated by cold and salt stress and directly targets MPK4
and MPK6. Overexpression of MKK?2 results in constitutive MPK4 and MPK6
activity and confers freezing and salt tolerance, while null mkk2 mutant plants
are hypersensitive to cold and salt stress (Teige et al., 2004). Activated MAPKs
by upstream kinases can be reversed by phosphotases, including dual-specificity
MAPK phosphatases (MKPs). A study on a tobacco MKP, NtMKP1 has made a
connection between Ca?*/CaM signals and MAPK signaling pathway (Yamakawa
et al., 2004). NtMKP1 interacts with CaMs and inactivates SIPK, an ortholog of
MPKG6 and WIPK, an ortholog of MPK3. Although whether NtMKP1 is induced
or activated by salt or osmotic stress is not known, this study suggests that plant
CaMs are involved in stress-activated MAPK cascades via MAPK phosphatases.
The Arabidopsis MAPK phosphatase 1 (AtMKP1) has no predictable CaM-binding
domain. In addition to the dual-specificity phosphatase domain (DSP), AtMKP1
contains a C-terminal domain named GEL (Gelsolin homology domain). The GEL
domain seems to be capable of binding Ca’>" (Kolappan et al., 2003). Therefore,
AtMKP1 could be directly regulated by Ca** perturbation in the cytosol. A(MKP1
interacts with MPK3, 4 and 6 and activates MPK6 in response to genotoxic stress.
Consistently, mkpl mutants are hypersensitive to genotoxic stress treatments (UV-
C and methyl methanesulphonate) (Ulm et al., 2001). Interestingly, microarray
analysis in mkpl mutant revealed an increased mRNA level of a Na*/H* exchanger
belonging to a family of proteins involved in salt tolerance (Shi et al., 2000, 2005),
suggesting that AtMKP1 might be involved in the response to salt stress in addition
to genotoxic stress. Indeed, mkpl mutant plants exhibit elevated salt resistance in
its early vegetative phase, indicating that AtMKP1 functions as a negative regulator
of salt stress tolerance (Ulm et al., 2002).

3.2 CBLs and CBL-Interacting Protein Kinases (CIPKs)

CBLs are so called because of their sequence similarity with calcineurin B subunit
in yeast and mammalian cells. Calcineurin is a calcium/calmodulin-dependent
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serine/threonine protein phosphatase (Rusnak and Mertz, 2000). It is a heterodimeric
protein consisting of a catalytic subunit calcineurin A, and a regulatory calcium
binding subunit, calcineurin B. Calcineurin belongs to a family of type 2B
phosphatase. It is the only protein phosphatase dependent on Ca’** and CaM for
its activity thereby making it one of the most common intracellular transducer
of Ca?* signaling pathways. The active site of calcineurin is located on the A
subunit, which catalyzes the removal of phosphate groups from its substrates.
Calcineurin A consists of three conserved domains: the calcineurin B binding
domain providing sites for hetero-dimerization, the CaM-binding domain, and the
autoinhibitory domain. The autoinhibitory domain binds in the active site cleft in
the absence of Ca?*/CaM and inhibits the enzyme activity, which acts in concert
with the CaM binding domain to confer CaM regulation. Three catalytic genes for
calcineurin A subunit have been identified in vertebrate species. The calcineurin
B subunit is also highly conserved, with mammalian calcineurin B showing 86%
amino acid sequence identity with Drosophila calcineurin B and 54% identity
with calcineurin B from yeast. Calcineurin B contains four Ca?*-binding EF-hand
motifs that bind four Ca?>* molecules with high affinity. Myristoylation of the N-
terminus of the calcineurin B has been conserved throughout evolution from yeast
to mammals, suggesting a crucial physiological role. Numerous functions have been
identified for calcineurin in mammals, including induction of long-term potenti-
ation and long-term depression, establishment of learning and memory, control of
apoptosis, regulation of ion channels, and control of gene expression (for review,
see Rusnak and Mertz, 2000). The role of mammalian calcineurin in regulation of
gene expression has been well studied in the immune system. It was shown that
binding of antigen to cell surface receptors of lymphocytes elicits Ca** entry and
results in the activation of calcineurin, which then dephosphorylates transcription
factors of the NF-AT family that are necessary for T-cell proliferation. Dephos-
phorylated NF-AT proteins translocate from the cytoplasm to the nucleus to bind
the recognition sequence and promote the expression of the target genes (Shibasaki
et al., 1996). In yeast, the function of calcineurin has been implicated in the recovery
from pheromone-induced growth arrest, cell wall biosynthesis, cation homeostasis,
and adaptation to salt stress. One downstream signaling component regulated
by calcineurin in yeast is the zinc-finger type transcription factor Crz1P/TcnlP
(Cyert, 2003). Calcineurin dephosphorylates Crz1/Tcnl in a manner analogous
to calcineurin-dependent regulation of mammalian NF-AT transcription factors,
resulting in the translocation of Crz1 to the nuleus, thereby regulating the expression
of the vacuolar and secretory Ca®* pumps PmcIP and PmrlP, one of the two
genes encoding the (-1,3, glucan synthase FKS2, and the gene for the plasma
membrane Nat pump PMR?2 (Stathopoulos and Cyert, 1997; Matheos et al., 1997).
In budding yeast, null mutants lacking the calcineurin gene exhibit hypersensitivity
to the monovalent cations Na* and Li*, but not K*, Ca®* and Mg*" (Nakamura
et 1993; Mendoza et al., 1994). The role of calcineurin in salt tolerance is thought
to be mediated by transcriptional and posttranslational mechanisms. Adaptation to
high salt stress requires the presence of the plasma membrane Nat pump Pmr2p
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mediating Nat and Li* efflux. Yeast cells deficient in calcineurin accumulate Na*
and Li* due to decreased expression of Pmr2p (Mendoza et al., 1994). In fact,
DNA microarray has identified more than 160 genes, including Pmr2p, that are
controlled by calcineurin/Crzlp signaling pathway (Yoshimoto et al., 2002). The
list of calcineurin-dependent genes includes genes encoding proteins and enzymes
for cell wall synthesis, ion transport, vesicle transport, lipid and steroid synthesis,
protein degradation, and transcription, indicating variety of calcineurin functions
in yeast.

By using two specific and potent calcineurin inhibitors, CsA and FK506, Luan
et al. (1993) first demonstrated that a plant homolog of calcineurin is required
for the Ca®*-dependent inactivation of K* channels in guard cells. However, the
molecular identity of calcineurin in plants has not yet been identified. In particular,
the counterpart of mammalian and yeast calcineurin A has not been found in plants
although plants have a superfamily of genes encoding protein phosphatase. Identical
or nearly identical calcineurin B proteins are also not present in Arabidopsis and
rice. The closest contenders are two EF-hand Ca?*-binding proteins encoded by
the CBL genes in Arabidopsis. The CBLs from Arabidopsis only share about 30%
identity with calcineurin B from various organisms. The present study seems to
support that plants, at least Arabidopsis, have no calcineurin and the CBL proteins
activate protein kinases rather than protein phosphatase. Studies on CBLs and their
interacting protein CIPKs have primarily implicated their function in abiotic stress
response.

Role of CBLs in salt tolerance has been well documented by the studies of SOS
genes, which led to the discovery of the SOS signaling pathway (Xiong et al., 2002;
Shi et al., 2005). The tale of the SOS signaling pathway stems from the isolation
of three sos (salt overly sensitive) mutants, i.e. sosl, sos2 and sos3. By using
root-bending assay, three complementary groups of Arabidopsis mutants showing
hypersensitive to Na® were identified. Further characterization of these mutants
indicated that mutations also cause hypersensitive of the mutants to Li*, but not
to K* and Cs™ (Wu et al., 1996; Liu and Zhu, 1997; Zhu et al., 1998). Molecular
identities of these three genes were uncovered through mapping-based cloning (Liu
and Zhu, 1998; Liu et al., 2000; Shi et al., 2000). SOS3 is a member of CBLs
in Arabidopsis. SOS3 encodes a Ca®* sensor sharing about 30% identity and 50%
similarity with calcineurin B subunit from various organisms and neuronal calcium
sensor (NCS) from animals. The NCS proteins possess four EF-hand domains but
only three or two bind Ca’t. The NCS proteins are high affinity Ca**-binding
proteins that act as Ca®" sensor rather than Ca*" buffer as they undergo confor-
mational changes on Ca’*-binding and regulate target proteins. NCS proteins are
multifunctional and involved in the regulation of a wide range of neuronal functions
including effects on receptors, ion channels, membrane traffic and cell survival
(Burgoyne et al., 2004). The SOS3 protein is predicted to contain three typical EF-
hand Ca*-binding motifs. Mutation in the SOS3 gene disrupts one of the EF-hand
motifs and likely disables its Ca*" binding (Liu and Zhu, 1998). The capability
of SOS3 binding Ca®* and reduced Ca?*-binding ability of sos3 mutant proteins
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was demonstrated by gel mobility shift and Ca?* overlay assay (Ishitani et al.,
2000). Like calcineurin B and NCS proteins, SOS3 protein also contains an N-
terminal myristoylation site. The myristoylation and its functional significance has
been experimentally examined (Ishitani et al., 2000). SOS3 protein was myrostoy-
lated in an in vitro translation assay and the myristoylation requires the N-terminal
myristoylation signature sequence. Although no significant difference in membrane
association was observed between the myristoylated and nonmyristoylated SOS3,
expression of the myristoylated but not the nonmyristoylated SOS3 can complement
the salt hypersensitive phenotype of sos3 mutant, suggesting that N-myristoylation
is required for SOS3 function in plant salt tolerance.

A recent resolved crystal structure of SOS3 protein revealed that SOS3 is a two-
domain structure connected by a short linker and each domain is formed by a pair
of adjacent EF-hand motifs (Sanchez-Barrena et al., 2005). Each SOS3 protein can
bind four Ca’>* molecules, which promotes dimerization of SOS3 proteins. SOS3
dimer displays a structure that exposes eight metal-binding sites, the N-terminal
myristoylation sites, and the C-terminal end of the protein. This dimmer structure
would increase the efficiency of N-terminal myristoylation and facilitate its C-
terminal interaction with SOS2 with respect to the monomer. Ca>* binding to SOS3
seems to be cooperative, as have been observed for other proteins of the EF-hand
superfamily (Zhang et al., 1995; Finn et al., 1995). It appears that the binding of
Ca’* at sites EF3 and EF4 of SOS3 protein is responsible for the self-association
of the macromolecule. The fact that a deletion of three amino acids at EF3 in
sos3 mutant produces a non-functional mutant protein suggests that Ca?* binding
at EF3 and probably dimerization are physiological relevant. Ca>* binding and the
subsequent dimmerization of SOS3 lead to a change in the global shape and surface
properties of the protein that may be sufficient to transmit the Ca>* signal elicited
during salt stress onto its interaction partner SOS2.

SOS2 is a serine/threonine type protein kinase with an N-terminal catalytic
domain similar to that of the yeast SNF1 kinase (Liu et al., 2000) and belongs
to the CIPK family. Mutations in the N-terminal catalytic domain or C-terminal
regulatory domain abolish the kinase function, suggesting that both domains are
functional essential. SOS2 as the substrate of SOS3 Ca’>" sensor was determined
in a yeast two-hybrid screening to identify SOS3-interacting proteins using SOS3
as bait (Halfter et al., 2000). SOS3 physically interacts with and activates SOS2
protein kinase in a Ca’*"-dependent manner. The interaction is mediated by the
C-terminal regulatory domain of SOS2. Further analysis using yeast two-hybrid
and in vitro binding assays revealed a 21-amino acid motif, designated FISL motif,
in the regulatory domain of SOS2 that is necessary and sufficient for interaction
with SOS3 (Guo et al., 2001). The C-terminal regulatory domain can interact with
the N-terminal kinase domain, resulting in an autoinhibitory structure that blocks
substrate access to the catalytic site of the kinase. Thus, the C-terminal regulatory
domain functions as an autoinhibitory domain for SOS2 kinase activity. Removal of
the regulatory domain of SOS2, including the FISL motif for SOS3 binding, creates
a constitutively active SOS2 protein kinase, suggesting that the SOS3 interaction
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with SOS2 C-terminal domain could relieve autoinhibition thereby activate SOS2
kinase. The essential role of the SOS2 C-terminal regulatory domain in plant salt
tolerance was demonstrated in planta by expressing various activated forms of
SOS2 in Arabidopsis and further evaluation of the salt tolerance of the transgenic
plants (Guo et al., 2004). Some of the SOS2-interacting partners were identified by
using yeast two-hybrid system. The protein phosphatase 2C ABI2 was found to be
a SOS2-interacting protein (Ohta et al., 2003). A 37-amino acid domain, designated
as the protein phosphatase interacting (PPI) motif, at SOS2 C-terminus downstream
of and adjacent to the FISL motif was determined to be necessary and sufficient for
interaction with ABI2. ABI2 is a well-known regulator of ABA signaling, which
is important for plant tolerance to several abiotic stresses such as salt, drought,
and freezing (Zhu, 2002). Interaction between SOS2 and ABI2 suggests a cross-
talk between the ABA signaling and the SOS signaling pathways. Although the
functional relationship between SOS2 and ABI2 remains to be elucidated, these two
proteins, one kinase and one phosphatase, may control the phospharylation status
of each other, or they may regulate the phosphorylation status of common protein
substrates. SOS2 was proposed to be capable of phosphorylating ion transporters
such as Ca**/H* antipoter CAX1 (see the discussion in 2.2.3. Ca®>*/H* antiporter),
plasma membrane Nat/H* antiporter SOS1 (Zhu, 2002; Shi et al., 2005) and
vacuolar Na*/H™ antiporters (Qiu et al., 2004).

SOS1 is a plasma membrane Na®/H* antiporter that transports Nat out of
cells thereby reduces Nat accumulation in cytosol and confers plant salt tolerance
(Shi et al., 2000; Shi et al., 2002; Shi et al., 2003). Mutations in SOSI gene
render the mutant plants hypersensitive to salt stress, whereas overexpression of
SOS1 improves plant salt tolerance. In vitro electrophysiological assays indicated
that SOS1 antiport activity is controlled by SOS2 and SOS3 (Qiu et al., 2002).
In highly purified plasma membrane vesicles, the Na™/H" exchange activity is
increased by in vitro addition of activated SOS2 proteins, suggesting SOS2 is
required for SOS1 activation, presumably through phosphorylation. The plasma
membrane vesicles from sos2 and sos3 mutant plants show significantly reduced
Na™/H" exchange activity, indicating SOS2 and SOS3 regulate SOS1 function.
Reconstitution of the SOS components in yeast cells further supports the notion
that SOS3/SOS2 protein complex phosphorylates and activates SOS1 (Quintero
et al., 2002). In yeast cells, co-expression of SOS2 and SOS3 dramatically increases
SOS1-dependent Na™ tolerance. SOS3 was shown to be able to recruit SOS2 to
the plasma membrane, where the SOS3/SOS2 complex phosphorylates SOS1. The
ability of SOS2 phosphorylating SOS1 was also confirmed by the assay showing
that the constitutively active form of SOS2 phosphorylates SOS1 in vitro in a
SOS3-independent manner. Although more in planta evidence is still expected,
both genetic and biochemical results obtained to date are in favor of the following
model that links salt stress, Ca** signals, Ca?* sensor, Ca?* signal transducer,
and final effectors. Under salt stress, cellular Ca%* concentration increases, which
leads to Ca®* binding onto the SOS3 Ca*" sensor proteins. Ca’*-bound SOS3
interacts with the SOS2 protein and activates SOS2 kinase activity. SOS3 contains a
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myristoylation site at its N-terminus and the myristoylated SOS3 brings the complex
onto the plasma membrane, providing the opportunity for SOS3 / SOS2 complex
to interact with SOS1. SOS2 phosphorylates SOS1, which enhances SOS1 Nat/H*
exchange activity and promotes Na*t efflux.

CBLs including SOS3 and CIPKs including SOS2 are encoded by a gene family,
respectively, in Arabidopsis. The CBL/CIPK network is emerging as a new signaling
system mediating a complex array of environmental stimuli. The CBL (also named
SCaBPs, i.e. SOS3-like Ca>* binding proteins) gene family consists of 10 members
in both Arabidopsis and rice (Kolukisaoglu et al., 2004). The CBL family appears
to be rather conserved at both DNA and protein levels. For example, almost all
Arabidopsis CBL genes harbor six or seven introns and four introns are absolutely
conserved in phase and position. The amino acid sequence identity of different
CBLs ranges from 29% to 92% in Arabidopsis and from 40% to 92% in rice.
Determination of the crystal structures of AtCBL2 and AtCBL4 (SOS3) revealed a
similar overall structure of CBL proteins to that of calcineurin B and NCS featured
with two globular domains separated by a short linker region (Nagae et al., 2003;
Sanchez-Barrena et al., 2005). Each globular domain contains a pair of EF-hand
motif. The EF-hand domain is a loop of 12 amino acids flanked by two a-helices,
in which the amino acids at the positions 1(X), 3(Y), 5(Z), 7(-Y), 9(-X), and 12(-Z)
are responsible for binding of the Ca*" (Lewit-Bentley and Rety, 2000). Although
the number of EF-hand as well as their spacing is absolutely conserved in all CBLs,
it appears that each EF hand has different affinity to bind Ca?*. This might be
due to the difference in the EF-hand sequences. In fact, some of the EF hands
differ significantly from the canonical EF-hand domain. For example, the conserved
acidic residue E or D in the —Z position is replaced with A in the first EF hand of
SCaBP2. In the second EF hand of SCaBP3, G is found in the —Z position. Crystal
structure analysis also revealed that Ca>* binding capacity between AtCBL4/SOS3
and AtCBL?2 is different. Each AtCBL4/SOS3 protein molecule can bind four Ca**
ions in a cooperative way, while AtCBL2 only binds two Ca*" molecules. The
two Ca’" ions are coordinated in the first and fourth EF-hand motifs of AtCBL2,
whereas the second and third EF-hand motifs are maintained in the open form
by internal hydrogen bonding without coordination of Ca** ions. Difference in
Ca’* binding capacity and affinity amongst CBL proteins may result in different
conformation of the proteins, which discriminates its interaction with the CIPKs to
mediate transduction of specific Ca*>* signals elicited by distinct stresses.

Almost all known animal and yeast calcineurin and NCS proteins possess an
N-terminal myristoylation signal sequence. N-myristoylation has been reported to
promote protein-protein or protein-membrane association (Resh, 1999). However,
only four of the Arabidopsis CBL proteins harbor a conserved myristoylation motif.
Five of the rice CBLs have this motif. SOS3 is one of the AtCBLs containing N-
terminal myristoylation site. Myristoylation is required for SOS3 function in plant
(Ishitani et al., 2000). Moreover, AtCBLI, 5, and 9 contain N-terminal myristoy-
lation site and appear to become myristoylated when translated in vitro in a rabbit
reticulocyte lysate (Kolukisaoglu et al., 2004). Although N-terminal myristoylation
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seems to be required for protein functions in many systems, the exact role of myris-
toylation of CBLs remained a mystery. Since interaction of some of the CBLs with
their target kinases is independent of myristoylation, it is possible that myristoy-
lation promotes membrane association of the CBL-CIPK complex which modifies
downstream membrane associated components.

One of the CBL family members, SOS3, has been extensively studied and
shown to be essential for plant salt tolerance (see above discussion). Another
member, CBL1 has also been shown to play important role in salt, drought and cold
responses (Cheong et al., 2003; Albrecht et al., 2003). CBLI is highly induced by
multiple stress signals, implicating its role in stress response pathways. Constitutive
expression of CBL1 driven by the super promoter MAS enhances drought-induced
gene expression but inhibits cold-induced gene expression in the transgenic plants.
Consistently, the CBL1-overexpressing transgenic plants display enhanced tolerance
to drought and salt stress but reduced tolerance to freezing. By contrast, disruption
of CBLI gene results in enhanced cold induction and reduced drought induction
of stress genes.cbll null mutant plants display less tolerance to salt and drought
but enhanced tolerance to freezing. These studies suggest that CBL1 functions as
a positive regulator of salt and drought responses and a negative regulator of cold
response in plants (Cheong et al., 2003). In another study, the AtCBL1/SCaBP5 was
shown to be a negative regulator of ABA signaling (Guo et al., 2002). Arabidopsis
mutants with silenced SCaBP5/AtCBL1 are hypersensitive to ABA in seed germi-
nation, seedling growth, stomatal closure, and display enhanced ABA-induced gene
expression. Apart from SOS3 and AtCBLI1, the biological function of other CBL
members awaits to be elucidated.

CBLs function as a Ca?t signal relay by specifically targeting a defined group
of protein kinases designated as CBL-interacting protein kinases (CIPKs; Shi et al.,
1999; Batistic and Kudla, 2004). CIPKs were also named as SOS2-like protein
kinases (PKSes) because this protein family shares high sequence similarity with the
salt tolerance determinamt SOS2. CIPKs are encoded by 25 genes in Arabidopsis
and 30 genes in rice (Kolukisaoglu et al., 2004). Like SOS2, all CIPKs are comprised
of a conserved N-terminal SNF1-type catalytic kinase domain with high sequence
identity amongst the members and a C-terminal regulatory domain with higher
variability. Like many other protein kinases, the catalytic domain of CIPKs contains
an activation loop situated between the conserved Asp-Phe-Gly (DFG) and Ala-
Pro-Glu (APE) motifs (Guo et al., 2001; Batistic and Kudla, 2004). Phosphorylation
of this activation loop is often required for kinase activation by upstream protein
kinases. A change from Thr to Asp in this loop, which mimic phosphorylation by
upstream kinases, results in constitutively hyperactive and SOS3-independent SOS2
protein kinase (Guo et al., 2001; Gong et al., 2002a). Similar results were obtained
for other two members of CIPKs, PKS6 and PKS11 (Gong et al., 2002b, 2002c¢).
SOS2 could also be activated by the mutation of a Ser to Asp or a Tyr to Asp
change within the activation loop. These results suggest the possibility that CIPKs
may be activated via phosphorylation by a yet unknown upstream protein kinase.



164 SHI

The C-terminal regulatory domain of the CIPKs contains a conserved motif,
named as FISL or NAF that is sufficient and required to mediate the interaction
with CBL proteins (Guo et al., 2001; Albrecht et al., 2001). The 24-amino acid NAF
domain in the CIPKs mediates interaction with all AtCBL proteins. The 21-amino
acid FISL domain (24-amino acid in the NAF domain) in SOS?2 is necessary and
sufficient for interaction with SOS3. Interestingly, the FISL domain in SOS2 protein
is also required but not sufficient for interaction with the SOS2 kinase domain.
This interaction results in autoinhibition of SOS2 kinase activity (Guo et al., 2001).
Since the FISL motif is well conserved in all CIPKs, it is conceivable that CIPK
kinases may be maintained in an inactive state by autoinhibition but activated by
interaction with CBLs triggered by environmental stimuli.

Another novel interaction module within the C-terminal regulatory domain of
the CIPKSs is the so-called PPI motif responsible for the interaction between CIPK
proteins and the protein phosphatase 2C ABI1 and ABI2 (Ohta et al., 2003). The
PPI motif is conserved in the CIPKs in Arabidopsis. Two amino acid residues,
Arg and Phe, within this motif are highly conserved in the CIPK family and
required for the interaction with the ABI phosphatases. Interestingly, CIPK proteins
exhibit different interaction preference towards ABI1 and ABI2. SOS2/CIPK?24,
CIPK8&/PKS11, CIPK14/PKS24, and CIPK15/PKS3 preferentially interact with
ABI2, while CIPK20/PKS18 favors interaction with ABI1 (Ohta et al., 2003).
Whether other CIPK members can interact with ABI proteins remains to be inves-
tigated. Moreover, biological significance of this molecular interaction requires
further study.

Besides SOS2, several other CIPK proteins have been also implicated in
stress response. The CIPK15/PKS3, through its interaction with the Ca** sensor
AtCBL1/SCaBP5, acts as a global regulator of ABA signaling (Guo et al., 2002).
RNAIi mutants of both SCaBP5 and PKS3 are specifically hypersensitive to ABA
in seed germination and seedling growth. ABA-regulated gene expression is also
altered in these RNAi mutants. Moreover, PKS3 interacts with both SCaBP5
and ABI2/ABII. In response to ABA treatment, the PKS3 activity is transiently
decreased within the first 20 minutes, but recovered by 30 minutes of ABA
treatment. Although dephosphorylation of PKS3 or phosphorylation of ABI2 was
not experimentally observed, changes in the phosphorylation status of these two
proteins during their interaction may serve as a signaling link between ABA,
Ca’* and downstream signaling components mediating ABA signal response.
PSK11/CIPKS is preferentially expressed in roots in Arabidopsis. Transgenic plants
expressing a constitutively hyperactive form of PKS11 (designated PKS11T161D)
are more resistant to high concentrations of glucose, suggesting PKS11 might be
involved in sugar signaling (Gong et al., 2002c). A recent study showed that CIPK23
is required for K* uptake under low-K* conditions (Xu et al., 2006; Li et al.,
2006). Using a genetic screening in Arabidopsis, Xu et al. (2006) identified a low-
K™ sensitive (lks) mutant lks! showing leave chlorotic phenotype under low-K*
growth condition. Mapping-based cloning has revealed that LKSI locus encodes the
protein kinase CIPK23. Overexpression of LKS/ significantly enhances K™ uptake
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and tolerance to low K*, while mutations in LKS] reduce K uptake and cause leaf
chlorosis and growth inhibition. CIPK23 interacts with six members of the CBL
family, including CBL1, CBL2, CBL3, CBLS5, CBLS, and CBL9. Among these six
CBLs, CBL1 and CBL9 display strongest interaction with CIPK23. Interestingly,
the ¢blicbl9 double mutants show the same low-K* sensitive phenotype as lks]
mutants, although cbl1 and cbl9 single mutants do not have the typical ks phenotype.
These results indicate that CBL1 and CBL9 have overlapping functions and CIPK23
and CBL1/CBLY9 function, through their interaction, in a linear signaling pathway
to control high affinity K™ uptake. Moreover, Xu et al. (2006) found that the
K* channel AKTI is a downstream target of CIPK23. CIPK23 interacts with and
phosphorylates the cytosolic portion of plasma membrane-localized AKTI1. Co-
expression of CBL1 (or CBL9), CIPK23, and AKT1 in Xenopus Oocytes activates
AKTI1-mediated K inward currents, while absence of either CIPK23 or CBL1
(or CBLY) results in complete inactivation of AKT1 activity. Consistently, akt]
mutants display same low-K* sensitive phenotype as lks! does. A working model
has been proposed to link the low-K* stress, Ca’* signal, CBL/CIPK complex,
protein phosphrylation, and K™ transport in Arabidopsis (Xu et al., 2006). Low-
K™ stress signals may trigger the cytosolic Ca®* signal and lead to activation of
Ca’* sensors CBL1 and CBL9. The CBL proteins interact with CIPK23 and recruit
CIPK23 to the plasma membrane, where AKT1 is phosphorylated by CIPK23. As
the result, AKT1 is activated for Kt uptake under low K* conditions. CIPK14,
another CIPK family member also designated as AtSR1, has been implicated in
light response (Nozawa et al., 2001). Expression of CIPK14 gene is induced by
light illumination. CIPK14 prominently interacts with AtCBL2, which is also up-
regulated by illumination.

The CBL/CIPK network mediating Ca’*" signaling in Arabidopsis provides a
combination of 10 sensor proteins and 25 interacting effector protein kinases. How
CBL/CIPK combinations define the specificity of a Ca>* signal elicited by a specific
stress is still a question to be answered. Nonetheless, evidence suggests that the
specificity may be contributed by the difference in gene expression, subcellular
localization, Ca’* binding affinity and capacity, preferential complex formation of
CBLs and CIPKs. According to the AtGenExpress microarray data, CBL and CIPK
genes exhibit differential expression developmentally and in response to abiotic
stress. AtCBLI is induced by cold, osmotic, salt, drought, wounding stresses and
cycloheximide treatment, but is down regulated by ABA treatment. AfCBL2 and
AtCBL4/SOS3 are induced by cold but not osmotic, salt, drought and wounding.
AtCBLA4/SOS3 but not AtCBL?2 is highly induced by ABA treatment. The expression
of AtCBL3, 5,6, 7, 9, and 10 seems not responding to abiotic stresses tested. AfCBLS,
7, and 8 are expressed at rather low levels as compared with other AtCBLs. AtCBL6,
7, 8, and 9 are highly expressed in roots and pollen, while AtCBL3 is expressed
highly only in pollen and ArCBL4 is expressed highly only in root. Expression of
AtCBLI0 is very low in roots but high in leaves. AtCBLY5 is preferentially expressed
in stem, senescing leaves and silique. AfCBL9 expression seems highly induced
by sulfate starvation. Gene expression of CIPKs also exhibits distinct patterns of
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developmental regulation and in response to abiotic stress and hormonal treatments.
For example, AtCIPK4, AtCIPKS, AtCIPKI1, AtCIPKI3, AtCIPKI16, AtCIPK17,
AtCIPK23, and AtCIPK25 are expressed highly in roots, while the expression
levels of ArCIPK9 and AtCIPK20 are very low in roots but high in leaves. Some
AtCIPKs (AtCIPKS, 14, 17, and 25) are expressed predominantly in senescing
leaves, and others (AtCIPKI11, 18, 19, and 25) high in flower and pollen. AtCIPK
genes are also differentially regulated by abiotic stress and hormone treatments.
Most of the AtCIPK genes (ArCIPKI, 2, 4, 5,6, 7,9, 10, 11, 12, 14, 19, 22, 25)
are induced by one or all of the three stress treatments (cold, osmotic, salt) at
different extents. Among these abiotic stress-induced ArCIPK genes, some of them
are also highly up-regulated by ABA treatments. AtCIPK3 and AtCIPK4 appear
to be down-regulated by ABA. Interestingly, the expression of AtCIPK24/SOS2
seems not to be regulated by abiotic stress and ABA, although its critical role in
salt tolerance has been extensively documented. The expression of AtCIPK23/LKS1
also appears not responding to cold, salt and osmotic stress. Consistent with its role
in control K* uptake, ArCIPK23/LKS1 is highly expressed in roots. Taken together,
differential expression of CBLs and CIPKs may provide the possibilities for the
CBL/CIPK network to act dynamically in response to environmental changes and
developmental cues.

Cellular localization could potentially affect CBL-CIPK interaction and lead to
modification of downstream components in different compartments. N-terminal
miristoylation of CBLs could result in membrane association of these proteins.
As discussed above, SOS3 and other three CBLs harbor N-terminal myristoy-
lation signal sequence. SOS3 is indeed myristoylated and recruited to the plasma
membrane, which is required for its in planta function. Thus, these four CBLs could
discriminate the specificity of Ca** signals by recruiting CIPKs onto membranes
to modify membrane-associated downstream proteins, e.g. transporters. Two CBLs
in rice, OsCBL2 and OsCBL3 is localized to the toloplast of aleurone cell protein
storage vacuoles and OsCBL4 is present on the plasma membrane (Hwang et al.,
2005). OsCBL2 is up-regulated by gebberellin in the aleurone layer and plays an
important role in promoting vacuolation of aleurone cell in response to gebberellin
treatment. Although the interaction partner of OsCBL2 awaits to be identified, it
is conceivable that the OsCBL2 interacting protein, possibly a CIPK, should be
also localized in the toloplast. However, in contrast to the CBLs, known CIPKs
do not have any recognizable localization signal or lipid-modification motif. The
localization of CIPKs is presumably dependent on their interaction partner CBLs.
Thus, different cellular localizations of CBLs could recruit CIPKs to distinct cellular
compartments to fulfill diverse functions in response to different environmental
stresses.

Another layer of control for CBLs to recognize a specific Ca?* signal could be the
affinity and capacity of Ca®* binding. As discussed above, the EF-hand sequences
are slightly different in different CBLs, which may result in different affinity as well
as capacity for Ca** binding. Arabidopsis CBL protein family can be divided into
three groups: group one with one canonical EF-hand (AtCBLS6, 7, 8, 10), group two
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with two canonical EF-hands (AtCBL1, 9), and group three without any canonical
EF-hand (AtCBL2, 3, 4, 5) (Kolukisaoglu et al., 2004). Experimental evidence has
shown that AtCBL1, which has two canonical EF-hands, binds Ca’>* with relatively
high affinity (Kudla et al., 1999), while AtCBL4/SOS3, which lacks canonical EF-
hand, displays significantly lower affinity for Ca*" binding (Ishitani et al., 2000).
Crystal structure studies have indicated that AtCBL2 binds two Ca** ions (Nagae
et al., 2003), while AtCBL4/SOS3 binds four Ca?>* molecules (Sanchez-Barrena
et al., 2005). Differential Ca** binding of CBLs could result in distinct hydrophobic
surface on the CBLs for interaction with CIPKs, which may cause preference
of protein-protein interaction within the CBL/CIPK network. In fact, preferential
interaction between CBLs and CIPKs has been well documented by several studies
(Shi et al., 1999; Kim et al., 2000; Halfter et al., 2000; Albrecht et al., 2001; Guo
et al., 2001; Guo et al., 2002; Kolukisaoglu et al., 2004). Preferential formation of
CBL/CIPK complex might play an important role in generating required specificity
in this signaling system.

3.3.  Ca’*-Dependent Protein Kinases (CDPKs)

CDPKs are a novel class of Ca?* sensor, having both protein kinase domain and
calmodulin-like domain harboring EF hands capable of binding Ca?*. Thus, the
CDPKs represent “sensor responders”, in which Ca*" binding to the C-terminal
calmodulin-like domain induces conformational change that alters the kinase activity
residing at the N-terminus of the CDPK. CDPKs are found in entire plant kingdom
from green algae to angiosperms (Hrabak, 2000; Harmon et al., 2001). Besides
plants, CDPKs are also present in certain protozoa. Notably, CDPKs have not been
identified from the sequenced eukaryotic genomes of yeast, nematodes, fruitflies,
and humans. Therefore, CDPKs are rather unique Ca>* sensors in plants. Plant
CDPKs are encoded by a large gene family. In Arabidopsis, 34 CDPK genes have
been identified through sequence analysis, some of which have been studied at
genetic and biochemical levels.

CDPKs typically contain four distinct domains: an N-terminal variable domain,
a protein kinase domain, an autoinhibitory domain, and a calmodulin-like domain.
The N-terminal variable domain, like its name indicated, represents the most
diverse region amongst the CDPKs. The N-terminal variable domain of CDPKs
in Arabidopsis is different not only in sequences, but also in length, ranging
from 25 (AtCPK11) to 200 (AtCPK2) amino acids (Cheng et al., 2002). Although
the function of the N-terminal variable domain of each CDPKs remains to be
elucidated, sequence analysis and some experimental evidence suggest that this
region might be important for subcellular localization of the proteins. 24 of the
34 Arabidopsis CDPKs have potential myristoylation sites at the beginning of the
N-terminal variable domain. The Gly residue at the second position of the N-
terminus is the target amino acid to be modified by covalent attachment of myristic
acid. Like in CBLs, N-terminal myristoylation of CDPKs is though to promote
membrane association of the proteins. Most Arabidopsis CDPKs are predicted to
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have an N-terminal myristoylation site. AtCPK2 has been shown experimentally
to be myristoylated at the N-terminal Gly residue, and the first 10 amino acids
are critical for localization to the ER membrane (Lu and Hrabak, 2002). Using
GFP fusion, the subcellular targeting of nine Arabidopsis CDPKs was investigated
(Dammann et al., 2003). Isoforms AtCPK3 and AtCPK4 showed a nuclear and
cytosolic localization. A membrane association was observed for AtCPKs 1, 7, 8,
9, 16, 21, and 28, consistent with the presence of myristoylation sites in these
CDPKs. All the membrane associated CDPKs except AtCPKI1, which targeted
to peroxisome, targeted extensively to the plasma membrane. Two CDPKs from
other plant species have also been found to be membrane associated (Ellard-Ivey
et al., 1999; Martin and Busconi, 2000). Myristoylation is often accompanied by
an additional N-terminal modification, such as palmitoylation, to enhance protein-
membrane interaction. All 24 Arabidopsis CDPKs harboring myristoylation sites
also have at least one Cys residue at position 3, 4, or 5, a potential palmitoylation
site (Milligan et al., 1995). The rice OsCPK2 has been shown to be N-terminal
myristoylated and palmistoylated, which is important for CDPK-membrane associ-
ation (Martin and Busconi, 2000). McCPK1, a salinity- and dehydration-responsive
CDPK undergoes myristoylation but not palmistoylation in vitro (Chehab et al.,
2004). Removal of the N-terminal myristate acceptor site partially reduces McCPK1
plasma membrane localization, while removal of the N-terminal domain completely
abolishes plasma membrane localization, which suggests that myristoylation and
possibly the N-terminal domain contribute to membrane association of the kinase
(Chehab et al., 2004).

The kinase domain adjacent to the N-terminal variable domain is highly conserved
amongst CDPKs. In Arabidopsis, the kinase domain, which contains all 12 subdo-
mains highly conserved in eukaryotic Ser/Thr protein kinases, shares 44-95%
identity and 60-98% similarity among all 34 CDPKs. The active site of the kinase
domain is nearly identical in all CDPKs. All CDPKs that have been characterized
in detail are activated by Ca®* thereby provide a mechanism to decode Ca**
signals. Next to the kinase domain is the autoinhibitory domain that functions as a
pseudo-substrate (Harmon et al., 1994). CDPKs may be autoinhibited by autophos-
phorylation of the autoinhibitory domain in the absence of Ca*.

The camodulin-like domain resides at the C-terminus of the CDPKSs. This domain
contains EF hands capable of binding Ca*". The number of EF hands differs
depending on the isoforms. Most Arabidopsis CDPKs harbor four EF hands,
whereas a few of them have one, two or three (Cheng et al., 2002). Differences in
numbers and positions of EF hands may contribute to the Ca*" binding affinity and
capacity, thereby provide specificity for CDPKs to recognize specific Ca** signals
and downstream substrates. Ca*" binding to the camodulin-like domain results in
conformational change of the CDPK protein, thereby activates its kinase activity.
Control of CDPK activity by Ca?* fluctuation is largely through the interactions
between the kinase, autoinhibitory, and camodulin-like domains. Current evidence
supports the following model. Under the basal condition of low free Ca®*, the
autoinhibitory domain is bound by the kinase domain, keeping the kinase activity
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low. Upon binding Ca*" via the EF hands in the camodulin-like domain, CDPKs
undergo conformational changes that release the pseudo-substrate (i.e. the autoin-
hibitory domain) from the catalytic site of the kinase domain, thus activating the
CDPK proteins (Cheng et al., 2002).

A recent study on the crystal structure of the protein containing the autoinhibitory
junction domain (J) and the camodulin-like domain (CaM-LD) of the Arabidopsis
AtCPK1 suggested a more complex activation mechanism for CDPK (Chandran
et al., 2005). The crystal structure reveals a symmetric dimmer of calcium-bound
J-CaM-LD with domain-swap interactions, in which the J region of one promoter
interacts extensively with the carboxy-terminal EF-hand domain of the partner
promoter. However, as the J-CaM-LD is monomeric in solution, the activated
monomer was modeled to account for the intramolecular recognition of the two
domains. In CDPKs, the 31-residue J region joins the kinase domain and the CaM-
LD. Vitart et al. (2000) found that the C-terminal part of the J region encompasses
a pseudo-substrate autoinhibitor and a CaM-LD binding site. Similar to CaM, the
CaM-LD in CDPKs consists of two structural domains termed the N- and C-lobes,
each containing two EF hands for Ca®* binding. Biophysical analyses of CDPK
revealed that the Ca*"-affinity of the C-lobe is significantly greater than that of the
N-lobe (Christodoulou et al., 2004). Binding of the J region to the CaM-LD occurs
extensively by interactions with residues in the C-lobe of the CaM-LD (Chandran
et al., 2005). These findings suggest that there are differential roles of the two
lobes in the activation of CDPKs, with the Ca**-loading of the N-lobe as the likely
trigger for physiological CDPK activation. It was proposed that the regulatory
mechanism of CDPK seems likely to involve some coupling of the interactions
of the autoinhibitory sequence and the CaM-LD binding site in the J region and
the N-lobe of the CaM-LD is a key component to this coupling (Chandran et al.,
2005). It is possible that at basal levels of Ca*" in the cell, the C-lobe of CDPK is
likely to be constitutively Ca?*-loaded, while the N-lobe remains unbound of Ca*",
thereby serves as the Ca?>* sensor. Ca’* binding in the N-lobe, which may alter the
interaction between these two lobes, drives the process of CDPK activation.

Insights into the physiological roles of CDPKs have come from three types of
study: identification of potential substrates, over-production of CDPKs in planta,
and suppression of CDPKs in planta. These studies have shown that CDPKs are
involved in many physiological processes, including hormone signaling, growth
and development, metabolism, biotic and abiotic responses (Cheng et al., 2002).
Some CDPK genes are regulated by abiotic stresses such as cold, salt and drought,
suggesting a possible role for these CDPKs in abiotic stress response. For example,
two CDPKs in alfalfa, MsCKI and MsCK2 are differentially regulated by cold
stress. MsCK1 is induced but MsCK2 is repressed by cold stress (Monroy and
Dhindsa, 1995). The maize ZmCPK] is also transcriptionally up-regulated by cold
stress (Berberich and Kusano, 1997). The rice CDPK gene OsCPK7 displays
transcriptional induction by salt stress (Saijo et al., 2000). Another rice CDPK gene,
OsCDPK13 is induced by cold stress but suppressed by salt and drought stresses
(Abbasi et al., 2004). In Arabidopsis, both A7CPK10 and ArCPKI1 are induced by
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dehydration and high concentrations of NaCl (Urao et al., 1994). The mung bean
CDPK VrCPK] is also strongly induced by NaCl treatment (Botella et al., 1996).
McCDPK]I from common ice plant is also a salinity- and drought-induced CDPK
(Patharkar and Cushman, 2000; Chehab et al., 2004).

Direct evidence establishing the role of CDPKs in ABA- and stress-responsive
gene regulation came from Sheen’s (1996) study using maize protoplasts expressing
constitutive active CDPK proteins. In this study, a chimeric gene was generated by
fusion of the barley ABA-responsive (HVAT1) promoter to a reporter gene (GFP or
LUC). The expression of the reporter gene was enhanced by exposure to cold, high
salt, and ABA. The expression of the reporter gene was also substantially increased
by the Ca?* ionophore Ca**-ionomycin or Ca?*-A23187, indicating that Ca** serves
as a second messenger to mediate stress-responsive gene regulation. Moreover,
expression of two constitutively activated CDPKs, AtCPK10 and AtCPK30 could
activate reporter gene expression under the control of the HVA1 promoter. Thus,
the CDPKs might sense Ca’* elevation elicited by abiotic stress and transduce the
stress signal onto downstream effectors through phosphorylation, which modulate
stress-responsive gene expression.

A large number of CDPK substrates have been identified through various means.
These protein substrates associated with CDPKs suggest a wide spectrum of CDPK
functions (Cheng et al., 2002). The salt- and drought-inducible McCPK1 in common
ice plant was shown to interact with the CDPK substrate protein 1 (CSP1), a
pseudoresponse regulator (Patharkar and Cushman, 2000). CSP1 interacts with
McCPKI1 in a substrate-like fashion in both yeast two-hybrid assays and wheat
germ interaction assays. Furthermore, McCPK1 is capable of phosphorylating CSP1
in vitro in a Ca’*"-dependent manner. Sequence analysis suggests that CSP1 is
a novel member of a class of pseudoresponse regulator-like proteins that have a
highly conserved helix-loop-helix DNA binding domain and a C-terminal activation
domain. It appears that McCPK1 may regulate the function of CSP1 by reversible
phosphorylation in plants. Another McCPK 1-interacting protein identified through
yeast two-hybrid screening is a novel coiled-coil protein named McCAP1 (CDPK
adaptor protein 1) (Patharkar and Cushman, 2006). The McCPK1 has been shown
to have a dynamic change in subcellular localization from the plasma membrane
to the nucleus, ER, and actin microfilaments in response to reduction in humidity
(Chehab et al., 2004). McCAP1 interacts with McCPKI1 but appears not to be a
substrate for McCPK1. It was speculated that McCAP1 might be important for the
dynamic subcellular localization changes in response to low humidity stress. Using
yeast two-hybrid system, the Arabidopsis stress-induced AtDi19 was identified as an
AtCPK1 1-interacting protein (Milla et al., 2006). Besides interaction with AtCPK11,
AtDi19 also interacts with AtCPK4, whereas other closely related CPKs from
Arabidopsis interact weakly or do not interact with AtDi19. AtDil9 is phosphory-
lated by AtCPK11 in a Ca**-dependent manner. CDPKs are also implicated in ABA
signaling pathways. Using yeast two-hybrid screening, Choi et al. (2005) identified
AtCPK32 as an ABF4-interacting protein. ABF4 is a member of a subfamily of
basic leucine zipper class transcription factors mediating ABA signaling control of
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gene expression. Transcription activity of ABF4 is induced by ABA treatment and
the ABA-activated transcription is inhibited by protein kinase inhibitors, indicating
the involvement of protein phosphorylation in this signaling event (Choi et al.,
2000). AtCPK32 can interact and phosphorylate ABF4. Overexpression of AtCPK32
affects both ABA sensitivity and the expression of a number of ABF4-regulated
genes. These results demonstrated that AtCPK32 is an ABA signaling component
that regulates the ABA-responsive gene expression via ABF4 (Choi et al., 2005).
Important role of CDPK in salt and cold tolerance was evidenced by the fact that
overexpression of a single CDPK confers enhanced tolerance to these stresses (Saijo
et al., 2000). Rice OsCDPK?7 is induced by cold and salt stress. Overexpression
of OsCDPK7 enhances tolerance of the transgenic plants to both cold and salt
stresses and the extent of tolerance is well correlated with the level of OsCDPK7
expression in individual transgenic plants. Interestingly, transgenic plants overex-
pressing OsCDPK7 display enhanced induction of some stress-responsive genes
in response to salinity/drought, but not to cold. Thus, it was suggested that the
downstream pathways leading to cold and salt/drought tolerance might be different
from each other. It seems that OsCDPK7 acts as a branch point of cold and
salt/drought stress signaling transduction. However, how the specificity of two
different abiotic stress signals is maintained by a single CDPK remains elusive.
Little is known about specificity of CDPKs to sense and respond to different
Ca** spikes elicited by distinct stresses. However, emerging theme is that the
specificity could be provided by different subcellular localization, Ca?>* binding
affinity and capacity, extent of enzyme activity, modification by other signaling
pathways, and interaction with different downstream targets. There is evidence for
cytosolic-, nuclear-, cytoskeleton-, plasma membrane-, and peroxisome-associated
CDPKs. Different subcellular location of CDPKs could provide specificity spatially
for Ca?* signals. Sequence divergence is present in each EF hands in a given CDPK
as well as different CDPK members. Such difference can influence Ca>* activation
thresholds, which may be used by CDPKs to discriminate specific Ca?* spikes.
This was evidenced by that three different CDPK isoforms display a different
Ca?* threshold for half-maximal activation, with the greatest difference between
two isoforms being more than ten-fold (Lee et al., 1998). As discussed above,
CDPKSs can interact with a number of different protein substrates distinct in cellular
functions. CDPKs could transduce specific Ca?* signal to a unique downstream
interaction partner to mediate stress response. Furthermore, some CDPKs have been
shown to be activated by putative lipid messengers, interaction with 14-3-3 proteins,
and phosphorylation by other kinases (Cheng et al., 2002; Sanders et al., 2002).

34.  Other Ca* Binding Proteins

Besides Ca** sensor relays and responders discussed above, some other proteins
also contain EF hands but do not fall into those protein families. The Arabidopsis
respiratory burst oxidase homology proteins (AtRbohs) contain EF hands and belong
to such proteins. Arabidopsis have ten Atrboh genes. All AtRobh proteins carry
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a presumably cytosolic 300-amino-acid N-terminal extension with two EF-hands
that binds Ca’* (Keller et al., 1998), which could account for the direct regulation
of these oxidases by Ca?*. In fact, plant Rboh proteins have been shown to be
stimulated by Ca** (Sagi and Fluhr, 2001). Plant Rboh proteins are the source of
reactive oxygen intermediates (ROI) produced following biotic and abiotic stresses.
ROIs have broad role as signals that mediate plant response to environmental stimuli,
developmental cues and programmed cell death in different cell types (Torres and
Dangl, 2005).

ABII is another EF-hand containing protein that functions as a negative regulator
of ABA response. ABI1 is a serine/threonine protein phosphatase 2C harboring a
unique N-terminal extension containing an EF hand Ca®* binding site. Muations
in ABII gene causes insensitive of the mutant plants to exogenous applied ABA
in seed germination and seedling growth (Leung et al., 1994). Although no direct
evidence showing Ca’* binding and modulating ABI1 phosphatase activity, it
was proposed that the ABIl may function to integrate ABA and Ca®* signals
with phosphorylation-dependent response pathways. Interaction between ABI1 and
CIPKs (see discussion in 3.2) might be a control node to modulate the dynamic
change of phosphorylation status of downstream components in response to salt
and ABA treatments.

Several proteins lacking EF hands are also capable of binding Ca**. These
proteins include phospholipase D (PLD), annexin, calreticulin, calsequestrin and
BiP (White and Broadley, 2003). It is beyond the scope of this chapter to review this
type of proteins. Readers can refer to other reviews for the detailed functions of these
proteins. Notably, PLD has been implicated in cellular response to ethylene and
ABA, stomatal closure, pathogen response, ROS production and drought tolerance
(Wang, 2005; Zhang et al., 2005).
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Abstract: Many stresses trigger transient increases in minor phospholipids, such as phosphatidic
acid (PA) and phosphoinositides (PIs), in plants. Such changes are early events in
signaling plant stress response. Lipid mediators affect cellular functions through direct
interaction with proteins and/or structural effects on cell membranes. The identified
lipid targets in plants include protein phosphatases, kinases, and proteins involved in
membrane trafficking and cytoskeleton. The effect of lipids on signaling, intracellular
trafficking, and cytoskeletal organization plays important roles in plant coping with
drought and salinity

Keywords: lipid signaling; phospholipases; phosphoinositides; drought; salt; stress response;
osmotic stress; abscisic acid; phosphatidic acid

1. INTRODUCTION

As the physical barrier that separates the interior of a cell from its surroundings,
cell membranes play a pivotal role in plant responses to environment stresses.
Membranes are the initial site of cellular perception of stress cues. Many subsequent
steps in signaling cascades, such as activation of effector proteins, generation of
second messengers, and alteration in cellular metabolism, are often associated with
membranes. While proteins have been the focus of most research on membrane-
associated signaling events, recent advances have made it evident that membrane
lipids and their derivatives are important players in the signaling network of plant
responses to stress, including drought and salinity.
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Membrane lipids give rise to various signaling messengers, such as phosphatidic
acid (PA), diacylglycerol (DAG), DAG-pyrophosphate (DAG-PP), lysophospho-
lipids, free fatty acids (FFAs), oxylipins, phosphoinositides, and inositol polyphos-
phates. The production of these mediators is regulated by different families of
enzymes, particularly phospholipases, lipid kinases, and/or phosphatases (Wang,
2004). Great strides have been made recently to understand the role of lipid signaling
in different plant processes. Several recent reviews have dealt with signaling aspects
of various lipids and enzymes in plants (Chapman, 2004; Ryu, 2004; Testerink and
Munnik, 2005; van Schooten et al, 2006; Wang, 2004; Wang et al., 2006; Zhang
et al., 2005). Here, we will focus on the involvement of phospholipid-mediated
signaling in plant response to drought and salt stress.

2. PHOSPHATIDIC ACID AS A MESSENGER
IN OSMOTIC STRESS

PA has been identified as a new class of lipid mediators regulating numerous cellular
processes, including signal transduction, cytoskeletal rearrangement, secretion,
endo/exocytosis,and oxidative burst. PA is a minor membrane lipid, constituting
less than 1% of total phospholipids in Arabidopsis leaves (Zhang et al., 2004;
Wang et al., 2006). Cellular levels of PA in plants change rapidly under various
conditions, including abiotic and biotic stresses as well as during plant growth and
development (Testerink and Munnik, 2005; Wang et al., 2006). In particular, PA
is produced under different forms of osmotic stress, such as dehydration, drought,
salinity, freezing, and treatment with the stress hormone abscisic acid (ABA).

Cellular PA may be produced by multiple enzymes (Wang et al., 2006; Figure 1).
Available data indicate that signaling PA is generated by two principal routes
in plants. One is the phospholipase D (PLD)-catalyzed hydrolysis of common
membrane phospholipids to produce directly PA. Another is phospholipase C
(PLC) hydrolysis of phosphatidylinositol (4, 5) bisphosphate PI(4, 5)P, followed
by phosphorylation of DAG by DAG kinase (DGK). PLD, PLC, and DGK each
consist of multiple enzymes in plants. For example, Arabidopsis has 12 PLD genes
that are grouped into six types, PLDa, B, vy, 8, €, and (. Different type of PLDs
display distinguishable properties, such as their requirements for Ca’>*, phospho-
inositides (PI), and/or free fatty acids, their lipid vesicle composition, substrate
preferences, subcellular location, and patterns of gene expression. These differences
play an important role in regulating the spatial and temporal production of PA and
also indicate distinguishable functions among different PLDs. It has been shown
that Arabidopsis PLDal is responsible for ABA-induced PA (Zhang et al., 2004),
whereas PLD3 is involved in the dehydration-induced PA formation (Katagiri et al.
2001). PLD and PA have been suggested to affect osmotic-stress induced production
of proline (Thiery et al., 2004). 1-Butanol, an inhibitor of PA production by PLD,
reduces NaCl- induced HT-ATPase activation, whereas applied PA stimulated H*-
ATPase activity (Zhang et al., 2006). These results point to a role of PLD and PA
in salt stress response.
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LysoPA PC, PE, PG, PS PIP, PC, PE, PG, PS
Acyl transferase PLD PI-PLC /NS -PLC
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PAK it A 0 LPP
PA-binding protein Protein function Effect of PA binding
ABI1 PP2C and a negative regulator of ABA response Inhibit ABI1 function and promote
stomatal closure
AtPDK1 3-Phopshoinositide-dependent kinase 1 Activate AGC kinase and promote
root growth
AtCP Heterodimeric actin capping protein Inhibit capping and stimulate actin
polymerization
mTOR Mammalian target of rapamycin Activate TOR signaling and promote
cell survival
Opilp Yeast soluble transcriptional repressor Regulate Opilp location between
ER and nucleus and the
hemeostasis of glycerolipid synthesis

Figure 1. PA production and selected PA effects (Wang et al., 2006). Enzymatic reactions leading to
the PA production (upper) and removal (lower). DGK, diacylglycerol kinases; DAG-PP;, diacylglycerol
pyrophosphate; LPP, lipid phosphate phosphatase;LysoPA, lysophosphatidic acid; PAK, phosphatidic
acid kinase; PI-PLC, phosphoinostide-specific PLC; NS-PLC, non-specific PLC. PC, phosphatidyl-
choline; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PS, phosphatidylserine. PA binds to
different types of proteins and the specific examples including proteins from plants, animals, and yeast

Arabidopsis has muliple PI-PLCs that hydrolyze PI(4, 5)P, to generates DAG
and inositol 1, 4, 5-trisphosphate (IP;). DAG serves as a potent activator of protein
kinase C in animal cells, but its target is unclear in plants. Under salt and hyper-
osmotic conditions, PLC-produced DAG is phosphorylated to PA by DGK. In
several cases, it has been found that the PLD and PLC/DGK reactions are activated
differentially in response to different stimuli (den Hartog et al., 2003; Zonia and
Munnik, 2004).

The increase in PA can impact cell function in different ways:i) PA can act as
a messenger by its interaction with specific target proteins. PA has been found
to tether target proteins to membranes and/or modulate the catalytic activity of
its targets (Fan et al., 2001; Anthony et al., 2004; Zhang et al., 2004; Huang
et al., 2006). ii) PA may alter membrane structure, promoting membrane fusion
and interaction of certain soluble proteins with membranes (Kooijman et al., 2005;
Wang et al., 2006). iii) PA may be converted to other signaling molecules, such
as DAG, lysoPA, DAG-PP;, and free fatty acids, or may be involved in membrane
lipid metabolism (Testerink and Munnik, 2005; Wang et al., 2006; Figure 1).
A number of PA-binding proteins have been identified in plants, animals, and yeast,
which include protein kinases (Anthony et al., 2004; Fang et al., 2001), protein
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phosphatases (Zhang et al., 2004), transcriptional factors (Loewen et al., 2004), and
proteins involved in vesicular trafficking and cytoskeletal dynamics (Huang et al.,
2006; Testerink et al., 2004).

Potentially relevant to drought and salt stress is the PA binding to ABII protein
phosphatase 2C (PP2C) (Zhang et al., 2004), to 3-phosphoinositide-dependent
kinase 1 (AtPDKI1) (Anthony et al., 2004), and to the mammalian target of
rapamycin (mTOR), a phosphatidylinositol-3 kinase like protein kinase (Fang et al.,
2001). The PA-ABII interaction is required for ABA promotion of stomatal closure
(Mishra et al., 2006), whereas the PA-AtPDKI1 binding promotes root growth
(Anthony et al., 2004). The TOR kinase pathway mediates translational regulation
of cell growth and proliferation in animal cells. The TOR pathway in plants,
animals, and yeast are affected by various adverse conditions including osmotic
stress (Mahfouz et al., 2006). The TOR target ribosomal S6 kinase 1 (S6K1) is
also regulated by AtPDKI. Thus, it would be of interest to test whether the TOR
signaling pathway is a PA target in plant osmotic stress response.

3. PHOSPHATIDIC ACID AND PHOSPHOLIPASE
D IN STOMATAL CLOSURE AND WATER LOSS

One documented function of PA is to mediate stomatal response to ABA. ABA
is a phytohormone involved in diverse plant processes, including stomatal closure.
ABA causes stomatal closure by affecting two separable processes:it promotes the
closing of opened stomata and inhibits the opening of closed stomata. Recent results
show that stomatal responses to ABA are regulated by a bifurcating pathway that
includes PLDal, PA, ABI1, and Ga (Mishra et al., 2006; Figure 2). To promote
closure of open stomata, PLDa1 produces PA that binds to the ABI1 PP2C (Zhang
et al., 2004). ABII is a negative regulator of ABA response, and the PA-ABII
interaction is necessary to remove the ABII inhibition of the ABA promotion of
stomatal closure. PA regulates ABII function by inhibiting its phosphatase activity
and by sequestering it in the plasma membrane. The membrane tethering by PA
decreases ABI1’s translocation from the cytosol to the nucleus and promotes ABA
signaling (Zhang et al., 2004).

To inhibit opening of closed stomata, PLDa 1 modulates the function of Ga (only
canonical Ga subunit of a heterotrimeric G protein in Arabidopsis) through multiple
interactions (Figure 2). PLDal activates the intrinsic GTPase activity that converts
active Ga-gpp to inactive Go-gpp (Zhao and Wang 2004). In turn, Ga-gpp binds to
PLDal and decreases its activity. Weakening the Ga-gpp and PLDal interaction
renders Arabidopsis plants hypersensitive to ABA because both the Ga and PLDa 1
functions are less inhibited by the subdued interaction between PLDal and Ga
(Mishra et al., 2006). On the other hand, both PLDa1 and Ga are positive regulators
in ABA inhibition of stomatal opening. The positive role of Ga may result from
the exchange of GTP with GDP; the binding of GTP to Ga (Ga-gpp) dissociates
Ga from PLDal, thus removing the inhibition of PLDal activity. PA resulting
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Figure 2. A bifurcating pathway by which PLD and PA in signaling ABA response in guard cells
(Mishra et al., 2006). PLDa 1-derived PA binds to ABII, and this interaction tethers ABII to the plasma
membrane and also decreases the PP2C activity. Thus, PA promotes ABA response by suppressing the
negative effect of ABII. In addition, PLDal binds to Ga, the « subunit of heterotrimeric G proteins,
and this interaction regulates reciprocally the activity of PLDal and Ge, and thus the production of
PA. Note that this model is not comprehensive and only includes some of the signaling components
implicated in the ABA signaling cascades

from PLDa1 activity promotes inhibition of stomatal opening (Figure 3). Thus, the
PLDa1- Ga interaction regulates mutually the activity of both proteins.

The PA/PLD regulation of stomatal closure affects plant water loss. Terrestrial
plants lose water primarily via stomata. During drought, ABA levels in plants
increase and promotes stomatal closure. This change is crucial to maintaining a
hydration status in leaves and permitting plant survival. In Arabidopsis, the stomata
of PLDa1-deficient plants fail to close in response to ABA (Sang et al., 2001;
Mishra et al., 2006). PLDaI-deficient plants exhibit a higher rate of transpirational
water loss than wild-type plants, whereas overexpression of PLD« 1 reduces transpi-
rational water loss in tobacco by rendering the plants more sensitive to ABA (Sang
et al., 2001). These insights into the pathways regulating stomatal function may be
used to produce plants with enhanced water-usage efficiency and drought tolerance.

4. PHOSPHOINOSITIDES IN OSMOTIC STRESS

Phosphoinositides (PIs) are phosphorylated phosphatidylinositols. They include three
monophosphorylated PI3P, PI4P, and PISP; three bisphosphorylated PI(4, 5)P,,
PI(3, 4)P,, and PI(3, 5)P,; and one trisphosphorylated PI(3, 4, 5)P; (Figure 3). Except
for PI(3, 4, 5)P;, the occurrence of all other PIs have been reported in plants.
Several Pls, such as PISP, PI(3, 5)P,, and PI(4, 5)P,, are elevated in plants under
hyperosmotic stress (Meijer and Munnik 2003; Zonia and Munnik, 2004).
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Figure 3. Phosphoinositide metabolism and selected functions. The phosphorylation and dephosphory-
lation of PIs are catalyzed by specific PI kinases and phosphatases. The arrow points to known direction
of PI metabolism, but some of the reactions are yet to be demonstrated in plants. One function of Pls is
to interact with proteins with specific domains such as PH, PX, and FYVE. In addition, PI(4, 5)P, is a
substrate of PLC that produces IP; and DAG

A study on Sshlp, a soybean Secl4-like, phosphatidylinositol transfer proteins
(PITP), has shed light on the early events of osmosensory signaling and PI synthesis
in plants (Monks et al., 2001). Under hyperosmotic stress, Sshlp kinases, SPK1
and/or SPK2, are activated and rapidly phosphorylate Sshlp. This modification
decreases membrane association of Sshlp. Sshlp enhances the activities of plant PI
3-kinase and PI 4-kinase, suggesting that Sshlp’s function in cellular signaling is
to alter the plant’s capacity to synthesize PIs during hyperosmotic stress (Figure 4).

Hyperosmotic stress

4

[ Osmosensor Membrane ]
' <L >
4
SPK1/2 —_—

Activation

Increase Pl synthesis

4

Pl effects on
signaling, vesicular trafficking,
cytoskeletal rearrangement, ion channels

3
L4

Osmotic response

Figure 4. A hypothetic model of hyperosmotic stress-induced production of phosphoinositides and
functions (Monks et al., 2001). Hyperosmotic stress triggers activation of the kinases SPK 1 and 2 that
phosphorylate the Sec14-like Ssh1p. Activated Ssh1p stimulates PI 3-kinase— and PI 4-kinase to increase
the production of PIs. PIs modulate cellular processes and participate in osmotic stress responses
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Recently, dysfunctions of specific PITPs have been linked to plant root hair
growth and stress response (Bohme et al., 2004; Vincent et al., 2005). The
Arabidopsis Secl4p-nodulin domain proteins AtSfhlp regulate intracellular and
plasma membrane PI polarity directing membrane trafficking, Ca** signaling, and
cytoskeleton functions to the growing root hair apex (Vincent et al., 2005). It has
been proposed that Sec14p-nodulin domain proteins represent a family of regulators
of polarized membrane growth in plants (Vincent et al., 2005). In yeast, PLD
activity is required for suppression of PITP defect (Xie et al., 1998), indicating that
crosstalk exists among PITPs, PLDs, PIs, and PA in cell regulation.

PIs are important signaling molecules that regulate actin organization, membrane
trafficking, endo/exocytosis, and ion channels. For example, PIs are required for
activating plant shaker-type K™ channels (Liu et al., 2005) and for normal stomatal
movement (Jung et al., 2002). PIs affect the location and function of proteins with
specific PI-binding domains, such as pleckstrin homology (PH), phox homology
(PX), FYVE finger, and other motifs. In plants, several proteins have shown to
interact with Pls, and these include certain PLDs (Pappan et al., 1997; Zheng et al.,
2002) and Patellinl, a novel Sec14-like protein, localized to the cell plate (Peterman
et al., 2004). PI(4, 5)P, is a required activator of PLDf, v, and {, and also stimulates
PLDal activity (Pappan et al., 2004; Qin and Wang 2002). PLD{s contain two
PI-binding domains, PH and PX, whereas of PLDf has been shown to bind to PIs
through a polybasic residue-motif (Zheng et al., 2002). The role of PLD in osmotic
stress-induced production of PA and ABA signaling is described earlier. Thus, it is
possible that increases in PIs under hyperosmotic stress contribute to the activation
of PLD and PA production in the stress response.

In addition to be a mediator on its own, PI(4, 5)P, is the substrate of PLC
that produces DAG and IP;. While osmotic stress-induced DAG has been shown
to be rapidly converted to PA, IP; accumulates in salt, cold, and osmotically
stressed plants (Smoleriska and Kacperska 1996; Takahashi et al., 2001; Xiong et al.,
2001). TP, promotes an increase in Ca’>" in guard cells and stomatal closure, and
suppression of a PLC reduces ABA-promoted closure of stomata (Hunt et al., 2003).

The signaling process of PIs and the derivative inositol polyphosphates is
terminated through the action of PI phosphatases and inositol polyphosphate
phosphatases. Perturbation of these phosphatases by either overexpression or
ablation affects the expression of stress-responsive genes under salt, drought,
and ABA treatment and alters plants stress tolerance. AtSPTasel is up-regulated
in response to ABA and has bee suggested to act as a signal terminator of
ABA signaling (Burnette et al., 2003). FRY1 encodes an inositol polyphosphate
I-phosphatase, and fryl mutant plants had elevated levels of IP; after ABA
treatment. The mutant plants are compromised in tolerance to freezing, drought,
and salt stresses (Xiong et al., 2001). Knockout of the suppressor of actin mutation
(SAC) domain phosphatase results in elevated levels of PI(4, 5)P, and IP; as
compared to wild-type plants under unstressed conditions (Williams et al., 2005).
The sac9 mutants display constitutive stress response, including closed stomata,
anthocyanin accumulation, overexpressing stress-induced genes, and accumulating
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reactive-oxygen species. The results indicate that cellular levels of PIs and inositol
polyphosphates are tightly regulated to achieve optimal plant performance under
stress.

5. PERSPECTIVES

Drought and salinity are the two crucial environmental factors that limit plant
growth, productivity, and geographic distribution. Lipid-mediated signaling plays
important roles in plant responses to these stresses. Information is growing rapidly
on the production of potential lipid mediators under different growth conditions.
However, the current knowledge is still rather limited on the exact role of specific
lipid signaling reactions in plant adaptation to drought and salt stress.

Genetic manipulation of enzymes that produce lipid mediators provides valuable
insights into the function of specific lipid signaling reaction. The distinguishable
phenotypes resulting from the loss of different PLDs indicate that some PLDs have
unique functions in plant response to different forms of osmotic stresses. Such
distinctions may be related to the location and timing of PA production regulated
by different PLDs. Spatial and temporal regulation is important to all signaling
events, but it is particularly critical to intracellular lipid messengers because of
their limited mobility in the cell. Similarly, distinguishable functions are expected
to occur for other phospholipid-signaling enzyme families, such as PLCs, DGKs,
PI kinases, and phosphatases. Therefore, it is important to identify specific gene
and enzymes involved when the roles of given type of lipid signaling enzymes
in a specific physiological response are addressed. Such information will also be
necessary for potential biotechnological manipulation of lipid signaling pathways
to improve plant stress tolerance.
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CHAPTER 9

ABSCISIC ACID IN PLANT RESPONSE
AND ADAPTATION TO DROUGHT AND SALT
STRESS

LIMING XIONG
Donald Danforth Plant Science Center, 975 N. Warson Road, St. Louis, MO 63132, USA

Abstract: The plant stress hormone abscisic acid (ABA) plays several critical roles in plant
response to stress and stress tolerance. ABA is well studied for its roles in the activation
of stress-responsive genes and the regulation of guard cell movement. More recently,
ABA has also been demonstrated to regulate root adaptation to drought stress. To date,
limited success has been achieved in regulating plant ABA action for increasing plant
drought tolerance. Revealing the mechanisms of ABA action in stress adaptation will
further help the development of hardy crop plants

Keywords: ABA; drought stress; drought tolerance; salt stress; root development

1. INTRODUCTION

Abscisic acid (ABA) is one of the five classic growth regulators that play critical roles
in plant growth and development. The chemical identity of this sesquiterpene (C,s)
was established in the 1960°s through the landmark work of several research groups
while identifying the compounds responsible for leaf abscission and bud dormancy
(reviewed in Zeevaart and Creelman, 1988). It is now known that ABA does not play
major roles in these processes for which it was named. ABA does have essential roles
in seed maturation and dormancy. However, the critical roles it plays during plant
response to environmental stress won its reputation as a ‘stress hormone’ and as such
ABA is central to any discussion of plant adaptation to adverse environmental condi-
tions. This chapter will focus on the role of ABA in plant response and adaptation to
drought and salt stresses. Other aspects of ABA biology such as ABA biosynthesis and
ABA signal transduction will be discussed only in the context of their involvement
in stress response. ABA biosynthesis (Schwartz et al., 2003; Nambara and Marion-
Poll, 2005; Taylor et al., 2005) and ABA signal transduction (Leung and Giraudat,
1998; Finkelstein and Rock, 2002; Himmelbach et al., 2003; Christmann et al., 2003;
Xie et al., 2006) are discussed in more detail in these recent reviews.
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2. MAJOR PHYSIOLOGICAL PROCESSES REGULATED BY ABA

The function of ABA in various physiological processes was mainly inferred from
studies using exogenous ABA as well as plant mutants defective either in ABA
biosynthesis or responses. Other approaches such as examining the spatial and
temporal localization of ABA were sometimes also used to speculate about cellular
processes that may be regulated by ABA. These approaches may not be able to
uncover all functions of ABA. Certain cellular activities may only need such a low
level of ABA that even ABA deficient or insensitive mutants can satisfy the needs
since all these mutants are leaky (i.e., they either still produce a limited amount of
ABA or show some response to ABA). Furthermore, cellular machinery tends to be
more sensitive to ABA in case of ABA deficiency (e.g., Xiong et al., 2001). The
negative impacts of ABA deficiency in these biosynthetic mutants might have been
significantly alleviated. It is thus likely that there are still undiscovered cellular
processes that require ABA or that ABA may be essential for plant growth and
development. In the latter scenario, complete lack of ABA or ABA signaling (e.g.,
loss of all ABA receptors) would be lethal. This perhaps is one of the reasons why
the ABA receptor(s) was not identified in genetic screens. The significantly reduced
vigor of all ABA deficient mutants under normal unstressed conditions also implies
that ABA is required for certain cellular processes that may not be related to stress
adaptation. Here we will briefly discuss some of the physiological processes that
are regulated by ABA.

ABA is widely known for its involvement in seed maturation and dormancy.
Seed maturation requires the synthesis of storage proteins and the preparation
for desiccation tolerance so that the embryo will remain viable under extreme
dehydration conditions as seen with dry seeds (McCarty, 1995; Finkelstein and
Rock, 2002; Bentsink and Koornneerf, 2002). ABA activates genes involved in
both processes, although seed maturation may require an even lower level of ABA
than do dormancy initiation and maintenance. The essentiality of ABA in seed
development is witnessed by the observation that once ABA level was suppressed
immunologically the embryos will not be able to acquire desiccation tolerance and
thus are not viable when desiccated (Phillips et al., 1997). On the other hand, the
role of ABA in seed dormancy can readily be seen by the pre-mature (viviparous)
germination of maize ABA deficient mutants and by the inhibition of exogenous
ABA on seed germination.

Another developmental process that is potentially affected by ABA is the
vegetative to reproductive phase transition. It is well known that plants under
moderate drought stress will flower earlier (a ‘drought escape’ strategy). However,
the relationship of flowering time with drought susceptibility is complex. When
using the carbon isotope discrimination ratio (3'3C) as an index of water use
efficiency (WUE), it was found that 3'3C is positively correlated with flowering
time in several plant species (Araus et al., 2002; Farquhar et al., 1989). However,
it is suspicious that late-flowering ecotypes really have a high WUE. Generally,
plants (and in particular ecotypes within a plant species, such as Arabidopsis)
that are late flowering usually grow more slowly than rapidly flowering plants.
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Slow-growing plants consume less water at a given period of time. Since drought
stress is well known to promote flowering, one may expect that ABA would promote
flowering too. However, Arabidopsis ABA-deficient mutant abal and insensitive
mutant abil (Landsberg background) tend to flower earlier under short-day condi-
tions (Martinez-Zapater et al., 1994) while the abal/los6 mutant (C24 background)
flowered earlier both under long-day and short-day conditions (Xiong et al., 2002).
On the other hand, ABA-hypersensitive mutants are either early flowering (sadl;
abhl-2, C24 ecotype; chll, L. Xiong, unpublished) or late flowering (hyll, Lu and
Fedoroff, 2000; eral, fryl, L.Xiong, unpublished). It is not known whether or
not the flowering time changes in these mutants have to do with altered ABA
responses. Recently, it was reported that prolonged exogenous ABA treatment in
Arabidopsis up-regulates the flowering-suppressing gene FLC and delays flowering
(Razem et al., 2006). Yet, short-term ABA treatments do not affect FLC gene
expression or flowering time in Arabidopsis (H. Chen and L. Xiong, unpublished).
Nonetheless, the facts that the flowering time regulator FCA can bind to exogenous
ABA (Razem et al., 2006) and that ABA is detected in floral primordia (e.g.
Peng et al., 2006) suggest that ABA may affect floral development and flowering
time regulation.

In vegetative tissues, ABA plays a role in several developmental processes. It
was noted that ABA may affect root hair cell patterning through the regulation of
GLABRA (GL) 2 and other cell patterning genes (van Hengel et al., 2004). The role
of ABA in root hair patterning and root hair growth may relate to the observation
that drought stress and ABA treatments result in abnormal root hair development
(Schnall and Quatrano, 1992) (see below). While studying plant response to drought
stress, we found that drought stress inhibits the elongation of lateral roots both in
artificial growth media and in soil. ABA has similar effects in inhibiting lateral root
elongation both in Arabidopsis and in crop plants (Xiong et al. 2006; L. Xiong,
unpublished). Observations on osmotic stress and ABA inhibition of lateral root
growth were also reported under different experimental conditions (De Smet et al.,
2003; Deak and Malamy, 2005). Thus, it is likely that this rhizogenesis process
may represent an adaptive response to drought stress, as was demonstrated in recent
genetic studies (Xiong et al., 2006; see below).

ABA has also been implicated in plant response to wounding, ozone, light, and
pathogens. This may partly result from the fact that these various stress-signaling
pathways may share some common components. Some of these stresses may also
give rise to osmotic or desiccation stress that indirectly activates the ABA signaling
pathways. For example, the hypersensitive response of pathogenesis in plant cells
could result in a significant osmotic stress (Wright and Beattie, 2004). On the other
hand, the antagonistic role of ABA on disease resistance may have to do with ABA
suppression of salicylic acid, jasmonic acid and ethylene signaling (Mauch-Mani
and Mauch, 2005).

Perhaps the best known and also the most studied process that ABA is involved
in is plant response to abiotic stress such as drought, salt, and cold stress. These
different stresses do share some common features. For example, they all induce
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dehydration stress to the plant cells. Accordingly, these abiotic stresses all activate
ABA biosynthesis to various extents and induce a common set of stress responsive
genes.

3. REGULATION OF CELLULAR ABA LEVELS AND THE
EXPRESSION OF STRESS-RESPONSIVE GENES

The magnitude of cellular response to ABA is determined by ABA level and ABA
sensitivity, and both aspects may involve complex signal transduction processes.
Cellular ABA levels are dynamically regulated through biosynthesis/degradation,
conjugation/de-conjugation, compartmentalization, and transport. Signal trans-
duction from ABA perception to gene activation involves complex regulatory
circuits (network) and multiple components. Here we briefly introduce some of the
research on the regulation of ABA levels and ABA activated gene expression. ABA
signal transduction will not be discussed here.

3.1. ABA Biosynthesis and Catabolism

In higher plants, ABA is mainly produced by the cleavage of a C,, carotenoid
precursor that initially occurs in the plastids but the final steps of the pathway
occur in the cytosol. This ‘indirect’ pathway is now well understood and the major
enzymes catalyzing these reactions were identified (Schwartz et al., 2003; Nambara
and Marion-Poll, 2005). Several of the enzymes in this pathway are encoded by
single copy genes in the Arabidopsis genome (e.g., ZEP, ABA3 and perhaps ABA2).
Surprisingly, null mutations in these single copy genes do not completely block
ABA biosynthesis, implying that there are either certain shortcuts in the major
pathway that can circumvent these steps or minor pathways that can still produce a
limited amount of ABA.

ABA biosynthesis is regulated both by internal developmental cues as well as by
environmental stresses. The regulation of the biosynthetic pathway largely occurs at
the level of transcriptional regulation of the biosynthetic genes, although regulation
at other levels is also possible (Xiong and Zhu, 2003). Furthermore, ABA can
self-regulate its own biosynthesis in that all of the ABA biosynthetic genes can be
up-regulated to various extents by ABA (Xiong and Zhu, 2003).

The temporal and spatial regulation of ABA biosynthesis constitutes another layer
of control of ABA biosynthesis. The tissue-specific regulation of ABA biosynthesis
is particularly interesting since it may reveal the sites of ABA action, although
ABA and perhaps its precursors as well can be transported over long distance.
Among the known ABA biosynthetic genes, several of them appear to be expressed
ubiquitously in those major tissues examined (Xiong and Zhu, 2003). However, the
short-chain dehydrogenase/reductase gene ABA2 (Gonzdlez-Guzman et al., 2002;
Cheng et al., 2002) is mainly expressed in vascular tissues of roots, stems, and
leaves (Cheng et al., 2002), suggesting that these places are probably the key places
of ABA synthesis. Similar expression in vascular tissues and guard cells was also
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reported for the ABA aldehyde oxidase 3 (AAO3) gene and protein (Koiwai et al.,
2004). Using ABA-inducible promoters of the RD29B and AtHB6 genes to drive
the expression of the firefly luciferase reporter gene, Christmann et al. (2005)
found that these promoters are mainly activated at vascular tissues and guard cells
upon drought stress treatment, implying that these sites might be the sites of ABA
biosynthesis or ABA response. To determine the actual sites of ABA synthesis and
accumulation, more direct approaches to detect ABA in situ need to be developed.

ABA can be conjugated with glucose to produce ABA-glucose ester (ABA-GE).
This conjugate may not have biological activities similar to ABA. Glycosylation
of ABA could thus serve as a regulatory process to inactivate ABA. Nevertheless,
ABA can be released from ABA-GE by the hydrolytic enzyme [3-glucosidase.
These extracellular enzymes in leaves were shown to be able to release ABA from
ABA-GE transported from xylem sap (Dietz et al., 2000). The ratio of ABA-GE
to free ABA in xylem sap is low, yet ABA-GE can account for the majority of
total ABA in older leaves (Weiler, 1980). Like free ABA, the level of conjugated
ABA also increases in response to drought and salt stress (see Sauter et al., 2002
and references therein). Thus, conjugated ABA is still originated from de novo
biosynthesis and its level may be kept in balance with free ABA.

The significant amount of conjugated ABA accumulated under drought stress may
serve important roles in guard cell regulation and stress adaptation. To understand
the role of these conjugates in drought stress adaptation requires the identification of
the specific glucosidase(s) that hydrolyze these conjugates. Genetic approaches to
knock out or over-express these genes can then be used to ascertain the contribution
of ABA-GE in stress response and stress tolerance. However, genes encoding
ABA-GE glucosidases have not been identified. Plant genomes encode a family of
B-glucosidase genes (about 50 in the Arabidopsis genome). It would be interesting
to identify the particular glucosidases that regulate ABA levels during drought
stress. Proteomics analysis of drought-treated plants often found that the level of
B-glucosidase proteins increased (e.g., Riccardi et al., 1998). More alkaline pH in
the xylem sap under drought stress may also increase the activity of these enzymes
(Sauter et al., 2002). These drought and ABA up- regulated glucosidases are likely
candidates for ABA-GE glucosidases.

Upon stress-relief, ABA level can quickly decrease to pre-stress level. Catabolism
of ABA is enhanced by both stress-relief signal and by ABA itself. The major
enzyme responsible for the early step of the catabolism is ABA 8-hydroxylase
(e.g., Krochko et al., 1998). Genes encoding these enzymes were identified
(Kushiro et al., 2004; Saito et al., 2004). Regulation of these genes may alter ABA
levels and plant drought response.

3.2 Gene Gegulation by ABA

In the decade between late 80°s to early 90°s, the discovery that stress and ABA can
up-regulate gene expression inspired a great interest in the isolation and character-
ization of these stress and ABA-responsive genes and their promoter cis elements
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as well as transcription factors responsible for their activation (e.g., Skriver and
Mundy, 1990; Finkelstein and Rock, 2002; Busk and Pages, 1998). To date, genome-
wide microarray analysis has made possible to identify all the genes regulated by
ABA. Genes regulated by ABA amounted to several hundreds to a few thousands
in Arabidopsis dependent on the particular treatment conditions and definition
of regulation. Many of these genes are also regulated by drought, salt and low
temperature stresses. Thus, relatively few genes are specifically regulated by ABA,
implying a common role of ABA in plant stress response. In Arabidopsis, up to
30 percent of the genes can be regulated by abiotic stress (Kreps et al., 2002).
The large number of genes up-regulated under stress suggests that a significant re-
programming of cellular activities occurs when plants encounter the stress challenge.

ABA-responsive genes fall into a diverse range of functional groups that are
categorized in different ways (Ramanjulu and Bartels, 2002; Leung and Giraudat,
1998; Finkelstein and Rock, 2002, Bray, 1997). These may include genes encoding
enzymes that function in the production of compatible solutes, antioxidants, and
genes encoding peptides with unclear functions as well as genes encoding signal
transduction components. Among them, two related groups of ABA regulated genes
encoding peptides of unclear functions received intensive research. These are the
COR/RD/LT group stress-responsive genes and the late embryogenesis abundant
(LEA) genes. Although they are expressed at different developmental stages and
in different tissues, they share many commonalities and have similar functions: to
preserve the cells from dehydration damages. These genes may also be activated
by similar mechanisms.

Many of these genes share similar regulatory elements in the promoter regions.
Early work identified the ABA-responsive element, ABRE, in the EM genes
(encoding LEA proteins) in wheat and rice as a core sequence containing ACGT.
This cis element is responsible for ABA up-regulation of these EM genes
(Marcottee et al., 1989; Guiltinan et al., 1990; Mundy et al., 1990). In addition,
coupling elements work together with ABRE in conferring ABA response in these
ABA responsive promoters (Shen and Ho, 1995). Other cis elements such as
MYC and MYB binding sequences are found in other ABA-responsive genes
(Shinozaki et al., 2003). In vegetative tissues several basic domain/Leu zipper
(bZip) transcription factors (AREB/ABF) that bind to ABRE were later isolated
and they confer ABA induction of many stress-responsive genes (reviewed in
Finkelstein and Rock, 2002; Rock, 2000; Xie et al., 2005). In contrast, the
AP2/ERF transcription factors DREB/CBF that bind to the DRE/CRT element are
responsible for dehydration-induced gene expression (Shinozaki et al., 2003). Both
the ABRE and DRE/CRT cis elements exist in the promoters of many stress-
and ABA-responsive genes. Although DRE and ABRE elements have different
core sequences and their own binding factors, both pathways collaboratively
activate gene expression. Furthermore, stress induction of certain stress-responsive
genes often requires ABA (Xiong et al., 2001; Kizis and Pages, 2002; Narusaka
et al., 2003). Although the modes of action for many of the ABA and stress-
responsive gene products are unknown, overexpression of these ABA-activated
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genes or their upstream transcription factor genes was found to confer increased
tolerance of the transgenic plants to drought and other abiotic stresses (reviewed in
Seki et al. 2003, Bajaj et al., 1999; Chinusamy et al., 2005, Vinocur and Altman,
2005; Umezawa et al., 2006). These experiments demonstrated that these ABA
responsive genes do play important roles in plant stress tolerance.

4. ROLE OF ABA IN DROUGHT STRESS RESPONSE
AND ADAPTATION

Drought stress is often caused by prolonged water shortage in the soil that
could not meet plant transpiration demand. Different plant species may adopt
different strategies to deal with drought stress. Researchers sometimes divide plant
drought adaptation into several categories (Levitt, 1980): ‘drought escape’ (short-
ening life cycle by flowering earlier), ‘drought avoidance’ (growing deeper roots,
depositing leaf wax, and closing stomata), and ‘drought tolerance’ (production
of osmolytes, antioxidants, and other stress-relieving agents). These terms are
sometimes confusing and here we loosely define drought tolerance as the ability
of plants to withstand water deficit while maintaining appropriate physiological
activities.

For a given plant species, one can image that plants will have three ways to deal
with drought challenges:to reduce water consumption, to increase water uptake, and
to mitigate the negative impacts of water deficit. These tasks are accomplished in
several ways. First, guard cell stomatal pores are closed upon drought stress and
thus the transpirational water loss is minimized. This is a relatively quick response.
Second, an array of stress-responsive genes is activated. The products of these
genes function directly or indirectly in drought tolerance (see Section 3.2). Third,
in a longer term there are certain developmental changes that may make the plants
more adaptive to drought stress. These changes may occur in root development,
phase transition, wax deposition, guard cell patterning and perhaps leaf morphology
(for newly emerged leaves). ABA, whose level is up-regulated by drought stress
(Section 3.1), is either required or is involved in all these processes.

4.1. Guard Cell Regulation

Water potential-driven influx of water in guard cells swells these cells and opens
the stomatal pore. Likewise, efflux of water from guard cells shrinks the cells and
closes the stomatal pore. Water potentials in these cells in turn are regulated by
ion and solute fluxes through respective channels and transporters. The activities of
these channels and transporters are regulated by a number of factors such as light,
CO,, and ABA (Schroeder et al., 2001; Luan, 2002; Fan et al., 2004; Hetherington
and Woodward, 2003). Thus, the opening and closing of stomata are also controlled
by light, CO,, drought and salt stress. Among them, light and CO, regulation of
stomata may be independent of ABA. Here we confine our discussion to guard cell
regulation by ABA.
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ABA regulation of guard cell ion channels is the major basis of ABA regulation
of stomatal closing. The dogma of this regulation is that ABA induces a transient
increase in cytosolic Ca®* that in turn inhibits plasma membrane proton pumps and
inward K channels and also activates anion channels that lead to the release of
anions from the guard cells. Anion efflux-induced depolarization activates outward
K" channels and leads to Kt efflux as well (reviewed in Schroeder et al., 2001;
Fan et al., 2004; Pei et al., 2006). Reduced osmolarity in guard cells thus leads to
water efflux and stomata closure. Although the molecular identities of these channels
involved in guard cell movement have not been identified, several transporters were
shown to affect stomata response to ABA and drought stress (Hosy et al., 2003;
Klein et al., 2003). In these processes, ABA induced transient increases of Ca?t
was suggested as an early event that regulates subsequent gating of other channels.
Since ABA itself has not been suggested to bind to any ion channels and regulate
their activities, ABA regulation of ion channels will involve certain intermediate
molecules and additional signal transduction processes.

By using various electrophysical, fluorescence imaging, pharmacological,
biochemical, molecular, and genetic approaches, several intermediate molecules
or second messengers that induce internal Ca’*" release in animal cells are also
found to mediate ABA-induced Ca**release in isolated guard cell protoplasts,
membrane vesicles, or guard cells. These include inositol phosphates [inositol 1,
4, 5-trisphosphate (IP;) and inositol 1, 2, 3, 4, 5, 6-hexaphosphate (IP4)], phospha-
tidic acid (PA), cADPR (cyclic adenosine 5’-diphosphoribose), NAADP (nicotinic
acid adenine dinucleotide phosphate), NO (nitric oxide), H,0,, and sphingosphine
1-phosphate (Schroeder 2001; Pei, 2006; Fan et al., 2004). Many of the studies were
based on analysis of the currents from unknown channels in isolated protoplasts or
membrane vesicles that were treated with exogenous compounds; it is not entirely
clear whether all these molecules are the endogenous second messengers in living
guard cells (Levchenko et al., 2005). However, the fact that mutations in some of
the enzymes involved in the generation of these second messengers were found to
affect ABA regulation of stomatal movement and plant drought tolerance suggests
that they may indeed play roles in ABA and drought stress responses in planta (e.g.,
Staxen et al., 1999; Kwak et al., 2003; Zhang et al., 2004). In particular, stomatal
regulation requires phosphatidic acid (PA) produced by PLDal and PA could bind
to ABII as well as the heterotrimeric G protein o subunit GPA1 to induce stomatal
closure and to inhibit opening in response to ABA (Mishra et al., 2006). Thus, PA
may provide a link between ABI1 and GPA1 that are previously demonstrated to
regulate stomatal response to ABA (Murata et al., 2001; Wang et al., 2001).

ABA regulation of stomatal closure may also have Ca’'-independent routes,
although these routes are not well characterized. Using florescence dyes and in vivo
imaging techniques, Levchenko et al. (2005) reported that cytosolic ABA activation
of guard cell anion channels does not involve ABA-induced Ca?* transients, although
a basal level of Ca2tis required. Likewise, the intermediate molecules of ABA
action such as IP;, IP;, NAADP, and cADPR were not able to mimic ABA in the
activation of the anion channels. It is unclear whether the anion channels responsible
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for the currents observed in this study are the same kind of channels referred in
previous studies that require transient Ca>* to activate. In previous patch-clamping
studies of guard cells, ABA was shown to be able to activate anion channels that
contribute to the closure of stomatal guard cells. The signaling pathway for this
activation is unclear, but it appears that components requiring farnesylation may
negatively regulate the process since in eral/ mutant, which has a mutation in the
subunit of a farnesyl transferase, the activation of S-type anion channels by ABA
was enhanced. This facilitates the closure of stomata and leads to increased drought
tolerance of the eral mutant (Pei et al., 1998).

Stomatal regulation by ABA occurs fairly quickly (with only a few minutes’
lag period for channel regulation by exogenous ABA). Thus, protein posttrans-
lational modification is likely the major mode of action for ABA signaling in
stomatal regulation. Several protein phosphatases (such as the 2C type and 2A
type) and kinases are involved in ABA regulation of guard cells (Finkelstein and
Rock, 2002; Xie et al., 2006). ABI1 and ABI2 are well-studied phosphatases
affecting guard cell ABA response. The abil-1 mutation impairs ABA-induced K*
currents (Armstrong et al., 1995). It was shown that ABI1 was impaired in ABA-
induced production of reactive oxygen species (ROS) where ABI2 was impaired in
steps downstream of ROS production but before the activation of anion channels
(Murata et al., 2001). Similar to abil-1, mutations in the OST1 kinase also impair
ABA-induced ROS production (Mustilli et al., 2002). Accordingly, guard cells of
the ostl/snrk2 mutants are insensitive to ABA and the mutants exhibited a wilty
phenotype (Yoshida et al., 2002 and Mustilli et al., 2002). Interestingly, OST1 was
found to interact with ABII and the activation of OST1 by ABA was impaired in
the dominant abil-1 mutant (Yoshida et al., 2006). These observations suggest that
this pair of phosphoproteins may constitute an auto-regulated module in mediating
ABA-induced stomata movement.

The control of ion channel gating is a late step of guard cell ABA response. There
are other events preceding the gating of these channels. Regulation of membrane
proteins including ion channels and transporters often requires vesicle trafficking,
targeting and fusion. The swelling and shrinking of guard cells as well as the
dynamics of channels and transporters may evoke significant vesicle trafficking.
Several components potentially involved in vesicle trafficking have been showed
to affect guard cell ABA responses. These include for example, small GTPase
(e.g., AtRacl, see Lemichez et al., 2001; Ropl0, see Zhang et al., 2001) and
SNARE proteins (e.g., OSM1/SYP61 see Zhu et al., 2002; NtSyrl, see Leyman
et al., 1999). Some of these GTPases requires prenylation in order to target to
the plasma membrane. They are likely the targets of the farnesyl transferases that
include the B subunit ERA1 (enhanced response to ABA 1) (Culter et al., 1996).
The osmi/syp61 (osmotic stress-sensitive mutant 1/syntaxin 61) mutant exhibited
reduced sensitivity to ABA in guard cell response (but not in seed germination)
and increased sensitivity to salt and osmotic stresses (Zhu et al., 2002). In another
study, the tobacco syntaxin protein AtSypl was found to mediate ABA-induced
CI” flux in oocytes (Leyman et al., 1999). ABA treatment inactivates the Rho-like
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small GTPase AtRACI/ARAC3/Rop6 and results in the disruption of actin fiber
in guard cells. These events precede the stomatal closure induced by ABA. In the
ABA-insensitive mutant abil/-1, ABA was unable to inactivate AtRAC1 and also
failed to reorganize the actin cytoskeleton (Lemichez et al., 2001).

In addition to channel regulation, transcription regulation of genes may also
contribute to stomatal regulation. Recently, it was found that a R2R3 type Myb
transcription factor AtMYBG60 affects stomata regulation (Cominelli et al., 2005).
The myb60 mutant showed constitutively a smaller stomata aperture. Interestingly,
the MYB60 gene was down-regulated by ABA and drought stress, suggesting
that regulation of this gene may contribute to ABA and drought-induced stomatal
closure. However, in the myb60 mutant, only a limited number of genes were
moderately down regulated. It is unclear how this transcription factor would affect
stomata movement.

4.2. ABA Regulation of Drought-Responsive Genes in Drought
Tolerance

Drought stress induces the expression of a large number of stress-inducible genes.
Many of these genes are also up-regulated by ABA (Section 3.2). The products
of these genes may contribute to much of the so-call ‘drought tolerance’ that
emphasizes the ability of cells to tolerate the stress. Drought stress creates several
challenges to plant cells. First, it causes an increased production of reactive oxygen
species that could be detrimental to cellular membranes and other macromolecules.
Second, some proteins may undergo misfolding, aggregating, and denaturation.
Third, the low water potential in soil requires the plant cells to lower water potential
as well in order to retain and uptake water. Many of the genes that are up-regulated
by drought and ABA encode proteins presumably with these functions. For example,
some of the drought/ABA up-regulated genes encode enzymes that function in the
biosynthesis of compatible solutes (e.g., proline, sugars) that could lower the water
potential and facilitate water uptake and retention. Others encode enzymes that
can directly detoxify reactive oxygen species. These enzymes include glutathione
peroxidase (GPX) (Rodriguez Milla et al., 2003), glutathione S-transferases (GST)
(Moon, 2003), superoxide dismutase (SOD), catalase (CAT) (Guan, et al., 2000;
Pei et al., 2000), ascorbate peroxidase (APX) and glutathione reductase (GR) (Jiang
and Zhang, 2003). Certain stress-responsive genes encode polypeptides that may
help to restore the nature structures of abnormal proteins. For proteins that could
not be repaired, ABA up-regulated genes that encode various components in the
proteolysis pathway (Hoth et al., 2002) will promote the degradation of these unfold
proteins to avoid the negative effects of their accumulation on cellular activities.
Although drought alone can activate these stress-responsive genes, ABA can
synergistically enhance their expression. This was demonstrated by both exogenous
applied ABA and ABA deficient or insensitive mutants. Two possibilities may
account for this synergy. One is that the signaling pathways for ABA and drought
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stress may act in parallel but may also interact with one another. Another possi-
bility is that the transcription factors that respectively bind to the ABRE and the
DRE/CRT elements in the promoters of stress responsive genes may cooperate in
gene activation. In any event, the outcome of this interaction results in even higher
expression of stress responsive genes that are an advantage to the plants under
stress.

4.3. Roots Signal Drought to the Shoot

It was thought that the ability of plants to sense water deficit in soil may have
to do with ABA production in the roots and its translocation to the leaves where
it serves as a signal to close stomata. This has been a subject receiving intensive
study and debate (Wilkins and Davies, 2002). Other hormones (auxin, cytokinine,
and ethylene), metabolites, various cations and anions, reactive oxygen species as
well as pH sometimes are also associated with drought-induced stomatal closure
(e.g., Goodger et al., 2005).

44. Root Adaptation to Drought Stress

It has been well documented that the growth of roots is generally less inhibited by
drought stress relative to that of the shoot (Hsiao and Xu, 2000; Wu and Cosgrove,
2000; Serraj and Sinclair, 2002; Sharp et al., 2004). Thus, plants growing under
lower water potential conditions usually have a higher ratio of root to shoot mass
(Fisher and Turner, 1978). Here we will confine our discussion to root development
under drought stress.

While root growth is more adapted to drought stress than that of the shoot, it
is not clear whether root development also has some adaptation to drought stress.
Many studies have been conducted to explore the root growth and development of
crop plants under drought stress. Due to the genetic complexity of crop cultivars,
however, most of these studies did not provide a clear clue about root devel-
opment under drought stress (see below). In Arabidopsis, several earlier reports
had described roots’ responses to drought stress. It was reported that in response to
drought root hairs become ‘bulbous’ and ‘shortening” (Schnall and Quatrano, 1992)
or ‘short, tuberized, hairless roots’ form (Vartanian et al., 1994). Interestingly, ABA
was shown to have similar effects on roots in inducing these alterations. However,
it is not known whether these responses give any advantage to plants under drought
stress. Thus, whether these responses are adaptive is unclear.

Assuming that roots may play a critical role in drought tolerance, researchers
had tried to link root development with drought tolerance in crop plants such as
rice, maize, soybean, sorghum, barley, and coffee tree (e.g., Champoux et al., 1995;
Nguyen et al., 1997; Maggio et al., 2001; Xu et al., 2001; Lafitte and Courtois,
2002; Sharp et al., 2004; Pinheiro et al., 2005). Many of these studies were intended
to identify root traits that could be used in breeding for drought tolerance. In
these studies root characteristics (such as dry mass, thickness, length, etc) between
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drought tolerant and drought sensitive cultivars were compared and their corre-
lation to drought tolerance was inferred. The conclusions of these studies vary and
are often contradictory (Price et al., 2002). Apparently, these correlative studies
may have had difficulty in ascertaining whether the differences in root systems or
architecture are responsible for or linked to drought tolerance, because the genetic
backgrounds of the tolerant and the sensitive strains often are different or unclear.
In this regard, quantitative trait locus (QTL) analysis using progenies derived
from crosses between drought tolerant and drought sensitive lines may yield more
reliable information regarding whether a particular trait has anything to do with the
tolerance.

Despite some conflicting results in different QTL analyses, several studies
did suggest a connection between root characteristics and drought tolerance
(Nguyen et al., 1997; Zhang et al., 2001; Yue et al., 2005). For instance, using
a double haploid mapping population derived from a cross between a strain of
upland rice (drought tolerant) and a strain of low land rice (drought sensitive),
Mu et al. (2003) reported that drought tolerance correlates with longer maximum
root length and fewer root numbers. However, with multiple QTLs controlling
overall drought tolerance, analysis of variance alone will be difficult to determine
the actual contribution of the root traits to overall drought tolerance. In some
analyses, the QTL effects were considered pleiotropic rather than direct linkage
(Giuliani et al., 2005). Furthermore, it is still not easy to identify genes underlying
the QTL loci in crop plants. Therefore, direct genetic study of the relationship
between root traits and drought tolerance in a model plant species would be desirable
in order to clarify the role of roots in drought adaptation and to reveal novel drought
tolerance mechanisms.

To isolate drought tolerance determinants, we searched for possible responses
of roots to drought stress in Arabidopsis. It was noticed that under osmotic stress
the Arabidopsis root system underwent a characteristic change that had not clearly
been described in the literature before we started our work. Whereas the control
plants developed a number of lateral roots, those subjected to osmotic stress
(by supplementing nutrient media with 50 mM or 75 mM mannitol) failed to
develop or were delayed in lateral root development. Importantly, this inhibition
of lateral root growth by drought stress was also observed in seedlings growing
in soil and was observed in several crop plants (Xiong et al., 2006; L. Xiong,
unpublished).

Like many other drought responses, drought inhibition of lateral root devel-
opment is also partly mediated by ABA. Although exogenous ABA at lower
concentrations (0.1 to 1.0 uM) has little effect on the growth of the primary roots
(sometimes primary root elongation is stimulated by lower concentrations of ABA,
e.g., Xiong et al., 2001), it clearly inhibits lateral root elongation. ABA deficient
mutants (abal, aba2, and aba3) generally tend to have more lateral roots under
non-stressful conditions. On agar plates supplemented with mannitol, the magnitude
of inhibition of lateral root elongation was reduced in aba mutants compared to the
wild type, although the mutants still responded to the treatment in reducing lateral
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root elongation. These data suggest that the inhibition of lateral root elongation
by mannitol is partly mediated by ABA (Xiong et al., 2006). Further evidence to
support ABA’s role in mediating inhibition of lateral root development is that the
inhibition of lateral root elongation by osmotic stress and ABA is significantly
compromised in the ABA-insensitive mutant abil-1 (Xiong et al., 2006). During
the course of our study, reports on the influence of osmotic stress and ABA on
Arabidopsis root development were recently published (De Smet et al., 2003; Deak
and Malamy, 2005). These authors also found that ABA and osmotic stress inhibit
lateral root development, although the experimental conditions used in these studies
are different from ours. In fact, osmotic stress or drought stress inhibition of lateral
root growth was also documented in early reports (e.g., van der Weele et al., 2000),
although its significance was previously unclear. Our study and those of others thus
demonstrate that osmotic stress and drought stress can regulate lateral root devel-
opment. With these findings, we further hypothesized and subsequently confirmed
that the characteristic inhibition of lateral root development by drought/osmotic
stress may represent an adaptive response to drought and therefore it is a typical
‘drought rhizogenesis’ process. This drought rhizogenesis process might be related
to the one reported in a previous study on morphological changes of roots observed
with soil-grown Arabidopsis (Vartanian et al., 1994). In our follow-up studies, the
dig (drought-induced rhizogenesis) mutants defective in drought rhizogenesis were
isolated. It was found that those dig mutants that exhibit a hypersensitive response
to drought or ABA in drought rhizogenesis are more tolerant to drought stress and
the insensitive ones are drought sensitive (Xiong et al., 2006). Our genetic studies
thus demonstrate that drought rhizogenesis response is closely linked to whole plant
drought tolerance and is an adaptive response to drought stress.

Now that drought rhizogenesis has been established as an adaptive response, what
would its benefits be to the plants? Under drought or any other abiotic stresses,
there is a significant decrease in photosynthesis and, consequently, a reduction in
the amount of metabolites and energy. It is imperative for the plants to use this
reduced amount of resources to their maximum advantage — usually to survive
stresses. Apparently, under drought stress conditions, an urgent need of the plants
would be to increase the uptake of water, which is usually more available deep
down in the soil. Restriction of the horizontal proliferation of lateral roots in the top
soil and allocation of more resources to the growth of primary roots certainly would
offer an advantage to the plants by expanding their domains of water supply. Thus,
the adaptive response of roots to water deficit by means of drought rhizogenesis is
in sharp contrast to their response to nutrient deficiency. Under nutrient starvation
conditions, increased proliferation of lateral roots are commonly observed, which
may help the plants to increase their exploitation of the topsoil where bioavailable
nutrients are more enriched relative to the subsoil.

The regulation of lateral root development by ABA under drought stress may
result from the interplay of drought and ABA with other hormones such as auxin,
ethylene, gibberillic acid and cytokinins, yet current study on this topic is very
limited.
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4.5. Hydrotropism, Hydraulic Conductivity and Water Uptake

Plant roots have the ability to grow toward soil patches with more available water
or grow away from dry soil regions. This hydrotropic response may be important
for plants to find water resources. Using existing mutants defective in auxin and
ABA biosynthesis or signaling, it was reported that hydrotropism requires ABA
since seedlings of ABA deficient mutant abal-1 and ABA-insensitive mutant
abi2-1 are less responsive to hydrotropic stimuli (Takahashi et al., 2002). On
the other hand, auxin insensitive mutants axr/-3 and axr2-1 showed enhanced
hydrotropism (Takahashi et al., 2002). However, another group reported that ABA
deficient mutants and ABA insensitive mutants were not defective in hydrotropism
(Eapen et al., 2003). Recently, Arabidopsis hydrotropic mutants were isolated
(Kobayashi et al., 2003; Eapen et al., 2003). Among the ahydrotropic mutants, some
exhibited normal gravitropic responses whereas others were impaired in gravit-
ropism (Kobayashi et al., 2003). In a separate screen, one ahydrotropic mutant ahrl
showed enhanced gravitropic response. Thus, hydrotropism differs from gravit-
ropism but both responses may interact. Furthermore, the perception of gravity
and water availability might share similar mechanisms and auxin may have been
recruited in the perception and response to water availability. Future identification
of the genes required for hydrotropism may help to reveal the mechanisms of
hydrotropism.

Once roots reach the water source, the ability to absorb water depends on the
driving force (created by water potential difference across plasma membrane) and
the resistance of plant cells to water passage. ABA was shown to transiently activate
the expression of certain water channel (aquoporin) genes in a number of plant
species (reviewed in Javot and Maurel, 2002). Several experiments showed that
exogenous ABA could increase root water conductivity Lp (e.g., Ludewig et al.,
1988; Zhang et al., 1995; Quintero et al., 1999; Hose et al., 2000) but how this
occurs is unclear. In addition to up-regulation of the aquoporin expression and
activity, presumably, ABA may alter root structure and/or decrease water potential
and thus would facilitate water uptake. ABA up-regulated gene products may have a
significant effect on lowering water potentials. When wheat roots were treated with
ABA, there was a significant increase in osmolarity and turgor pressure, although
levels of cations were not changed (Jones et al., 1987). This suggests that increased
non-ionic solutes after ABA treatments are responsible for the increased osmolarity.

5. ABA IN PLANT RESPONSE TO SALT STRESS

Relative to its well-described functions in drought stress response, less is known
about the role of ABA in plant salt stress response. Like drought stress, salt stress
also imposes osmotic stress to plant cells and results in the accumulation of toxic
compounds such as reactive oxygen species. Therefore, combating osmotic stress
and detoxifying toxic compounds are also important for salt tolerance. In these
aspects, ABA may have similar functions in plant salt tolerance as in drought



ABSCISIC ACID IN PLANT RESPONSE AND ADAPTATION 207

tolerance. Comparison of salt tolerance between plant species or genotypes differing
in ABA responses may help to reveal the role of ABA in salt tolerance. Varia-
tions in salt tolerance among Arabidopsis ecotypes have been investigated (e.g.,
Quesada et al., 2002) yet it is unclear whether these differences have anything to
do with ABA biosynthesis and responses. In their comparison of the expression
profiles of the salt tolerant Thellungiella halophila with Arabidopsis thaliana, Gong
et al. (2005) and Taji et al. (2004) found that the expression level of ABA biosyn-
thetic and ABA responsive genes was higher in Thellungiella. Nonetheless, using
ABA deficient or ABA response mutants may better address the potential role of
ABA in salt tolerance.

Seed germination is highly sensitive to environmental conditions such as water
availability, temperature, and salinity. It is known that salt stress enhances ABA
biosynthesis which in turn inhibits germination. ABA deficient mutants are thus
less inhibited by salt stress during germination. Accordingly, some mutants isolated
for their tolerance to salt stress are found to be allelic to ABA deficient or ABA
insensitive mutants (e.g., Quesada et al., 2000; Ruggiero et al., 2004). At the
vegetative stage, however, ABA deficient mutants are more sensitive to salt stress
partly because these mutants are impaired in the activation of stress-responsive
genes (Xiong et al., 2001; 2002). Likewise, it is expected that ABA insensitive
mutants would be salt sensitive too if ABA signaling is critical to salt tolerance.
Nonetheless, the salt sensitivity of adult ABA response mutants was not well
studied. Ohta et al. (2004) reported that seedlings of abil-1 and abi2-1 are more
tolerant to salt stress. A similar observation was also reported by Achard et al.
(2006). Overall, the effects of mutations in ABA signaling components on plant
salt stress response are less obvious than on drought stress response. Measurement
of several growth parameters of adult Arabidopsis wild type and abil-1 and abi2-1
plants growing under salt stress also did not reveal any differences among these
genotypes (Cramer, 2002). Perhaps this has to do with the different impacts of
drought stress and salt stress on plants.

While drought stress imposes ‘physical’ water deficit stress to the plant cells, high
salinity in soil creates a ‘physiological’ water deficit stress. In fact, high external
Na™ often is much more detrimental to glycophytes than the resulting lower water
potential. The mechanisms that condition ionic stress tolerance are therefore of
predominate importance for plant tolerance to high salinity. Consequently, limiting
the uptake, reducing root to shoot transport, increasing the exclusion and compart-
mentalization of Na™ are the methods of choice that glycophytic plants may use
in dealing with salt stress. This was clearly demonstrated in the genetic study of
salt tolerance in Arabidopsis. The most salt sensitive mutants (in terms of primary
root elongation and seedling growth) in Arabidopsis are those that are impaired
in maintaining ion homeostasis (Zhu, 2000). The importance of regulating Na™*
transporters in salt tolerance was also witnessed in other plants including rice (e.g.,
Ren et al., 2005). ABA, whose level increases upon salt stress through transcrip-
tional up-regulation of its biosynthetic genes (Xiong and Zhu, 2003), may directly
or indirectly modulate ion homeostasis during salt stress.
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ABA regulates the expression of some of the transporters involved in salt uptake
and compartmentalization. For example, the vacuole localized Na*/HTantiporter
genes are up-regulated by ABA (Yokoi, et al.,, 2002; Shi and Zhu, 2002). In
addition, protein modification is critical to the function of these transporters. ABA
may regulate transporter activities through posttranslational modification of the
transporters or their regulators, yet the mechanisms involved in the regulation
are unclear at this time. The protein kinase SOS2 can directly phosphorylate and
regulate the plasma membrane-localized Na™/H™ antiporter SOS1 (Qiu et al., 2002;
Quintero et al., 2002) in excluding Na®™ from the cytosol. Interestingly, SOS2
could interact with ABI2, a 2C type phosphatase that negatively regulates ABA
signaling (Ohta et al., 2003). Other 2C type phosphatases, for example PP2CA,
which may act as a negative regulator of several ABA responses (Kuhn et al.,
2006; Yoshida et al., 2006), also interact with K* channels (Chérel et al., 2002;
Vranova et al., 2001). While K* channels in guard cells play critical roles in
stomatal opening and closing (Section 4.1), disturbed K™ homeostasis in roots and
other tissues and cell types may contribute to salt sensitivity (e.g., Zhu et al., 1998;
Rus et al., 2004). It is thus likely that ABA may play a role in regulating ion trans-
porter activities under salt stress. Nonetheless, this regulation may not be as evident
as the regulation of ion channels and transporters in guard cells under drought stress
(Section 4.1), although salt stress also quickly induces stomata closure.

While about one quarter of salt stress-regulated genes are specifically regulated
by salt stress (Ma et al., 2006), most others can also be regulated by drought and
cold stress as well. Salt stress induction of at least a subset of these genes is ABA-
dependent. Early studies suggested that the transcript levels of stress-responsive
genes are lower in both aba and abi mutants when treated with salt or osmotic
stress, although controversy also existed in the literature (see references cited in
Xiong et al., 2001). Since the LOSS5 and LOS6 genes are required for salt induction
of stress responsive genes and they encode the ABA biosynthetic enzymes ABA3
(molybdenum cofactor sulfurase) and ABA1 (zeaxanthin epoxidase), respectively,
this demonstrates that ABA is indeed required for stress induction of these common
stress responsive genes. However, it should be noted that there are other stress-
responsive genes whose expression may be independent of ABA.

6. ABA INTERACTION WITH OTHER HORMONES IN PLANT
STRESS RESPONSE

The growth and development of plants, like that of animals, is regulated by a
diverse set of growth hormones. Plants are distinct from animals in that they
cannot move and therefore they have evolved more robust mechanisms to deal with
adverse environmental conditions. Stress responses in plants evoke a wide array of
genes and intensive signaling pathways. Under abiotic stress, the stress hormone
ABA works together with other phytohormones to adjust growth and development
programs so that the plants may be better adapted to the adverse conditions. Under
these conditions, plant growth will generally be slowed down as a result of reduced
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synthesis and signaling of growth promoting hormones (e.g., auxin, gibberrelin,
and cytokinine) and increased synthesis of growth inhibition hormones (ABA and
ethylene). Among these hormones, the interaction of ethylene and ABA in abiotic
stress response was the most studied.

Under drought and salt stress, ethylene production increases (McMichae et al.,
1972; Apelbaum and Yang, 1981) because of the activation of the biosynthetic genes
and enzymes (e.g., Liu and Zhang, 2004). Increased accumulation of ethylene under
abiotic stress may inhibit plant growth. It was thought that ABA may restrict the
production of ethylene and thus could promote growth under abiotic stresses (Sharp,
2002). On the other hand, ethylene may promote ABA biosynthesis under drought
stress. It was suggested that ethylene-induced ABA production may contribute to
the inhibition of auxin-related herbicides on plant growth. This is because high
levels of IAA or synthetic auxin (such as 2, 4-D) induce ethylene production (e.g.,
Burg and Burg, 1965), which in turn promotes ABA biosynthesis (Hansen and
Grossmann, 2000). However, it is unclear whether indigenous auxin could induce
ABA biosynthesis via enhanced ethylene production. The auxin maxima in plant
tissues do not appear to completely overlap with the sites of ABA biosynthesis.
Furthermore, auxin biosynthesis and signaling may be generally compromised under
drought stress, although detailed experimental evidence in this aspect is lacking.
Thus, auxin may not play a major role in the interaction of ABA and ethylene under
drought stress.

Enhanced production of ethylene may be beneficial for plants under abiotic stress.
For example, senescence of old leaves induced by ethylene will remobilize nutrients
from these leaves and reduce transpirational water loss of the plant as a whole.
When the ethylene biosynthetic gene ACS (1-aminocyclopropane-1-carboxylic acid
synthase) was knocked out in maize, the leaves of the mutant plants exhibited
delayed senescence and had high levels of chlorophyll and high CO, fixation rate.
However, these leaves also had a high transpiration rate (Young et al., 2004). So
it is expected that these mutant plants will delay leaf senescence (a ‘Stay-Green’
trait) but may use up the available water in soil more quickly. Thus, ‘Stay Green’
is beneficial for the plants only when water will be available imminently. Perhaps
because of these reasons, the soybean stay-green mutations actually increased
drought susceptibility (Luquez and Guiarmet, 2002) although it was previously
reported that the Stay-Green trait in sorghum and rice might contribute to increased
biomass production under drought stress (e.g., Borrell et al., 2000).

In addition to the biosynthesis, ethylene responsiveness may be regulated by
drought or salt stress too. The ethylene receptor ETR1 was down-regulated by salt
stress at transcription and protein levels (Zhao and Schaller, 2004). This would
result in increased sensitivity to ethylene (ethylene receptors negatively regulate the
downstream signaling) and perhaps would offer some advantages to plants under
stress. When the ethylene receptor NTHK 1 was overexpressed in tobacco (so that the
downstream ethylene signaling pathway would be suppressed), the transgenic plants
were found to have a higher Na*/K" ratio and were more sensitive to salt stress
(Cao et al., 2006). Similarly, the ethylene insensitive mutant ein3 was more sensitive
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to salt stress whereas the constitutive ethylene response mutant ctr/ was salt-
tolerant during the early seedling stage (Achard et al., 2006). Interaction between
ABA and ethylene under abiotic stress is also suggested by the fact that certain
transcription factors responsible for the activation of ABA/stress-responsive genes
and ethylene-responsive genes are of a similar class and may be subject to similar
regulations. The ethylene responsive factor binding protein (ERF/EREBP) and the
CBF/DREB class of transcription factors may cross-activate stress responsive genes
(e.g., Fujimoto et al., 2000). Some ERF proteins act as transcription repressors
regulating ethylene and ABA responses (Yang et al., 2005; Song et al., 2005).
Accordingly, regulating these ERF transcriptional regulators may result in altered
drought and salt stress sensitivity (e.g., Yang and Wu, 2005; Song et al., 2005;
Zhang et al., 2005).

The antagonism between ethylene and ABA was also found in other stress
response processes. Ethylene inhibits ABA-induced stomatal closure and reduces
the induction of the ABA-induced gene Rabi8 (Tanaka et al., 2005). Yet, how this
was achieved is unclear. It was noted that the ABI/ and ABI2 genes were highly
up-regulated by ethylene (De Paepe et al., 2004). These negative regulators of
ABA signaling may thus reduce ABA responses. In previous studies, it was found
that ethylene and ABA play antagonizing roles in controlling seed germination
(Beaudoin et al., 2000; Ghassemian et al., 2000). Ethylene and ABA may also
interact in regulating drought rhizogenesis (Section 4.4). The ethylene insensitive
mutant ein2 is hypersensitive to ABA in drought rhizogenesis, implying a role of
ethylene in regulating cell fate and cell elongation in response to abiotic stress
(L. Xiong, unpublished data). In addition, ein2 also exhibited reduced lateral root
development in the absence of exogenous ABA.

Phytohormones may act together with or independently of ABA in regulating
stomata movement (reviewed in Dodd, 2003). Exogenous IAA can stimulate
stomatal opening and suppress the inhibition of ABA on the opening. Auxin-
induced stomatal opening may result from auxin-induced ethylene production
since inhibition of ethylene biosynthesis can inhibit IAA-induced stomatal opening
(Merritt et al., 2001). Exogenous ABA alkalinizes the cytosol whereas IAA can
acidify the cytosol (Gehring et al., 1990). The pH changes induced by IAA or ABA
may regulate ion channels and ion flux and thus stomata movement. Evidence has
suggested that cytosolic alkalization occurs before ABA-induced ROS production
and stomata closure (Suhita et al., 2004). In some of these studies on hormonal
regulation of stomata movement, hormone biosynthesis or response mutants were
not always used and epidermal strips were the major materials used to observe
stomatal regulation. Further investigation of the role of non-ABA hormones in
regulating stomata movement is needed. Because of the significant accumulation
of ABA within or in the vicinity of the guard cells during drought stress, however,
ABA should be the prevailing hormone in regulating stomata under drought stress.

In summary, increased functions of growth inhibitory hormones and simultane-
ously reduced functions of growth promoting hormones contribute to the retarded
plant growth under drought or salt stress. This may represent an adaptive strategy
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for the plants to survive the stress at the expense of their growth. This strategy
may work well for a population as a whole to survive a drought spell: retarded
plants will use less water resource and will be able to recover growth when the
next rainfall comes. To genetically abrogate this response may temporarily enhance
plant growth but may not result in increased productivity of a population if water
will not be available at later stages of plant development.

7. HARNESS ABA AND ITS SIGNALING FOR THE REGULATION
OF PLANT DROUGHT AND STRESS TOLERANCE

Since ABA plays such important roles in drought and salt adaptation, it is possible
that by manipulating ABA levels or ABA sensitivity one may be able to obtain
stress tolerant crop plants. Before the isolation of ABA biosynthetic genes, crop
breeders had tried to use ABA levels as a trait in breeding for drought resistant
crops. Theoretically, a higher ABA level under drought stress may confer increased
drought tolerance. However, it should be born in mind that ABA biosynthesis and
catabolism are drought-stress regulated. Thus, drought sensitive plants may in fact
experience a higher degree of stress and thus may lead to increased production
of ABA (Xiong and Zhu, 2003). Therefore, the causal relation between internal
ABA levels and drought susceptibility may be complex. Accordingly, both positive
(Samet et al., 1980; Henson et al., 1981) and negative (Ilahi and Dorffling, 1982;
Quarrie and Jones, 1979; Wang and Huang, 2003) correlations between leaf ABA
content and drought tolerance were found (reviewed in Quarrie, 1991). Since the
accumulation of ABA in leaves does not necessarily correlate with stomatal closure
even within the same plant (Jia and Zhang 1999), variations in leaf ABA levels
may not be able to account for differences in drought tolerance among cultivars
of diverse genetic backgrounds. Thus, the correlation between ABA and drought
tolerance among different plant species or cultivars within species is pleiotropic at
the best (Giuliani et al., 2005). Without some certainty as to the contribution of ABA
levels to drought tolerance, breeding ABA levels using conventional approaches for
enhancing drought tolerance may not work well. Pertinent to breeding ABA levels,
there are also other breeding programs using various traits that appear to correlate
with drought resistance of crop plants. Considering the genetic diversity of many
crop plants and the complex mechanisms of drought tolerance, it may be advisable
to use yield performance as the sole trait in the breeding for drought tolerance.
With the identification of the ABA biosynthetic genes, it becomes feasible to use
these genes in enhancing ABA production and, potentially, plant stress tolerance.
To maximize the possibility of bursting ABA production, it is ideal to enhance the
expression of the rate-limiting enzyme in the biosynthetic pathway. Researchers
have suggested that the cleavage step is rate-limiting (Schwatz and Zeevaart, 2003).
Therefore, initial efforts to regulate ABA biosynthesis were mainly focused on the
NCED?3 gene. It was reported that overexpression of this gene in Arabidopsis and
in tobacco resulted in increased ABA production and enhanced drought and salt
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tolerance (Iuchi et al., 2001; Qin and Zeevaart, 2002). On the other hand, it was
proposed that ABA biosynthetic genes might be subject to self-regulation (Xiong
and Zhu, 2003). In this scenario, up-regulation of any of the biosynthetic genes
would result in increased ABA biosynthesis to various extents. In consistence with
this idea, overexpressing the ZEP gene, which is the most abundantly expressed
among all these known ABA biosynthetic genes, and ABA3/LOS5 either resulted in
enhanced ABA responses in stress gene induction or increased drought tolerance
(Xiong et al., 2002; unpublished). Similarly, regulation of ZEP in tobacco also
results in increased ABA accumulation and enhanced seed dormancy (Frey et al.,
1999). In addition to the regulation of biosynthesis, reduced ABA catabolism and
conjugation will also result in enhanced ABA accumulation and potentially will
increase drought tolerance of the plants (Section 3.1).

Another approach to enhance drought tolerance is to increase the sensitivity of
plant cells to ABA. Since Arabidopsis mutants with altered sensitivity to ABA are
available (Finkelstein and Rock, 2002), regulating the expression level of these
genes may confer altered drought tolerance in transgenic plants. One example is
that suppression of the ERAI gene in canola resulted in increased sensitivity to
ABA and increased drought tolerance and better yield under mild drought stress
(Wang et al., 2005). Because the pathway for ABA signal transduction involves far
more components than those in the ABA biosynthesis pathway, there would be many
opportunities to regulate ABA responses to control stomata and whole plant response
to drought and salt stress. Many successful laboratory studies were reported in
enhancing drought or salt tolerance by expressing these signal transduction compo-
nents. These components include putative receptors/sensors, G-protein subunits,
second messenger producers, protein kinases (including Ca®*-dependent protein
kinases, MAP kinase components), and transcription factors. In other experiments,
stress-inducible genes are directly regulated. Research on the enhancement of stress
tolerance by regulating stress responsive genes and stress signaling components has
been intensively reviewed elsewhere (Bajaj et al., 1999; Chinusamy et al., 2005;
Vinocur and Altman, 2005; Umezawa et al., 20006).

Despite many successful examples in enhancing stress tolerance using transgenic
techniques, currently there has been no field application of these techniques. In fact,
very few field trials of these transgenic plants (Wang et al., 2005) were conducted.
In field conditions, the effectiveness of the transgenic plants in improving drought
tolerance may also vary considerably (Bahieldin et al., 2005). A concern about
public acceptance of genetically modified crops may not be the only reason for
the lack of field application of the above laboratory research. Current transgenic
techniques can also be improved. For example, overexpression of stress responsive
genes often impairs plant growth under normal conditions. This negative effect
could be reduced by using inducible promoters. However, certain stress inducible
promoters (such as the RD29A promoter) are also regulated by other environ-
mental factors (such as light, circadian rhythm, and mechanical stress). In the field
condition, the transgene may still be turned on even if there is no drought stress.
Therefore, one important task in the future is to develop artificial promoters that
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can be specifically turned on by drought or other designated stresses. Furthermore,
the transgenes should be expressed in the specific tissue or cell types (e.g., guard
cells) where they are supposed to function. In these ways, the negative effect of
their genetic manipulations may be minimized.
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Understanding gene regulation mechanisms is important for genetic improvement of
abiotic stress resistance of crops. In response to developmental and environmental cues,
plants employ a plethora of gene regulation mechanisms, one of which is posttran-
scriptional regulation of gene expression by non-protein coding small RNAs. Samll
RNAs, namely, microRNAs (miRNAs) and short interfering RNAs (siRNAs), are
~20 to 24-nucleotide single stranded RNAs. miRNAs are synthesized from MIR
gene transcripts, while siRNAs are synthesized from dsRNA formed by transcripts of
heterochromatin DNA repeats, mRNAs encoded by natural cis-antisense gene pairs and
miRNA directed cleavage of ssSRNA/mRNA. Small RNAs regulate the expression of
complementary/partially complementary genes by directing mRNA cleavage, transla-
tional repression, chromatin remodeling and DNA methylation. Several stress responsive
small RNAs have been identified in plants and their role in oxidative stress tolerance,
osmolyte accumulation/osmoprotection and nutrient starvation response have been
established. Under abiotic stresses, stress-upregulated miRNAs may down-regulate their
target genes, which are likely negative regulators of stress tolerance, while stress down
regulated miRNAs may result in accumulation of their target gene mRNAs, which may
positively regulate stress tolerance. Overexpression of miRNA-resistant target genes
will help overcome post-transcriptional gene silencing, and thus may lead to better
expression of engineered trait in transgenic plants. Understanding the roles of small
RNAs in transcriptome homeostasis, cellular tolerance, phenological and developmental
plasticity of plants under abiotic stress and recovery will help genetic engineering of
abiotic stress resistance in crop plants

microRNAs, short interfering RNAs, osmoprotection, osmoregulation, osmotic stress
management, ubiquitination, sugar sensing
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1. INTRODUCTION

Abiotic stresses such as drought, excess salt, extremes of temperatures (low
or high) and mineral nutrient deficiencies impose severe production constrains
on food, fodder, fiber and fuel production. Drought is a major abiotic stress
that affects agriculture in 45% of the world geographical area (Bot et al.
2000). Food security of many countries depends upon irrigated agriculture.
However, the available amount of water for irrigation is increasingly getting
scarce worldwide. Use of underground water for irrigation (around 10% of total
irrigation) led to unsustainable decline in underground water tables (Somerville
and Briscoe 2001). About 20% of irrigated agricultural land and 2% of dryland
agriculture are affected by salinity (Yeo et al. 1999). Temperature stresses often
affect crop production in irrigated agriculture. Further, temperatures lower or
higher than the physiological optimum exacerbate drought and salinity stresses.
Global climate changes suggest a future increase in the frequency of drought
and extreme-temperature stresses in many parts of the world (IPCC 2001).
Growing population demands more production from the shrinking agricultural
land. This can be achieved by increasing yield under irrigated agriculture and
enhancing the productivity of stress affected lands. As yield levels already
reached a plateau in irrigated agriculture, the productivity of abiotic stress
affected area needs to be increased to meet the growing global demand.
Therefore, the greatest challenge for the coming decades will be increasing crop
production from abiotic stress affected lands. Genetic enhancement of abiotic
stress tolerance of crops is one of the important strategies to enhance produc-
tivity of crops in these areas. Research conducted during the past four decades
has led to the understanding of major morphological and physiological mecha-
nisms of drought and salt tolerance. With the advent of molecular biology,
efforts have been made to unravel the molecular basis of these morpho-
logical and physiological mechanisms of abiotic stress tolerance (Reviews, Zhu,
2002; Chinnusamy et. al. 2004, 2005 and 2006; Yamaguchi and Blumwald
2005; Bohnert et al. 2006; Umezawa et al. 2006; Yamaguchi-Shinozaki and
Shinozaki 2006).

The identification of microRNAs (miRNAs) as a regulator of the timing of
C. elegans heterolarval development revealed a new mechanism of gene repression
(Lee et al. 1993). Studies on the molecular basis of posttranscriptional gene silencing
led to the discovery of small interfering RNAs (siRNAs) (Hamilton and Baulcombe
1999). Followed by these pioneering studies, research during the past decade
identified ~21 to 24 nt small RNAs as ubiquitous repressors of gene expression
in animals and plants. Small RNAs, which do not code for proteins but negatively
regulate gene expression, are classified into two types based on their biogenesis:
1) microRNAs (miRNAs), and 2) short interfering RNAs (siRNAs). Small RNAs
play a pivotal role in gene regulation in plants. This chapter will cover briefly
the biogenesis of small RNAs and small RNA mediated gene regulation in abiotic
stress tolerance of plants.
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2. BIOGENESIS AND ACTION OF SMALL RNAS
2.1. Biogenesis of miRNAs

miRNAs are synthesized from single stranded primary miRNA (pri-miRNA)
transcripts, which are transcribed from miRNA genes (MIR genes) by RNA
polymerase II. The structure of pri-miRNA is similar to that of protein coding
mRNAs, i.e., it has 5° 7mG cap and 3° poly-A tail. The pri-miRNA transcript
forms one or more stem-loop secondary structures (imperfectly paired hairpin) of
60-300 nucleotides. In plants, the hairpin structure of pri-miRNA is cleaved by
a Ribonuclease Ill-like enzyme called Dicer-like 1 (DCL1) protein to produce
miRNA-miRNA* duplex in the nucleus. DCLI1 protein interacts with a nuclear
dsRNA-binding protein, HYPONASTIC LEAVES 1 (HYL1) (Kurihara et al. 2006)
for recognition and accurate cleavage of pri-miRNA into miRNA-miRNA* duplex
(stem region of hairpin) of ~21 nt in length. A nuclear methyltransferase protein
HUA ENHANCER 1 (HEN1) methylates the 3-terminal nucleotides on their 2°-OH
group in miRNA-miRNA* duplex and this methylation may help stabilize miRNAs.
Thus generated miRNA-miRNA* duplex is exported from nucleus into cytoplasm
by HASTY (HST), a member of the importin 3 family of nucleocytoplasmic trans-
porters. The miRNA-miRNA* duplex is then unwound into a single stranded mature
miRNA by an unknown helicase. The miRNA (~21 nt length) then enters the RNA
induced silencing complex (Figure 1; Bartel 2004; Kidner and Martienssen 2005;
Jones-Rhoades et al. 2006; Mallory and Vaucheret 2006).

2.2. Biogenesis of siRNAs

Short interfering RNAs (siRNAs) are synthesized from long double-stranded RNAs
(dsRNAs) of exogenous or endogenous origin. Viral- or cellular-encoded RNA-
dependent RNA polymerases (RDRs) generate dsRNAs in viral infected cells of
plants. In case of transgene silencing, plant encoded RDRs generate dsRNAs
from RNAs produced by the transgene. The endogenous sources of dsRNAs
are 1) miRNA directed cleavage products of non-coding single stranded RNAs
(ssRNAs)/mRNA, which are then converted into dsSRNAs by RDRs, 2) dsRNAs
formed from the mRNAs encoded by natural cis-antisense gene pair (Borsani et al.
2005), and 3) dsRNAs generated from heterochromatin and DNA repeats (Mallory
and Vaucheret, 2006). The siRNAs produced by miRNA directed cleavage of
ssRNAs/transgene mRNAs are referred to as trans-acting siRNAs (ta-siRNAs),
while the siRNAs derived from dsRNAs formed from the mRNAs encoded
by natural cis-antisense gene pair are called natural antisense gene generated
siRNAs (nat-siRNAs). RDRs and DCL-like proteins process the dsRNAs formed
from different sources. Arabidopsis genome encodes four DCL-like proteins and
six RDR proteins. Biogenesis of different classes of siRNAs is carried out by
specific RDR-DCL protein combinations (Jones-Rhoades et al. 2006; Mallory and
Vaucheret 2000).
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Figure 1. miRNA Biogenesis and Post-Transcriptional RNA Silencing in Plants. Pri-miRNA is
transcribed from miRNA gene (MIR gene) by RNA polymerase II. The pri-miRNA transcript forms
one or more stem-loop structure, which is cleaved by Ribonuclease III-like enzyme called Dicer-like 1
(DCL1) protein. DCL1 protein interacts with a nuclear dsSRNA-binding protein, HYPONASTIC LEAVES
1 (HYL1) for recognition and accurate cleavage of pri-miRNA into miRNA-miRNA* duplex (~21 bp),
which is then methylated by a nuclear methyltransferase, HUA ENHANCER 1 (HEN1) at the 3-terminal
nucleotides on their 2’-OH group in miRNA-miRNA* duplex. miRNA-miRNA* duplex is exported to
cytosol by HASTY (HST), a member of the importin B family of nucleocytoplasmic transporters. The
miRNA-miRNA* duplex is unwound into single stranded mature miRNA by an unknown helicase. The
miRNA (~21 nucleotide length) then enters the RNA induced silencing complex (RISC) containing
Argonaute (AGO) family protein, AGO1. RISC then cleaves the target mRNA or inhibits translation
and thus reduces the protein level of target gene

Biogenesis of ta-siRNAs involves miRNA directed cleavage of target mRNAs.
These cleavage products are recognized by SUPPRESSOR OF GENE SILENCING3
(SGS3, At5g23570), a coiled-coil protein with zinc finger domain, followed by
synthesis of complementary RNA strand by RDR6 (At3g49500 = SUPPRESSOR
OF GENE SILENCING2, SILENCING DEFECTIVEL). These dsRNAs are then
cleaved into 21 nt siRNA duplex by DCL4 to produce ta-siRNAs (Figure 2; Peragine
et al. 2004; Gasciolli et al. 2005; Vazquez et al. 2004; Xie et al. 2005; Yoshikawa
et al. 2005; Ronemus et al. 2006).

Biogenesis of nat-siRNAs begins with the formation of dsRNAs by the transcripts
of natural cis-antisense gene pairs. These dsRNAs are processed by DCL2, RDR6,
SGS3, and a plant-specific RNA polymerase, NRPDIA to generate a 24-nt nat-
siRNA, which then direct biogenesis of 21-nt nat-siRNAs by DCL1 (Figure 3;
Borsani et al. 2005).
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Figure 2. ta-siRNA Biogenesis and Post-Transcriptional RNA Silencing in Plants. Transcription of
transgene or viral infection leads to formation pri-siRNA transcripts, which are cleaved by miRNA
guided cleavage by RISC complex. The cleaved mRNA is then converted into dsRNAs by RNA-
dependent RNA polymerases (RDRs). The long dsRNA is again cleaved by DCL4 ta-siRNA duplex.
ta-siRNA duplex is methylated at 3° end by HEN1 and exported to cytoplasm. In cytoplasm, appropriate
strand of ta-siRNA enters RISC containing AGO1 or AGO7. RISC then cleaves the target mRNA or
inhibit translation and thus reduces the protein level of target gene

The third type of siRNAs (24-nt) is generated by DCL3, RDR2 and NRPD1A by
processing RNAs from transposons, 5S rRNA genes, endogenous genes with direct
invert repeats and transgenes with direct repeats (Chan et al. 2004; Xie et al. 2004;
Zilberman et al. 2004; Mallory and Vaucheret, 2006).

2.3. Mechanism of Action of Small RNAs

The modes of action of gene silencing directed by miRNAs and siRNAs can be
grouped into the following three categories: 1) Cleavage of target mRNA by comple-
mentary miRNA or siRNA, 2) miRNA or siRNA mediated translational repression
and 3) transcriptional silencing mediated mainly by heterochromatic siRNAs and
in some cases by miRNA (Fig. 1-3; Bartel 2004; Bao et al. 2004; Chan et al.
2005). Small RNAs are incorporated into RNA-induced silencing complex (RISC)
or RNAi-induced transcriptional silencing (RITS) complex, which contain Argonaute
(AGO) family proteins. AGO proteins contain two conserved domains, namely the
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Figure 3. nat-siRNA Biogenesis and Post-Transcriptional RNA Silencing in Plants. In overlapping genes
on opposite strands of DNA, (cis-NAT gene pair), when both the genes are transcribed, transcribed
mRNAs form dsRNA in the overlapping region. This dsSRNA undergoes a siRNA biogenesis pathway
requiring DCL2, RDR6, SGS3, and NRPDIA to produce a 24-nt nat-siRNA. The 24-nt nat-siRNA
guides the cleavage of the target gene transcript to further produce a 21-nt nat-siRNAs by DCL1. These
nat-siRNAs guide cleavage of target gene mRNAs, and thus reduce the mRNA level of target genes

%

PAZ (an RNA-binding domain) and PIWI (similar to RNase H enzyme) domains.
Arabidopsis genome encodes ten Argonaute proteins (Jones-Rhoades et al.2006).

The mature miRNA-miRNA* duplex is incorporated into AGO protein of RNA-
induced silencing complex (RISC) and the miRNA* is degraded. The RISC
represses the target gene expression mainly by mRNA cleavage and in some cases
by translational repression in plants. miRNA in the AGO1 complex pairs with
complementaty mRNA of the target gene and guides the cleavage of mRNA by
AGOI. In the case of ta-siRNAs and nat-siRNAs, one strand of siRNA is incor-
porated into RISC containing AGO1 or AGO7, which then cleaves complementary
mRNAs. A miRNA cannot regulate its own expression (MIR gene) as it is identical
to it, while siRNAs can act in both cis and trans. In cis, sSiRNA derived from the
negative strand of RNA duplex can guide degradation of RNA from which the
siRNA was generated, and in trans by cleavage of any other RNA with substantial
complementarity to the positive and negative strands of siRNAs (Bartel 2004,
Mallory and Vaucheret 2006). When complementarity between small RNAs and
protein-coding mRNAs is less but suitable constellation of complementarity exists,
the translation of mRNAs will be repressed (Aukerman and Sakai 2003; Bartel
2004).
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The 24-nt siRNAs derived from transposons and repetitive sequences are loaded
into a putative RNA-induced transcriptional silencing (RITS) complex containing
AGO4 in plants. The siRNA-RITS mediates transcriptional silencing of the loci from
which the siRNAs are derived. Transcriptional silencing is imposed by chromatin
remodeling and DNA methylation (Chan et al. 2004; Lippman et al. 2004; Jones-
Rhoades et al. 2006; Mallory and Vaucheret 2006). Further, miRNAs can also guide
DNA methylation, and thus may participate in transcriptional gene silencing (Bao
et al. 2004). Thus, there is an inverse correlation between the expression of small
RNAs and their target genes.

3. SMALL RNA REGULATED GENE EXPRESSION UNDER
ABIOTIC STRESSES

Plants have evolved some stress-specific tolerance mechanisms and some common
tolerance mechanisms to resist all abiotic stresses. Drought tolerance mechanisms
of plants can be grouped into the following three mechanisms: 1) avoidance of
cellular water deficit, 2) tolerance to low tissue water potential, and 3) pheno-
typic/developmental plasticity. Plants can avoid cellular water deficit by uptake
of water from deep soil, which is controlled by root growth under drought, deep
root system, change in hydraulic conductivity, aquaporin expression, etc., and by
minimization of cuticular and stomatal (transpirational) water loss from aerial parts
of plants. Plants regulate the rate of transpiration by adjusting stomatal number,
distribution, sunken stomata, stomatal hairs, and control of stomatal aperture,
opening and closing. Plants minimize water loss by closing their stomata under
brief exposure to drought, while under long term drought, plants employ non-
stomatal mechanisms of water loss minimization such as deposition of epicu-
ticular wax in the epidermal cells of stems and leaves, radiation reflectance (leaf
pubescence, leaf color), reduction in transpiring surface i.e., reduction in leaf
area, leaf rolling (monocots), folding (dicots) and senescence. Osmotic adjustment
or active solute (organic and inorganic) accumulation under osmotic stresses
helps plant to overcome osmotic stresses. Tolerance to low tissue water potential
is brought about by mechanisms that allow cells to function under low tissue
water potential. These mechanisms include protection of cellular machinery by
chaperone proteins, late embryogenesis abundant type proteins, osmoprotectants,
change in plasma membrane and organellar membrane composition, etc. Detoxifi-
cation of reactive oxygen species by antioxidant defense is an important tolerance
mechanism under abiotic stresses. Under salinity stress, plants employ mechanisms
to maintain cellular ion homeostasis (SOS pathway) and osmotic homeostasis,
and damage control/repair mechanisms (Zhu 2003; Chinnusamy et al. 2005).
Oxidative stress management and osmotic adjustment/osmoprotection are common
mechanism of abiotic stress tolerance. Molecular genetic evidences for small
RNA mediated regulation of oxidative stress management and osmolyte accumu-
lation/osmoprotection have been established recently (Borsani et al. 2005; Sunkar
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et al. 2006). Further, some stress regulated small RNAs have been identified (Jones-
Rhoades and Bartel 2004; Sunkar and Zhu 2004) and their target genes have been
predicted. The potential regulation of stress responses by small RNAs and their
target genes is discussed below.

3.1. Abiotic Stress Regulated Small RNAs

Cloning of small RNAs from stressed Arabidopsis plants led to the identification
of some stress responsive miRNAs and siRNAs (Sunkar and Zhu 2004; Borsani
et al. 2005). Construction and analysis of a library of small RNAs from Arabidopsis
seedlings treated with ABA, dehydration, salinity, or cold stresses led to the identi-
fication of 34 new miRNAs comprising 15 families. Expression analysis of these
miRNAs under abiotic stresses revealed that expression of some of these miRNAs
is indeed regulated by abiotic stresses in Arabidopsis. These miRNAs and their
target genes are listed in Table 1. miR393 is strongly upregulated by ABA, cold,
dehydration, and salt stress, while miR397b and miR402 are slightly upregulated
by all these stresses. Stress specific regulation of miRNAs was also found as in
the case of miR319c, which is upregulated by cold but not dehydration, salt, or
ABA. Further, all of these stresses down-regulate miR389a.1 (Sunkar and Zhu
2004). Many genes involved in stress tolerance of plants are either upregulated or
down regulated, depends upon their role under stress. Genes involved in primary
metabolism are, in general, down regulated by abiotic stresses. Under abiotic
stresses, stress-upregulated miRNAs may down-regulate their target genes, which
are likely negative regulators of stress tolerance, while down regulation of miRNAs
under stress may result in accumulation of their target gene mRNAs, which are
positive regulators of stress tolerance (Sunkar and Zhu 2004).

3.2. Target Genes of Stress Regulated Small RNAs

Predicted target genes for the stress-regulated miRNAs are involved in various
cellular functions (Table 2). Stress-induced or upregulated miRNAs are expected
to target negative regulators of stress responses (for example, repressors of stress
responsive genes) and genes involved in plant processes that are inhibited by stresses
(e.g., cell division and expansion). On the other hand, under non-stress conditions
positive regulators and/or stress upregulated genes may be the targets of stress
down-regulated miRNAs, and thus, down regulation of these miRNAs leads to
upregulation of their target genes under stress. Table 2 shows the expression pattern
of target genes of stress-regulated miRNAs.

The target genes of abiotic stress regulated miRNAs encode proteins for
ubiquitin mediated proteolysis (E3 ubiquitin ligase SCF complex F-box protein),
sugar sensing (At4g03190, identical to GRR1), cell wall metabolisms (laccases),
cytochrome P450 and proteins with unknown functions. Interestingly these target
genes also show stress responsive expression patterns (Table 2).
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Table 1. Abiotic stress responsive miRNAs and their target genes in Arabidopsis (Source: Sunkar and
Zhu 2004)

Arabidopsis Expression under abiotic stress Predicted target genes and their
miRNA functions
miR393 Strongly upregulated by cold, At3g26810(2), putative E3 ubiquitin
dehydration, NaCl, and ABA ligase SCF complex F-box protein
Atl1g12820(2)
At3g62980(2)
At3226830(2), putative cytochrome
P450
At4g03190(3)
miR397b Slightly upregulated by cold, At3g60250(2)
dehydration, NaCl, and ABA At2g29130(3)
At2g38080(3)
miR402 Slightly upregulated by cold, At4g34060(1)
dehydration, NaCl, and ABA
miR319¢ Upregulated by cold but not
dehydration, NaCl, or ABA
miR389a.1 Down-regulated by cold, At5g18040(1), At5g18065(1),
dehydration, NaCl, and ABA At4g29760(2), Atlg51670(2),
At4g29770(3)

In addition, Sunkar and Zhu (2004) have also identified 102 endogenous small RNAs in Arabidopsis.

3.2.1. Ubiquitination

Regulated protein degradation mediated by the ubiquitin/26S proteosome
contributes significantly to developmental processes such as embryogenesis,
hormone signaling, and senescence. About 5% (1400 genes) of the Arabidopsis
genome encodes components of the ubiquitin/26 proteasome (Ub/26S) pathway, of
which ~90% of the genes encode subunits of the E3 ubiquitin ligases. Ubiquitin
protein is attached to a substrate through the action of three enzymes: the ubiquitin
activating enzyme (E1), ubiquitin conjugating enzyme (E2), and ubiquitin protein
ligase (E3). E3 ubiquitin ligases confer substrate specificity to the pathway (Moon
et al. 2004). In addition to the developmental processes, protein degradation plays
a very crucial role in various abiotic stress responses of plants. Most of the abiotic
stresses induce senescence, and often senescing older leaves supply the nutrients,
mainly the N required by young leaves and reproductive parts. Leaf senescence
is also used as a strategy to reduce water loss under drought stress. Heat stress
induces protein denaturation and the denatured proteins are either repaired or
undergo ubiquitin-mediated proteolysis. In fact, heat stress has been shown to
increase conjugated ubiquitin in plants (Ferguson et al. 1990; Ortiz and Cardemil
2001). Further, ubiquitination also regulate gene expression under cold stress.
During cold acclimation, Inducer of CBF expression 1 (ICE1) protein is activated
and ICEl induces the expression of C-repeat (CRT)-binding factors (CBFs) and
other transcription factors leading to the transcription of downstream effector genes
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Table 2. Regulation of target genes of stress-responsive miRNA by ABA and abiotic stresses in
Arabidopsis

Arabidopsis Target genes and their Fold change in expression of target genes under
miRNA functions abiotic  stresses (Genevestigator Response viewer,
https://www.genevestigator.ethz.ch)

Drought Salt Cold Heat  Oxidative ABA

miR393 At3g26810(2), putative E3 0.82 0.59 0.78 0.61 0.80 0.66
ubiquitin ligase SCF complex
F-box protein
Atlgl2820(2), putative E3 1.02 0.76 0.65 1.02 1.05 0.85
ubiquitin ligase SCF complex
F-box protein, induced by
phosphate starvation (Martin
et al. 2000)
At3g62980(2), putative E3 1.26 1.07 0.76 0.90 1.24 1.12
ubiquitin ligase SCF complex
F-box protein = transport
inhibitor response 1 = TIR1
At3g26830(2), putative 1.08 4.85 1.57 0.42 1.73 0.90
cytochrome P450, indole
phytoalexin biosynthesis
At4g03190(3), F-box family  1.28 1.01 0.71 0.93 1.24 0.64
protein (FBL18), almost
identical to GRR1-like
protein 1 (GRH1=GRR1)
miR397b  At3g60250(2) Regulatory 1.06 0.88 1.04 1.52 1.09 0.87
(beta) subunit (CKB3)of the
protein kinase CK2. Involved
in regulation of the circadian
clock in Arabidopsis

At2g29130(3), putative 0.66 0.80 0.63 0.67 0.75 0.45
laccase

At2g38080(3), putative 1.24 1.26 1.04 0.88 1.15 1.02
laccase, cell wall

biosynthesis.

miR402 At4g34060(1) ROS1,
excision DNA repair family
protein
miR38%a.1 At5g18040(1) expressed 1.03 1.47 1.04 4.13 1.21 1.02
protein
At5g18065(1) expressed
protein
At4229760(2) expressed
protein
Atlg51670(2) expressed 0.72 1.8 1.11 1.29 0.97 0.58
protein
At4g29770(3) expressed 0.9 0.79 0.9 12.42 1.05 0.83
protein
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and cold acclimation (Chinnusamy et al. 2003 & 2006; Lee et al. 2005). The
HOSI1 (high expression of osmotically responsive genes), an E3 ubiquitin ligase
protein negatively regulates cold responses through the ubiquitination of ICE1. After
12 hours of cold stress, degradation of ICEI is mediated by HOS1 (Dong et
al. 2006). Thus ubiquitination-mediated proteolysis is an important process of
abiotic stress tolerance. The miR393 target genes encoding E3 ubiquitin ligases,
cytochrome P450 and F-box family protein (Table 2). One of the target genes
At3226810 encoding E3 ubiquitin ligase showed down regulation under abiotic
stresses namely drought, salt, cold, heat and oxidative stresses and ABA treatment
in Arabidopsis (Table 2, microarray data from response viewer of Genevestigator,
https://www.genevestigator. ethz.ch). Thus, upregulation of miR393 by ABA, cold,
dehydration, and salt stresses (Sunkar and Zhu 2004) may down regulate its target
genes encoding E3 ubiquitin ligases under these stresses. The target proteins for
At3g26810 and Atlgl12820 mediated ubiquitination may accumulate under these
stresses. Another target gene At3g62980, an auxin receptor encoding E3 ubiquitin
ligase (transport inhibitor response 1 = TIR1) showed down regulation under cold
stress, suggesting that miR393 is one possible regulator of At3g62980 expression
under cold stress (Table 2). These results suggest that these E3 ubiquitin ligases may
be involved in proteolysis of transcriptional and other regulators of stress tolerance.
The stress upregulation of miR393 suggests that a down-regulation of target TIR1
(At3262980) mRNA or its translational repression. Auxin is involved in many plant
processes including cell elongation and thus growth. TIR1 is a positive regulator of
auxin signaling by promoting the degradation of Aux/IAA proteins (Dharmasiri and
Estelle, 2002). The miRNA inhibition of TIR1 would down-regulate auxin signaling
and may contribute to the inhibition of plant growth under stress. However, a
role of these E3 ubiquitin ligases in abiotic stress responses is yet to be defined
experimentally.

3.2.2. Sugar sensing

In plants, energy and carbon requirement for various processes of growth and devel-
opment is met through sugars. Sugars synthesized in photosynthesis are transported
to sink tissues, and channeled to respiration or converted into storage compounds
(lipids, starch, protein, sucrose, fructans). Hence, it is expected that the metabolic
processes involved are dependent upon the concentration of sugars. Low sugar
levels in source tissue increase source activities such as photosynthesis, nutrient
mobilization, and export, while high sugar levels in sink tissues stimulate growth
and storage. Sugar accumulation in source tissues down-regulates photosynthesis
and ensures sugar homeostasis. Abiotic stresses influence the sugar status of cells
due to a decrease in photosynthesis, change in metabolism, and demand for high
maintenance respiration. Plants use sugar status as a signal to modulate source-sink
activity, and thus, growth and development in response to various environmental
cues. The plant stress hormone, ABA, also plays a very crucial role in cellular sugar
budget mediated regulation of plant growth and development as evident from the
glucose/sugar insensitivity of ABA deficient and ABA insensitive mutants (Rolland
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et al. 2006). Sunkar and Zhu (2004) have shown the upregulation of miR393
by ABA, cold, dehydration and salt stresses. One of the miR393 target genes,
At4g03190, encodes an F-box protein that shows similarity to Glucose Repression
Resistance 1 (GRR1), a yeast protein involved in glucose repression. Genevestigator
response viewer data suggest that At4g03190 is down-regulated in response to cold
and ABA treatments (Table 2). In yeast, GRR1 is involved in glucose suppression.
In plants, the GRR1 homolog, At4g03190, may also play a similar role, and may
be important in sugar sensing. Investigations into the role of miR393 and its target
At4g03190 may shed light on sugar sensing in plants under stress.

3.2.3. Oxidative stress management

Reactive oxygen species (ROS) namely, superoxide radicals (O;’), hydrogen
peroxide (H,O,) and hydroxyl radicals (OH") are produced in aerobic cellular
processes such as mitochondrial and chloroplast electron transport, or oxidation
of glycolate (photorespiration), xanthine, and glucose. The antioxidants (ascorbate,
glutathione, a-tocopherol and carotenoids) and ROS detoxifying enzymes (super-
oxide dismutase, catalases, and enzymes of the ascorbate- glutathione cycle)
detoxify ROS so as to prevent the increase of ROS to toxic levels. Abiotic stresses
cause impairment of photosynthesis and other metabolic processes, and thus, cause
production of toxic levels of ROS, which then cause oxidative damage to membrane
lipids, proteins and nucleic acids. Therefore, ROS detoxification is crucial for
abiotic stress tolerance of plants. Transgenic studies have shown that abiotic stress
tolerance of plants can be improved through overexpression of genes encoding ROS
detoxifying enzymes (Alscher et al. 2002; Mittler 2002; Foyer and Noctor 2005).
Abiotic stresses impair photosynthesis and respiration in plants and lead to
production of superoxide radical. Superoxide dismutases (SODs) form the first line
of defense against superoxide radicals by rapidly converting superoxide to hydrogen
peroxide (H202). Depending upon the metal co-factor required, the SODs are
classified into three groups: iron SOD (FeSOD), manganese SOD (MnSOD), and
copper-zinc SOD (Cu/Zn-SOD), which are localized in different cellular compart-
ments. Overexpression of SODs in transgenic plants resulted in enhanced stress
tolerance (Alscher et al. 2002). In Arabidopsis, two Cu-Zn SOD genes namely
CSD1 (encodes the cytosolic form) and CSD2 (encodes the chloroplastic form)
have been identified as targets of miR398 (Jones-Rhoades and Bartel 2004; Sunkar
and Zhu 2004). Hence, the role of miR398 in regulation of CSD1 and CSD2 gene
expression was examined by Sunkar et al. (2006). Expression pattern of miR398
and its target genes showed an inverse correlation in various developmental stages
and under oxidative stresses. Expression of miR398 is downregulated by oxidative
stress (high light, heavy metals and methyl viologen), while CSDI and CSD2
transcript accumulation was enhanced under oxidative stress conditions. miR398
promoter::GUS reporter also supported that miR398 expression is repressed by
oxidative stress. A transient coexpression assay with miR398 with its target genes in
Nicotiana showed that miR398 directs the degradation of CSD/ and CSD2 mRNAs
in vivo. Nuclear-run-on assays showed that oxidative stress induced upregulation
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of CSDI and CSD?2 is not due to increased transcription, supporting that the upreg-
ulation due to decreased miR398-guided posttranscriptional regulation (Sunkar et
al. 2006).

Several attempts have been made to improve plant stress tolerance by overpro-
duction of Cu/Zn-SODs in transgenic plants and in some cases minimal or no
increase in stress tolerance was observed in some of the studies (Tepperman and
Dunsmuir 1990; Pitcher et al. 1991; Payton et al. 1997). This may be due to miR398-
guided degradation of CSD mRNAs in these transgenic plants. This problem can
be avoided if CSD gene is modified to destroy miR398 recognition site. This
hypothesis was tested in transgenic Arabidopsis overexpressing normal CSD2 gene
or miR398-resistant form of CSD2 gene, mCSD2 (miR398 target site mutated
without modifying amino acid sequence). Northern blot analysis revealed that trans-
genic plants overexpressing mCSD2 accumulated two-fold higher transcript levels
as compared with transgenic plants overexpressing wild-type CSD2 gene. The
performance of transgenic plants was compared with wild-type plants under various
oxidative stresses. The mCSD?2 transgenic plants showed highest oxidative stress
tolerance followed by CSD2 transgenics. The mCSD?2 transgenics showed higher
chlorophyll content, PSII yield, germination and biomass, and lesser membrane
damage as compared with CSD2 transgenics and wild-type plants under oxidative
stress conditions (Sunkar et al. 2006). miR398 and its target sites on CSDI and CSD2
mRNAs are conserved in dicotyledonous and monocotyledonous plants (Bonnet
et al. 2004; Jones-Rhoades and Bartel 2004; Sunkar and Zhu 2004; Lu et al. 2005;
Sunkar et al. 2005), and hence use of miR398-resistant CSDs and similar strategies
with other miRNA-targeted stress tolerance effector genes offers an improved means
to engineer crop plants with enhanced stress tolerance (Sunkar et al. 2006).

3.2.4. Osmoregulation and osmoprotection

Osmotic stress is caused by soil water deficit, salinity and temperature extremes.
Decrease in soil water availability under drought or decrease in water potential of
soil solution under salinity cause osmotic stress, which leads to decreased water
uptake and loss of turgor. Low temperature stress is often accompanied by osmotic
stress as low temperature may limit water uptake by roots, while freezing induced ice
formation in the apoplast results in movement of water from cytoplasm to apoplast,
and thus severe cellular dehydration. Osmotic adjustment, one of the vital cellular
responses to osmotic stress conserved in both halophytic and glycophytic plants,
refers to the lowering of osmotic potential due to net accumulation of compatible
solutes in response to osmotic stresses. Osmotic adjustment helps to maintain cell
turgor at low water potentials. Further, solute accumulation may also help lower the
freezing point of cells and thus enhance freezing tolerance. In addition to their role
in osmotic adjustment, compatible solutes such as proline, betaine, polyols, sugar
alcohols and soluble sugars, protect plants from stress by detoxification of radical
oxygen species, and stabilization of proteins and membranes. Several transgenic
plants engineered to over-produce osmolytes/ osmoprotectants showed enhanced
abiotic stress tolerance (Chinnusamy et al. 2005).
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Figure 4. Proline metabolism in plants. Proline is synthesized in the cytosol from L-Glutamic acid via
Glutamyl-5-semialdehyde (GSA), which spontaneously cyclizes to A'-pyrroline-5-carboxylate (P5C),
and then P5C is reduced to proline. Proline degradation is catalyzed in mitochondria by proline dehydro-
genase (ProDH) and P5C-dehydrogenase (PSCDH). PSCS: A!Pyrroline-5 carboxylate synthetase; PSCR:
A'Pyrroline-5 carboxylate reductase

Proline plays a key role in osmoprotection, osmotic adjustment and redox
regulation across diverse organisms. Plants accumulate free proline in response
to the abiotic stresses and transgenic plants engineered to over-produce proline
showed enhanced abiotic stress tolerance (Kavi Kishor et al. 1995; Hong et al.
2000). Proline is synthesized from L-glutamic acid (Figure 4). Proline is catab-
olized to L-glutamic acid in mitochondria by Pro-dehydrogenase (ProDH) and
P5C-dehydrogenase (PSCDH) during stress recovery to supply nitrogen and energy.
The AtProDH gene is repressed by dehydration but induced by both the appli-
cation of exogenous proline and rehydration, indicating an important role of proline
catabolism in stress tolerance of plants. Arabidopsis transgenic plants engineered
with an antisense ArProDH showed enhanced accumulation of proline and tolerance
to freezing and high salinity stresses (Nanjo et al. 1999). p5cdh knockout mutant
of Arabidopsis accumulate A'-pyroline-5-carboxylate (P5C). Accumulation of P5C
leads to apoptosis, with callose deposition, reactive oxygen species production, and
DNA laddering, involving a salicylic acid signal transduction pathway (Deuschle
et al., 2004). Further, PSCDH is also induced by pathogen at infection sites and
leads to ROS accumulation and programmed cell death (Ayliffe et al. 2002). Thus,
the proline and P5C metabolism plays a crucial role in abiotic and biotic stress
response of plants and other organisms.

Recent research findings from our lab revealed a new mechanism of PSCDH
regulation mediated by endogenous siRNAs under salt stress (Borsani et al. 2005).
Genome analyses have revealed thousands of genes in convergent overlapping pairs
that can generate complementary transcripts (Boi et al. 2004, Jen et al. 2005; Wang
et al. 2005b), and expression profiling approaches showed widespread antisense
transcription throughout genomes in both animals and plants (Brenner et al. 2000;
Yamada et al. 2003; Bertone et al. 2004). Natural antisense transcripts (NAT)
show sequence complementarity in partial or whole sequence of their transcripts.
In overlapping genes on opposite strands of DNA, cis-NATSs are transcribed from
the same genomic loci as their sense transcripts but from the opposite strands. In
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Arabidopsis, one such cis-NAT gene pair identified was PSCDH (At5g62530) and
SRO5 (At5g62520). Sunkar and Zhu (2004) have cloned miRNAs and putative
siRNAs from Arabidopsis treated with various abiotic stresses. One putative siRNA
(clone # P96-F02) was found to match with the overlapping region between the 3’
end of PSCDH and the 3’UTR of SROS. This siRNA of 21-nt matched with SRO5
3’end and was complementary to the overlapping region of PSCDH. When this 21-nt
siRNA was used as probe, a 24-nt siRNA (24-nt SRO5-PSCDH nat-siRNA) was
detected in only NaCl-treated Arabidopsis plants. Northern blot analyses revealed
that SRO5 was induced by NaCl, while the constitutively expressed PSCDH was
reduced by NaCl treatment. Salt stress induced SRO5 mRNA complements with the
P5CDH mRNA to produce a dsRNA, which is processed by a siRNA biogenesis
pathway requiring DCL2, RDR6, SGS3, and NRPDIA to produce a 24-nt SROS5-
P5CDH nat-siRNA. The 24-nt nat-siRNA guides the cleavage of the PSCDH
transcript to further produce a 21-nt PSCDH nat-siRNAs by DCLI. These nat-
siRNAs all guide cleavage of PSCDH mRNAs, leading to proline accumulation
(Borsani et al. 2005).

Downregulation of PSCDH also causes P5SC mediated ROS accumulation. SROS
protein is targeted to mitochondria, the site of proline catabolism (Borsani et al.
2005). SROS is similar to RADICLE INDUCED CELL DEATH 1 (RCD1), which
prevents ROS-induced cell death, as rcdl plants are hypersensitive to ROS induced
cell death (Ahlfors et al. 2004). Salt treatment causes accumulation of H,0,, and
both salt and H,O, induce the expression of SROS5. sro5 mutant also showed
hypersensitivity to ROS (H,0,). These evidences suggest that ROS detoxification
under salt stress is mediated by SROS5 protein (Borsani et al. 2005). Thus, the
SRO5-P5CDH nat-siRNAs together with the PSCDH and SROS5 proteins forms
an important regulatory loop controlling proline and ROS production and stress
tolerance (Borsani et al. 2005).

4. GROWTH AND DEVELOPMENT UNDER ABIOTIC STRESSES

Crop yield under abiotic stresses depends not only on the mere survival of plants
under stress conditions but also on the phenological and developmental plasticity
of plants. For example, grain yield of cereal crops is a function of total biomass
accumulated and the fraction of biomass partitioned for grain development (harvest
index). Biomass accumulation depends upon the leaf area (leaf area index and leaf
area duration), photosynthetic rate and respiration rate (both growth and mainte-
nance respiration). Harvest index depends upon the total spikes per unit area,
spikelets per spike, florets per spikelet, spikelet fertility, rate and durations of
grain filling. Under abiotic stress conditions, plants adjust the durations of pheno-
logical phases, and the rate of developmental processes, which modify biomass
and harvest index. Phenotypic plasticity is a very important mechanism of abiotic
stress tolerance of plants. Change in the duration of various phenological phases
(vegetative phase, days to flowering, grain development duration, etc) helps plants
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to avoid critical growth phases under stress conditions. In plants, each pheno-
logical/developmental phase is programmed in growing degree days or thermal
time. Hence, temperature extremes significantly affect the duration of phenological
phases in plants. High temperature as well as drought-high temperature stress combi-
nations reduces durations of various phenological phases. Tolerant genotypes often
enhance their growth rate in order to compensate for the reduction in phenological
durations. Reproductive development appears to be the phase of crop development
that is the most susceptible to abiotic stresses, as any damage at this stage is irrecov-
erable. Drought stress reduces days to flowering in wheat, while it delays flowering
in rice. In maize, drought stress increases anthesis to silking interval. Reduction
in reproductive organ number and size helps plants to use the available resources
efficiently so that some viable healthy seeds are produced. However, to date the
molecular basis of phenological and developmental plasticity under abiotic stress
is poorly understood. Understanding of the regulation of genes that control growth
and development under abiotic stresses warrants immediate attention.

Mutations in genes encoding proteins involved in miRNA biogenesis and action
exemplified the pivotal roles of miRNAs in plant development. The role of miRNAs
in various developmental processes, such as leaf and root development, phase
transitions, floral identity and flowering under non-stress environments is well
established (Mallory and Vaucheret 2006; Jones-Rhoades et al. 2006). Table 3 shows
target genes of miRNAs in Arabidopsis and their expression pattern under drought,
salinity, cold, heat and oxidative stresses and ABA treatment in plants. Many of
the miRNA target genes, involved in regulation of growth and development, show
stress-regulated expression as revealed from Genevestigator (Zimmermann et. al.
2004) Response Viewer data (Table 3).

Roots play a pivotal role in maximization of water and nutrient use efficiency as
1) roots take up water and nutrient as well as sense water and nutrient status of the
soil and signal the shoots for optimization of plant growth, 2) root-based hormonal
(ABA) signal is an important determinat of stomatal responses, which determine
the rate of transpiration and carbon fixation 3) biochemical carboxylation capacity
is associated with nutrient acquisition by roots and 4) transpirational cooling ability
of plants depends upon efficient function of root water uptake system.

Under conditions of drought, roots can adapt to continue growth for water and
nutrient acquisition from deep soil layers. Some of the miRNAs and their target
genes are involved in the regulation of root growth. The plant hormone auxin
is a major regulator of root growth. Overexpression of miR160, which targets
auxin response factors (ARFs) resulted in agravitrophic roots with disorganized
root caps and increased lateral rooting, while overexpression of miR160-resistant
ARF16 resulted in reduced lateral roots and reduced fertility (Wang et al 2005a).
In contrast, transgenic Arabidopsis overexpressing miR164, which targets NAC
transcription factors, exhibited reduced lateral rooting, whereas overexpression of
miR164-resistant NACI resulted in increased number of lateral roots (Guo et al. 2005).

Leaf development is also regulated by miRNAs. Transgenic plants overex-
pressing of miR159-resistant MYB33 exhibited reduction in size, petiole length,
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apical dominance and fertility, and leaves with round shape (Millar and Gubler
2005). Transgenic Arabidopsis overexpressing miR160-resistant ARF17 showed
extra cotyledons, leaf symmetry and leaf defects, extra petals and reduced fertility
(Mallory et al. 2005). Similarly, overexpression of miR164-resistant CUCI,
miR164-resistant CUC2, miR165/166-resistant PHB and miR165/166-resistant
REV in transgenic Arabidopsis resulted in leaf polarity defects (Laufs et al. 2004;
Mallory et al. 2004a & b).

Reproductive phase is very sensitive to abiotic stresses. Hence, plants modulate
flowering time and flower number (sink size) in response to abiotic stresses. One
of the target genes of stress-regulated miR397b is At3g60250, which encodes the
regulatory (beta) subunit (CKB3) of the protein kinase CK2. Transgenic plants
overexpressing CKB3, display increased CK2 activity and shorter periods of
rhythmic expression of circadian clock-associated 1 (CCA1) and LHY, and reduced
phytochrome induction of an LHCbh gene. Further, CKB3 overexpressing plants
flowered earlier under both long and short photoperiods (Sugano et al. 1999). Stress
upregulation of miR397b may result in downregulation of CKB3, which in turn may
delay flowering in adverse abiotic stress conditions. Similarly transgenic overex-
pression of some miRNAs resulted in alteration of flowering time. Overexpression
of miR156, which targets the SPL family transcription factors, showed enhanced
leaf initiation, decreased apical dominance and delayed flowering time (Schwab
et al. 2005). Similarly transgenic Arabidopsis plants overexpressing gibberellin-
regulated miR159 and miR319 showed a delay in flowering time (Palatnik et al.
2003; Achard et al. 2004). In contrast, overexpression of miR172, which targets
AP2-type transcription factors, resulted in early flowering (Chen 2004). In addition
to the time of flowering, fertility is highly affected by abiotic stresses. Trans-
genic overexpression of miR159 and miR166 resulted in enhanced male sterility
and female sterility, respectively, under non-stress conditions (Achard et al. 2004,
Williams et al. 2005). It is interesting to note that many of the miRNA target genes
involved in plant growth and development and hormone signaling are regulated
by abiotic stresses and ABA (Table 3). Studies on the expression of the miRNAs
and their target genes (for root development, leaf development, flowering time and
fertility) under abiotic stresses will help further understanding of these processes
under abiotic stress environments.

5. MANAGEMENT OF MINERAL NUTRIENT DEFICIENCY

Mineral nutrient deficiency is one of the primary reasons for low crop yield, as
resource poor farmers do not apply adequate fertilizers. Current evidences show
that miRNAs regulate the acquisition and use of mineral nutrients such phosphorous
and sulphur. Among the major mineral nutrients, use of nitrogenous fertilizers
is more common than the use of phosphate and potash fertilizers. Even when
phosphate fertilizers are applied to crops, most of the phosphate is fixed (>80%)
in compounds such as phytate that are not readily available for crops. Further, as
phosphate is present in readily available form (H,PO;) in soil in a narrow pH
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range (pH 6-7), phosphorous deficiency is very common in acidic, alkaline and
calcareous soils. Phosphate diffusion rate is very slow and requires adequate soil
moisture to keep adequate phosphate concentration at the root zone and hence
phosphate availability is reduced under drought conditions. Thus, phosphorous is
a limiting factor of crop productivity in many parts of the world. Phosphorus
is a constituent of ATP, nucleic acids and phospholipids, and also participates
in energy transfer, activation/inactivation of protein, and carbon and amino acid
metabolic processes. Plants take up phosphorous as H,PO; through Pi transporters.
Plants employ strategies such as enhanced root growth, root hairs, activation of
high affinity Pi transporters, exudation of phosphate solublizing organic acids,
phosphatases and nucleases to release Pi from organic sources, and symbiotic
associations with arbuscular mycorrhizal fungi (Raghothama 1999).

In silico analyses led to the identification of miR399 target genes such as
At3g54700, a phosphate transporter (Jones-Rhoades and Bartel, 2004) and
At2g33770, a putative ubiquitin conjugating (UBC) enzyme (Sunkar and Zhu 2004).
Expression of miR399 is induced both in roots and shoots under Pi deficiency (Fujii
et al. 2005; Bari et al. 2006; Chiou et al. 2006) and reversal to Pi rich conditions
rapidly decreases miR399 levels (Bari et al. 2006). Expression of miR399 corre-
lated with down regulation of its target gene UBC24 under Pi deficiency (Fujii
et al. 2005; Aung et al. 2006; Bari et al. 2006; Chiou et al. 2006). Overexpressing
MIR399 in transgenic plants led to the down regulation of UBC transcript levels
and accumulation of Pi in shoots to toxic levels (Fujii et al. 2005; Aung et al. 2006;
Bari et al. 2006; Chiou et al. 2006). Overexpression of miR399 also impaired Pi
remobilization from old leaves to developing young tissues (Chiou et al. 2000).
miRNA398-mediated down regulation of UBC mediates Pi starvation response such
as primary root elongation and induction of high affinity Pi transporter, AtPTI,
as evident from the transgenic plants overexpressing MIR399 and 5‘UTR minus
UBC (AUTR-UBC, deletion of miR399 target region), respectively (Fujii et al.
2005). Pi overaccumulator (pho2) mutation is caused by a single nucleotide change
resulting in early termination within the UBC24 gene and UBC24 T-DNA knockout
mutants also showed Pi hyper-accumulation and Pi toxicity similar to miR399
overexpressing plants (Aung et al. 2006). Micrografting of pho2 root genotype
also resulted in leaf Pi accumulation (Bari et al. 2006). Co-localization of miR399
and UBC24 in the vascular cylinder suggests their function in Pi translocation
and remobilization (Aung et al. 2006). Identification of putative PHO2 orthologs
containing five miR399-binding sites in their 5’-UTR in other higher plants, and
Pi-dependent miR399 expression in rice suggest a conserved miR399-mediated
regulatory mechanism of Pi deficiency response in plants (Bari et al. 2006). These
evidences show that miR399 regulates Pi homeostasis through UBC/PHO2 prote-
olysis pathway. Identification of the targets of UBC/PHO2 pathway will shed more
light on understanding Pi deficiency response of plants.

Sulfate is an essential nutrient for growth and development of plants. Plants
adapt to sulfate deficiency by modulating expression of genes encoding sulfate
transporters and enzymes of sulfate metabolism (Hawkesford and De Kok 2000).
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miRNAs also play crucial role in sulfate acquisition and use in plants. In silico
identification of miR395 targets such as At5g10180 (a low-affinity sulfate trans-
porter) and ATP sulfurylases (APS1, 3 & 4, catalyzes the first and rate limiting
step in the sulfate assimilation pathway) (Sunkar and Zhu, 2004; Jones-Rhoades
et al. 2004 & 2006). Expression of miR395 is induced with a concomitant down
regulation of ATP sulfurylases (APS) transcripts under sulfate deficiency stress
(Jones-Rhoades and Bartel 2004). Moreover, oxidative, pathogen infection and
heavy metal stresses appear to increase the sulfur demand, as these stresses enhance
the expression of sulfate transporters and enzymes of the assimilatory pathway
(Hawkesford and De Kok 2006). The target genes of miR395 also show differential
regulation in response to various abiotic stresses (Table 3). These results suggest a
crucial role of miR395 in regulation of sulfate uptake and homeostasis in plants.

6. CONCLUSIONS AND PERSPECTIVES

Plants employ complex mechanisms of gene regulation in response to developmental
and environmental cues. Small RNAs, namely miRNAs and siRNAs, have emerged
as a novel regulatory mechanism of gene expression, as expression levels of small
RNAs have inverse relationship with the transcript levels of their target genes. Post-
transcriptional gene repression is mediated by small RNA-guided cleavage of target
mRNAs and translational repression, while transcriptional silencing is mediated
mainly by heterochromatic siRNAs and in some cases by miRNAs. Abiotic stresses
induce upregulation and downregulation of numerous genes. It is expected that
small RNAs may play a significant role in stress regulated gene expression, as,
the Arabidopsis henl-1 and dcll-9 mutants that are impaired in the production of
miRNAs are hypersensitive to abiotic stresses (Zhu JK, unpublished data). Further,
microarray analysis of agol and dcll mutants revealed impaired expression of stress
responsive genes for oxidative stress management, heat shock proteins, aquaporins,
LEA-type proteins, fatty acid desaturases, etc (Ronemus et al. 20006).

Recently some stress-regulated miRNAs have been identified. Oxidative stress
mediated downregulation of miR398 gene results in posttranscriptional induction
of Cu-Zn SOD and thus ROS management (Sunkar et al. 2006). Osmoprotection
and ROS management under salinity stress is regulated by nat-siRNAs in plants.
Transcription of antisense overlapping gene pair of Al-pyrroline-5-carboxylate
dehydrogenase (PSCDH) and the salt-stress induced gene SROS, generates dsRNA,
which is processed into a 24-nt siRNA by DCL2, RDR6, SGS3, and NRPDIA.
Initial cleavage of the PSCDH transcript guided by the 24-nt siRNA results in gener-
ation of 21-nt siRNAs by DCLI and further cleavage of PSCDH transcripts. Proline
accumulation increases as PSCDH is downregulated, and thus accumulated proline
contributes to osmoprotection/osmotic adjustment. In addition, stress induced SRO5
protein mediates ROS detoxification (Borsani et al. 2005).

The functional relationship between cis-natural antisense gene pair PSCDH-
SROS5 and their regulation by nat-siRNAs suggest that similar functional relation-
ships may be applied to other cis-antisense gene pairs. About 2000 genes in
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convergent overlapping pairs in Arabidopsis are regulated by various environmental
or hormonal stimuli (Girke T and Zhu JK, unpublished data) and thus these may
be regulated by nat-siRNAs similar to the PSCDH-SROS5 gene pair.

Several stress regulated transcription factors and effector genes have been
identified. It is not known whether small RNAs play a role in homeostasis of stress
responsive transcriptome. Abiotic stresses cause significant changes in growth and
development of plants. Although, several small RNAs that regulate plant growth
and development under non-stress environments are known, their role under abiotic
stress environments is yet to be established. Studies on stress regulated small RNAs
will help in understanding the phenological and developmental plasticity of plants
under abiotic stress environments.

Small RNAs are being identified in a wide range of plants, and many conserved
small RNAs have been identified. Further understanding of posttranscriptional gene
regulation under abiotic stress is important for better genetic engineering of stress
tolerance in plants. Stress regulated manipulation of miRNA genes and miRNA-
resistant target genes will help overcome post-transcriptional gene silencing, and
thus better expression of engineered traits in transgenic plants. Understanding the
role of small RNAs and their target genes in abiotic stress responses of plants will
be imperative for better understanding of abiotic stress tolerance of plants, and
will further enhance our knowledge of transcriptome homeostasis in abiotic stress
response of plants.
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Abstract:
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Plants must adapt to drought and high-salinity stresses in order to survive. Molecular
and genomic studies have shown that many genes with various functions are induced
by drought and high-salinity stresses, and that the various signaling factors are involved
in the stress responses. The development of microarray-based expression profiling
methods, together with the availability of genomic and/or cDNA sequence data, and
gene-knock-out mutants, has allowed significant progress in the characterization of the
plant stress response. Recent studies also revealed that small RNAs, RNA processing
and chromatin regulation are involved in the abiotic stress responses. In this review, we
highlight recent progress in the research on the transcriptome for the response to plant
drought and salt stress

drought stress, high-salinity stress, transcriptome, transcription factors, small RNAs,
RNA processing, chromatin remodeling

1. INTRODUCTION

Plant growth is greatly affected by environmental abiotic stresses, such as drought
and high salinity. Plants must adapt to these stresses in order to survive. These
stresses induce various biochemical and physiological responses in plants. Several
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hundred genes that respond to these stresses at the transcriptional level have
been identified (Figure 1, Shinozaki and Yamaguchi-Shinozaki 2000; Kreps
et al., 2002; Seki et al. 2002b, 2003; Xiong et al., 2002; Zhu 2002; Shinozaki
et al. 2003; Lee et al., 2005). It is important to analyze the functions of stress-
inducible genes not only to understand the molecular mechanisms of stress
tolerance and the responses of higher plants but also to improve the stress
tolerance of crops by gene manipulation. Stress-inducible genes have been used
to improve the stress tolerance of transgenic plants (Thomashow 1999; Hasegawa
et al. 2000; Shinozaki and Yamaguchi-Shinozaki 2000; Zhang 2003; Umezawa
et al., 2006).

Molecular and genetic analyses have recently revealed that newly identified
small RNAs, RNA processing and chromatin regulation have functions in the
drought and salt stress responses (Figure 1). Several small RNAs are regulated by
the abiotic stresses (Sunkar and Zhu, 2004; Borsani et al., 2005). Several genes
involved in RNA processing (Lu and Fedoroff, 2000; Hugouvieux et al., 2001;
Xiong et al., 2001; Gong et al., 2002; Koiwa et al., 2002; Xiong et al., 2002;
Papp et al., 2004; Nishimura et al., 2005) and chromatin regulation (Sridha and
Wu, 2006) have been identified as components of the drought and salt stress signal
transduction.

In this review, we highlight recent progress on research on the transcriptome for
the response to drought and salt stresses.
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Figure 1. New concept of transcriptional regulatory networks in abiotic stress responses
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2. DNA MICROARRAYS ARE AN EXCELLENT TOOL
FOR IDENTIFYING GENES REGULATED BY VARIOUS
STRESSES

Microarray technology is a powerful tool for the systematic analysis of expression
profiles of large numbers of genes (Richmond and Somerville 2000; Seki et al.
2004). Microarray technology has been applied to the analysis of expression
profiles in response to abiotic stresses, such as drought, cold and high-salinity
by several groups (Kawasaki et al. 2001; Seki et al. 2001, 2002b; Chen et al.
2002; Fowler and Thomashow 2002; Kreps et al. 2002; Lee et al., 2005).
Several hundred genes that respond to drought, cold and high-salinity stresses
have been identified at the transcriptional level by microarray technology in
Arabidopsis (Fowler and Thomashow 2002; Kreps et al. 2002; Seki et al.,
2002b; Lee et al., 2005). Stress-responsive genes have also been identified in
other plant species, such as an Arabidopsis-related halophyte, Thellungiella
halophila (Inan et al., 2004; Taji et al., 2004; Gong et al., 2005; Wong et al.,
2006), barley (Oztur et al., 2002), maize (Wang et al., 2003; Yu and Setter,
2003), rice (Kawasaki et al., 2001; Rabbani et al., 2003; Lan et al., 2005),
wheat (Gulick et al., 2005), hot pepper (Hwang et al., 2005), pine (Watkinson
et al., 2003), poplar (Gu et al., 2004; Brosche et al., 2005), potato (Rensink et al.,
2005), and sorghum (Buchanan et al., 2005).

The products of the drought-, high-salinity- or cold-stress-inducible gene products
can be classified into 2 groups (Shinozaki and Yamaguchi-Shinozaki 1999,
2000; Seki et al. 2002b, 2003). The first group includes functional proteins that
probably function in stress tolerance. The second group contains regulatory proteins,
that is, protein factors involved in further regulation of signal transduction and
gene expression that probably function in the stress response (Shinozaki and
Yamaguchi-Shinozaki, 2000; Seki et al. 2002b, 2003), such as various transcription
factors, protein kinases, protein phosphatases, enzymes involved in phospholipid
metabolism, F-box proteins, and other signaling molecules, such as calmodulin-
binding protein(Seki et al. 2002b). Several reviews on the transcriptome in abiotic
stress conditions in higher plants have been published recently (Bray 2002;
Ramanjulu and Bartels 2002; Hazen et al., 2003; Seki et al., 2003, 2004, 2005;
Yamaguchi-Shinozaki and Shinozaki, 2005, 2006).

3. MANY STRESS-INDUCIBLE TRANSCRIPTION FACTOR
GENES HAVE BEEN IDENTIFIED BY TRANSCRIPTOME
ANALYSIS

Transcription factors play important roles in response of the plant to environ-
mental stresses and its development. Transcription factors are sequence-specific
DNA-binding proteins that are capable of activating and/or repressing transcription.
The Arabidopsis genome encodes more than 1,500 transcription factors
(Riechmann et al., 2000) and a number of transcription factor families have been
implicated in plant stress responses (Shinozaki et al. 2003; Yamaguchi-Shinozaki
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and Shinozaki, 2005, 2006). Microarray analyses have also revealed many stress-
inducible transcription factor genes and demonstrated overlap among various stress-
or hormone-signaling pathways (Seki et al., 2001, 2002b, 2002c, 2004; Chen et al.,
2002; Cheong et al., 2002; Narusaka et al. 2003; Shinozaki et al. 2003).

Recently, Iida et al. (2005) identified ca. 2,000 Arabidopsis transcription factor
proteins by PSI-BLAST and InterProScan. The list of the transcription factors
is available from RARTF (RIKEN Arabidopsis Transcription Factor database,
http://rarge.gsc.riken.jp/rartf/). We prepared a new custom-made oligomicroarray
containing the 2,000 transcription factor genes and identified 73 and 93 transcription
factor genes that are induced by drought and high-salinity, respectively (Seki et al.,
unpublished results). The major transcription factor families that are induced by the
abiotic stresses are ERF/AP2, bZIP, NAC, MYB, bHLH, Cys2Cys2 zinc-finger,
Cys2His2 zinc-finger, WRKY, HB and HSF (Seki et al., unpublished results). These
transcription factors probably function in stress-inducible gene expression, although
most of their target genes have not yet been identified.

DNA microarrays are useful for identifying the target genes of the stress-related
transcription factors. Target genes of the following stress-related transcription factors
have been studied by microarray analyses (Table 1): ERF/AP2 TF family, such
as DREB1A/CBF3 (Seki et al., 2001, Fowler and Thomashow, 2002, Maruyama
et al., 2004), DREBIC/CBF2 (Vogel et al., 2005), rice DREB1/CBF homolog,
OsDREBIA (Dubouzet et al., 2003; Ito et al., 2006) and Brassica DREB1/CBF
homologs, BNCBF5 and 17 (Savitch et al., 2005), DREB2A (Sakuma et al., 2006);
bZIP TF family, such as AREB1 (Fujita et al., 2005; Furihata et al., 2006); MYB
TF family, such as AtMYB2 (Abe et al., 2003), AtMYB60 (Cominelli et al., 2005)
and HOS10 (Zhu et al., 2005); bHLH TF family, such as AtMYC2 (Abe et al.,
2003) and ICE1 (Lee et al., 2005); NAC TF family, such as RD26/ANAC072
(Fujita et al., 2004, Tran et al., 2004), ANACO019 (Tran et al., 2004) and ANACO055
(Tran et al., 2004); C2H2-Type Zinc Finger TF family, such as ZAT12 (Davletova
et al., 2005); Homeodomain TF family, such as HOS9 (Zhu et al., 2004). The
roles of the transcription factors in the abiotic stress signaling and the expression
profiling results are summarized in recent reviews (Shinozaki et al., 2003, Bartels and
Sunkar, 2005; Seki et al., 2005; Yamaguchi-Shinozaki and Shinozaki, 2005, 2006;
Umezawa et al., 2006). The information of the target genes is useful for understanding
the transcriptional regulatory networks in cellular responses to the abiotic stresses.

4. MICROARRAY ANALYSIS OF THE MUTANTS
OR TRANSGENIC PLANTS RELATIVE TO STRESS-RELATED
SIGNALING FACTORS PROVIDES A BROAD PICTURE
OF THE TRANSCRIPTOME REGULATED BY THE SIGNALING
FACTOR

Molecular and genetic studies have shown that various signal transduction systems
function in abiotic stress responses, involving protein phosphorylation and/or
dephosphorylation, phospholipid signaling, calcium signaling, protein degradation
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and so on (Bartels and Sunkar, 2005; Boudsocq and Lauriere, 2005; Mahajan
and Tuteja, 2005; Vinocur and Altman, 2005). Although these complex signaling
processes are not yet fully understood, several genes encoding the signaling factors
involved in the abiotic stress responses have been identified (Shinozaki et al., 2003;
Chinnusamy et al., 2004; Bartels and Sunkar, 2005; Umezawa et al., 2006).

Microarray analysis is useful for studying the function of the stress-related
signaling factors. The transcriptome regulated by the following signaling factors
involved in the abiotic stress responses has been studied by microarray analyses
(Table 1): a SNFl-related protein kinase 2 (SnRK2), SRK2C (Umezawa
et al., 2004); mitogen-activated protein kinase (MAPK) kinases, AtMKK2 (Teige
et al., 2004) and MKK3 (Takahashi et al., unpublished results); a MAP kinase
phosphatase, MKP1 (Ulm et al., 2002); a SnRK3 protein kinase, SOS2 (Kamei
et al., 2005); a Ca*"-binding protein with EF-hands, SOS3 (Kamei et al., 2005); a
coiled-coil (CC)-nucleotide-binding site (NBS)-leucine-rich repeat (LRR) protein,
activated disease resistance 1 (ADRI1) (Chini et al., 2004); a LRR receptor-like
kinase, RPK1 (Osakabe et al., 2005); a resistance (R)-like protein consisting of
a domain with a Toll and interleukin-1 receptor homology (TIR), a nucleotide-
binding domain (NB), LRR and a WRKY domain, sensitive to low humidity 1
(SLHI1) (Noutoshi et al., 2005). The information on the transcriptome helps us
understand the regulatory network of the abiotic stress responses: specificity and
cross-talk. The roles of the signaling molecules in the abiotic stress signaling and the
expression profiling results are summarized in recent reviews (Bartels and Sunkar,
2005; Boudsocq and Lauriere, 2005, Umezawa et al., 2006).

5. RECENT MOLECULAR AND GENETIC ANALYSES
REVEALED THAT THE SMALL RNAS, RNA PROCESSING
AND CHROMATIN REGULATION HAVE FUNCTIONS IN THE
ABIOTIC STRESS RESPONSES

Recently, accumulating evidence indicates that small RNAs, RNA processing and
chromatin regulation are involved in the abiotic stress responses and tolerance. We
summarize the recent progress on the small RNAs, RNA processing and chromatin
regulation in the abiotic stress responses and tolerance in the following.

6. SEVERAL SMALL RNAS ARE INVOLVED IN THE ABIOTIC
STRESS RESPONSES

Small RNAs (21- to 25-nt), such as microRNAs (miRNAs) and small interfering
RNAs (siRNAs) function in silencing genes by multiple mechanisms and are present
in both plants and animals (Carrington and Ambros, 2003). miRNAs are generated
by endonucleolytic processing by the enzyme Dicer from hairpin-structured single-
stranded precursor RNAs that are transcribed from endogenous nonprotein-coding
genes (Bartel, 2004). siRNAs are also produced by a Dicer, but differ from miRNAs
in that they are generated from double-stranded RNAs (dsRNAs) as a result of
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antisense transcription or due to the activity of cellular RNA-dependent RNA
polymerases (RdRPs) (Baulcombe, 2004). Recent studies indicated that several
miRNAs and siRNAs are involved in the abiotic stress responses (Sunkar and Zhu,
2004; Borsani et al., 2005).

Sunkar and Zhu (2004) reported that several miRNAs are responsive to abiotic
stresses. miR393 which targets the F-box protein TIR1 (Dharmasiri et al., 2005;
Kepinski and Leyser, 2005), encoding an auxin receptor, is strongly upregulated by
drought, high-salinity, cold and ABA treatments, suggesting that the upregulation of
miR393 contributes to the inhibition of plant growth under stress condition (Sunkar
and Zhu, 2004). Recently, Navarro et al. (2006) showed that a flagellin-derived
peptide triggered induction of the miR393. Repression of auxin signaling by overex-
pression of miR393a increased the resistance to bacterium Pseudomonas syringae
(Navarro et al., 2006). Sunkar and Zhu (2004) also reported slight upregulation
of miR397b, miR402 and miR319c, and downregulation of miR389a.1 by abiotic
stress treatments.

Borsani et al. (2005) found that the antisense overlapping gene pair of
Al-pyrroline-5-carboxylate dehydrogenase (PSCDH), a stress-related gene, and
SROS, a gene of unknown function, generates two types of siRNAs, 24-nt siRNA
and 21-nt siRNAs. The expression of SROS is induced by salt and H,O, treatments
and this induction is required for generation of the siRNAs to cleave the pSCDH
transcript. When the SROS5 expression is induced by salt treatment, a 24-nt
siRNA is formed by a biogenesis pathway that is dependent on DCL2, RDR6,
SGS3, and NRPDIA. Initial cleavage of the PSCDH transcript guided by the
24-nt siRNA establishes a phase for the subsequent generation of 21-nt siRNAs
by DCL1 and further cleavage of PSCDH transcripts. p5cdh knock-out mutants
are more tolerant to high-salinity stress due to the higher proline accumulation.
There is substantially more accumulation of reactive oxygen species (ROS) in
salt-stressed sro5 knock-out mutants and the sro5 mutants are more sensitive to
high-salinity and H,O,-mediated oxidative stresses. Because salt treatment causes
oxidative stress, these results suggest that the salt-stress induction of SRO5 and
SRO5-P5CDH nat-siRNA formation might be mediated by increased ROS under
high-salinity stress (Borsani et al., 2005).

7. RNA PROCESSING EVENTS ARE LINKED TO THE
RESPONSES TO ABA AND DROUGHT STRESS

Several genes involved in RNA processing have been identified as components of
ABA or drought signal transduction (Table 2).

The hyponastic leaves 1 (hyll) mutant, which exhibits ABA hypersensitivity
in seed germination and root elongation, was identified in a screen for ABA-
hypersensitive Arabidopsis transposon insertion lines (Lu and Fedoroff, 2000).
HYL1 encodes a nuclear-localized double-stranded RNA (dsRNA) binding protein.
The hyll mutant is also hypersensitive to glucose, NaCl and osmotic stress (Han
et al., 2004). The ABA-hypersensitivity of the hyll mutant is correlated with
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accumulation of ABIS5, a key player in ABA-triggered postgermination growth
arrest, at a lower ABA concentration in Ay// mutants than in wild-type seedlings
(Lu et al., 2002). The DNA microarray experiments showed that the ANPI and the
AtMPK3 genes, encoding components of the stress-activated MAP kinase cascade,
and the ABI3 and ABI5 transcription factor genes are overexpressed in iy// seedlings
when compared to wild-type seedlings (Lu et al., 2002). HYL1 plays a role in
microRNA-mediated gene regulation (Han et al., 2004). Recent studies showed that
HYLI performs miRNA processing in collaboration with DCL1 (Hiraguri et al.,
2005; Kurihara et al., 2006).

Hugouvieux et al. (2001) isolated a recessive ABA hypersensitive Arabidopsis
mutant, abhl. abhl mutant exhibits ABA hypersensitivity during seed germination
and stomatal closure and reduced wilting during drought stress. ABHI encodes a
functional mRNA cap binding protein (CBP80), a protein comprising the eukaryotic
nuclear cap-binding complex (CBC). DNA chip experiments showed that 18 genes
including RD20, KIN2 and CORI5b had reduced the transcript levels 3-fold in
the abhl mutant, and 7 of these genes are ABA-regulated in the wild-type plant.
These expression profiling results are consistent with the fact that abhl plants
showed ABA-hypersensitive stomatal closing and reduced wilting during drought.
Hugouvieux et al. (2001) also showed ABA-hypersensitive cytosolic calcium
increases in abhl guard cells.

A mutation in the mRNA cap binding protein (CBP20), another subunit
comprising the eukaryotic nuclear cap-binding complex (CBC), also confers hyper-
sensitivity to ABA during germination, significant reduction of stomatal conduc-
tance and greatly enhanced drought tolerance (Papp et al., 2004). The phenotype
is very similar to that of the abh/ mutant, suggesting that both gene products have
the same function in responses to ABA and drought.

The ABA-hypersensitive germination2 (ahg2) mutant, which exhibits ABA
hypersensitivity in seed germination and post-germination growth, was identified
(Nishimura et al., 2005). AHG2 encodes a poly(A)-specific ribonuclease (AtPARN)
that is presumed to function in mRNA degradation. Expression of AHG2 gene
was induced by treatment with ABA, high-salinity and osmotic stress. Microarray
experiments showed increased expression of the ABA-, salicylic acid- and stress-
inducible genes in untreated ahg? plants, suggesting that the ahg2 mutation affects
various stress responses as well as ABA responses.

The Arabidopsis sadl (supersensitive to ABA and drought) mutant was identified
as an ABA-induced bioluminescence activation mutant in a screen of transgenic
Arabidopsis plants harboring the stress-responsive RD29A promoter fused to a
luciferase reporter (Xiong et al., 2001). Sadl mutant shows hypersensitivity to
drought and ABA in seed germination and root growth.

The expression of the stress-responsive genes, such as RD29A, was increased in
the sadl mutant. SADI encodes a polypeptide similar to multifunctional Sm-like
snRNP proteins that are required for mRNA splicing, export, and degradation.

The Arabidopsis fry2 (fiery2)/cpll (C-terminal domain phosphatase-like 1)
mutant was also identified as a stress-induced bioluminescence activation mutant
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in a screen of transgenic Arabidopsis plants harboring the RD29A-LUC cassette
(Koiwa et al., 2002; Xiong et al., 2002). fry2/cpll mutants show increased tolerance
to salt stress and to ABA during seed germination, and hypersensitiveness to
freezing damage at the seedling stage (Xiong et al., 2002). FRY2/CPL1 encodes
a novel transcriptional repressor harboring two double-stranded RNA-binding
domains and a region homologous to the catalytic domain of RNA polymerase II
C-terminal domain phosphatases that regulate gene transcription. These results
indicate that FRY2/CPL1 is a negative regulator of stress gene transcription.
CPLI is a phosphatase that specifically dephosphorylate Ser-5 of the C-terminal
domain (CTD) of RNA polymerase II, which consists of tandem repeats of a
Y'S?P3T*S°P°S heptapeptide (Koiwa et al., 2004). Koiwa et al. (2002) also reported
a T-DNA insertion in the CPL3 gene, another C-terminal domain phosphatase
homolog in Arabidopsis, causes hyperresponsiveness to ABA.

The Arabidopsis los4 mutant was also identified as a mutant with deregulated
expression of the RD29A-LUC reporter gene in a screen of transgenic Arabidopsis
plants harboring the RD29A-LUC cassette (Gong et al., 2002). Los4 mutants show
a reduced expression of DREB1/CBF and its target genes, such as RD29A, in
response to cold, but not to ABA or salinity. The /os4 mutants are also sensitive to
chilling and defective in cold acclimation. LOS4 encodes a nuclear localized RNA
helicase.

Expression of a dominant negative form of the ABA-activated protein kinase
(AAPK), a SnRK2 protein kinase identified from Vicia faba in guard cells prevented
activation by ABA of anion channels and stomatal closure, implicating AAPK
in rapid ABA signaling events in the guard cells (Li et al., 2000). The AAPK-
interacting protein 1 (AKIP1) with sequence homology to heterogeneous nuclear
RNA-binding protein A/B (hnRNP A/B) is phosphorylated by AAPK (Li et al.,
2002). hnRNPs are involved in alternative pre-mRNA splicing, 3* end processing
and mRNA export. AKIP1 binds to a dehydrin mRNA after phosphorylation by
AAPK (Li et al., 2002).

Recently, an ABA receptor, FCA was identified (Razem et al., 2006).

FCA is a nuclear RNA-binding protein that promotes flowering by preventing
the accumulation of mRNA encoding FLC, a MADS box transcription factor that
is a potent repressor of the floral transition (Simpson, 2004). To function FCA
requires a second protein, the RNA 3’-end processing factor FY, which binds
to its tryptophan-tryptophan (WW) protein interaction domain (Simpson et al.,
2003). FCA autoregulates its expression by promoting premature cleavage and
polyadenylation in intron 3 of its own precursor mRNA (pre-mRNA) (Macknight
et al., 2002; Quesada et al., 2003). Razem et al. (2006) showed that FCA binds ABA
with high affinity in an interaction that is stereospecific. Binding of ABA to FCA
abolishes the interaction of FCA with FY, leading to an increase in full-length FCA
transcripts and a delay in flowering through increased FLC activity.

A number of alternative splicing events in response to environmental changes
and ABA application have been reported, although the biological significance
of the alternatively spliced transcripts produced is unknown. Xu et al. (2004)
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showed that the alternative splicing of the Arabidopsis PIMT2 gene encoding
protein-L-isoaspartate methyltransferase is regulated by ABA. The ABA appli-
cation enhanced the accumulation of the PIMT?2 transcript accompanied by the
predominant production of the shorter PIMT?2 transcript form (Xu et al., 2004). Xue
and Loveridge (2004) showed that three transcript forms of a dehydration-, salt-
or ABA-responsive ERF/AP2 transcription factor, HvDRFI from barley showing
sequence similarity with Arabidopsis DREB2A were produced through alternative
splicing and that two of them encoded ERF/AP2 transcriptional activators. This
alternative splicing pattern was also observed in a wheat homolog gene, TaDRF]
(Xue and Loveridge, 2004). Alternative splicing is also induced in the SOS4 gene
(Shi et al., 2002) encoding a pyridoxal kinase under salt, ABA and cold treat-
ments. Genome-wide analysis of Arabidopsis full-length cDNAs also indicated that
alternative splicing profiles changed by cold stress (Iida et al., 2004).

8. CHROMATIN REGULATION IS INVOLVED IN THE ABIOTIC
STRESS RESPONSES

Acetylation and deacetylation of histone are promoter-dependent, locus-specific
and genetically reversible, which provides a general mechanism for reversible gene
regulation responsive to development and environmental changes (Tian et al., 2005).
Histone deacetylase and linker histone genes have been found to be involved in the
response of the plant to abiotic stresses.

Overexpression of an Arabidopsis histone deacetylase homolog, AtHD2C, in
transgenic Arabidopsis plants resulted in ABA insensitivity and enhanced tolerance
to salt and drought stresses (Sridha and Wu, 2006). The expression of several ABA-
responsive genes, such as RD29B and RABI8, was upregulated in the overexpressor
of AtHD2C. These results indicate that AtHD2C can modulate the responses to
ABA, drought and salinity stresses.

An Arabidopsis AP2/ERF-type transcription factor, AtERF7, interacts with the
Arabidopsis homolog of a human global transcriptional corepressor, AtSin3, which
in turn may interact with HDA19/AtRPD3A, a histone deacetylase (Song et al.,
2005). AtSin3 and HDA 19 enhance the transcriptional repression activity of AtERF7
(Song et al., 2005). Overexpression of AtERF7 in transgenic Arabidopsis plants
reduced ABA responses in guard cells and decreased drought tolerance, whereas
reduction in AtERF7 expression caused ABA hypersensitivity in guard cells, seed
germination, and seedling growth (Song et al., 2005).

Recent expression profiling studies indicated that a number of genes involved in
chromatin remodeling and post transcriptional regulation were also upregulated by
cold stress (Lee et al., 2005), suggesting their involvement in cold-responsive gene
regulation. Expression of a drought and ABA-inducible gene, his/-3, encoding a
linker histone H1-3 protein, is upregulated in the plants overexpressing an activated
form of AREBI1 (Fujita et al., 2005). The transgenic plants overexpressing an
activated form of AREBI showed ABA hypersensitivity and enhanced drought
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tolerance (Fujita et al., 2005). These results suggest that histone H1-3 plays a role
in drought-responsive gene expression.

9. CONCLUSIONS AND PERSPECTIVES

The microarray-based expression profiling method is useful for analyzing the
expression pattern of plant genes under various stress treatments, and for identi-
fying target genes of the stress-related signaling factors. By the expression profiling
approach, many stress-inducible genes have been identified. Functional analysis of
these stress-inducible genes has provided more information on the signal trans-
duction in these stress responses.

Large sets of Arabidopsis microarray data, such as the expression dataset
provided through the AtGenExpress Consortium (http://www.arabidopsis.org/
info/expression/ATGenExpress.jsp) and NASCArrays (http://affymetrix.arabidopsis.
info.) (Craigon et al., 2004) generated by the Nottingham Arabidopsis Stock
Center (NASC)’s transcriptomics service, are available. Large sets of plant
microarray data are also available from GEO (http://www.ncbi.nlm.nih.gov/geo)
(Edgar et al., 2002) and ArrayExpress (http://www.ebi.ac.uk/arrayexpress) (Brazma
et al., 2003). Analysis tools for the Arabidopsis expression data, such as Geneves-
tigator (http://www.genevestigator.ethz.ch/) (Zimmermann et al., 2004), are also
available. The Genevestigator is a user-friendly web-based tool for alarge Arabidopsis
Affymetrix GeneChip data and provides categorized quantitative information about
elements, such as genes, contained in large microarray database (Zimmermann et al.,
2004). Availability of large sets of the plant microarray data and user-friendly
analytical tools should aid the functional analysis of the stress-related genes and
our better understanding the transcriptional regulatory networks in the abiotic stress
responses.

By genetic approaches and biochemical analyses of signal transduction and stress
tolerance of drought and salt stress, many mutants on the signal transduction and
stress tolerance of these stresses have been identified (Xiong et al. 2002; Zhu 2002;
Bartels and Sunkar, 2005; Mahajan and Tuteja, 2005). Reverse genetic approaches,
such as transgenic analyses, have become useful for studying the function of the
signaling components (Hasegawa et al. 2000; Xiong et al. 2002; Bartels and Sunkar,
2005; Umezawa et al., 2006; Yamaguchi-Shinozaki and Shinozaki, 2006). The
availability of the full-length cDNAs (Seki et al., 2002a; Yamada et al., 2003) and
gene-knock-out mutants (Alonso et al., 2003; Kuromori et al., 2004) will greatly
facilitate the functional analysis of the signaling components.

Whole genome tiling array studies (Yamada et al., 2003; Stolc et al., 2005) will
also become powerful tools for identification of stress-regulated small RNAs or non-
coding RNAs, and for analysis of alternative splicing and chromatin remodeling.
New sequencing technologies using massively parallel signature sequencing (MPSS)
(Lu et al., 2005) and a pyrosequencing-based method (Margulies et al., 2005)
developed by 454 Life Sciences will enable the identification of large numbers of
the small RNAs involved in the abiotic stress responses. Comparative genomics
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studies using bioinformatic approaches will also lead to an improved understanding
of function and biological significance of the small RNAs.
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Abstract:
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Metabolomics aims for comprehensive analysis of the metabolic complement. The
metabolic phenotype is typically described by changes in metabolic pool sizes. Today
investigations are technologically limited to a few hundred metabolites. Metabolomics
studies are typically restricted to a single analytical technology, such as GC-TOF-MS
which will be the focus technology of this chapter. Two strategies for data analysis
are applied. Metabolite fingerprinting investigates all analytical signals. Metabolite
profiling considers only information which represents known metabolites. In the last
8-10 years functional metabolome analysis has passed from concept discussion, method
development and feasibility assessment into a phase of method automation and increased
scope of applications for enhanced hypothesis generation. It is, however, still an early
time for lessons to be learned from high-throughput metabolome analyses. This chapter
attempts to exemplify the potential of metabolome analysis for the screening of genetic
diversity selected by breeding. This diversity is a widely recognized but also a hard to
investigate biological resource. In land races, selection has lead to successful adaptation,
for example towards environmental stress tolerance. However, the underlying genomic
changes remain elusive. Metabolic phenotyping analysis may circumvent the problem
by identifying metabolic markers for a targeted selection. Ultimately metabolic profiling
may allow an initial functional insight into metabolic modes of tolerance acquisition
without prior knowledge of genomic modifications

Metabolome, metabolite profiling, GC-TOF-MS, salinity, rice

1. INTRODUCTION

1.1. Introduction to Metabolome Fingerprinting and Profiling

At the onset of the post-genomic era the concept of metabolome analysis has sparked
a new interest in plant metabolism (Trethewey et al. 1999, Fiehn et al. 2000, Fiehn
2002, Sumner et al. 2003, Bino et al. 2004, Fernie et al. 2004, Jenkins et al. 2004,
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Trethewey 2004). Plant metabolism might be viewed as one source of signals which
regulate transcriptional, translational and post-translational processes in plants. On
the other hand, metabolism and the subcellular network of dynamic changes in
metabolite pool sizes or fluxes may be the ultimate force that delivers the phenotype
of an organism (e.g. Roessner-Tunali et al. 2004, Sauer 2004, Carrari et al. 2006,
Ratcliffe and Shachar-Hill 2006). In this chapter we intend to discuss the potential
new contribution that metabolite fingerprinting and profiling may add to our under-
standing of molecular stress physiology in plants and thus to improved molecular
breeding strategies towards stress tolerant crops.

We will focus on GC-MS technology (Kopka 2006a). This technology was one of the
first analytical technologies utilized for functional genomics analyses and molecular
physiological studies in plants (Fiehn et al. 2000, Roessner et al. 2000, Roessner
et al. 2001a, Roessner et al. 2001b, Roessner et al. 2002). It may still be the most
comprehensive and robust metabolomic technology of today. GC-MS profiling is now
joined by an emerging multitude of mutually complementing analytical technologies
which each open up broad but nevertheless limited windows into metabolism. GC-MS
profiling technology was among the first metabolomic technologies applied to rice
(e.g. GC-MS, Frenzel et al. 2002; '3C-NMR, Fan et al. 2003; CE-MS, Sato et al. 2004;
LC-UV and LC-MS, Li et al. 2004, Morino et al. 2005).

Detailed method descriptions for the GC-MS profiling technology (e.g. Gullberg
et al. 2004, Jonsson et al. 2004, Jonsson et al. 2005, Erban et al. 2007) and recent
status evaluations are available (Kopka et al. 2004, Kopka 2006b). Here an exemplary
study utilizing GC-MS based profiling to reinvestigate adaptation to salinity in Oryza
sativa L. is presented. Two general types of data mining will be applied to GC-
MS analyses of leaf and root samples: (1) fingerprinting analysis, which is defined
as the comprehensive “non-biased” analysis of all signals obtained through one
analytical technology, and (2) profiling analysis, which utilizes only the subset of
identified analytical signals, which represent known metabolites (Fiehn 2002). It is
self-evident that only profiling may lead to functional insights into metabolic pheno-
types or metabolic modes of stress tolerance. On the other hand profiling is biased
towards those metabolic components from a study that are identified at present,
for example those that have been made publicly available in dedicated electronic
libraries (Halket et al. 1999, Wagner et al. 2003, Halket et al. 2005, Kopka et al.
2005, Schauer et al. 2005). As a consequence important but previously not observed
marker metabolites may only be discovered by comprehensive fingerprinting analysis.
“Non-biased” fingerprinting, however, is still subject to the limitations of the applied
chemical-analytical technology. Truly comprehensive metabolome analyses are
currently not possible. An enormous technological effort is required for the combi-
nation of analytical technologies for increased metabolome coverage.

Metabolite profiling broadens the scope of metabolite coverage compared to
traditional methods. Metabolite profiling by GC-MS allows simultaneous analysis of
approximately 50 — 150 known metabolites from the same small amount of sample.
A similar analysis when attempted with separate targeted analytical methods is
technically more demanding and requires much higher amounts of sample material.
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The technological leap in obtaining multi-parallel information does not necessarily
come at the cost of quantitative accuracy. If required, GC-MS profiling experiments
are perfectly suited for exact quantification provided calibration experiments are
performed (e.g. Roessner et al. 2001a, Roessner-Tunali et al. 2003). For most
purposes relative quantification of changes in metabolite pool sizes are sufficient
(e.g. Cook et al. 2004, Kaplan et al. 2004). Respective calculation of response
ratios and normalization procedures for GC-MS profiling studies were described
previously (Kopka et al. 2006b).

In conclusion metabolite profiling simplifies comparative metabolic analyses and
strongly reduces the analytical bias of metabolic assessments. But admittedly the
metabolic window is still rather narrow.

1.2. Present Knowledge on Metabolic Responses to Salt Stress in Rice

Breeding for salinity tolerance, an important goal for the rice crop, has been limited
by the complex and polygenic nature of the trait (Yeo and Flowers 1983, Jain et al.
2003). As salinity stress is of marginal importance to the natural ecological range
of the species Oryza sativa L. (Ponnameruma 1984, Yeo et al. 1990), surveys, for
example on traditional Indian cultivars (Yeo et al. 1990) failed to reveal differential
tolerance strategies as a basis for combinatorial breeding. Highly tolerant cultivars,
such as Pokkali, seem to exploit vigorous vegetative growth and are consequently
found among traditional long-straw cultivars which are of limited use for high
yield breeding (Yeo et al. 1990). However, strong heterotic effects were observed
when crossing moderately tolerant cultivars, a finding which is indicative of the
importance of subtle combinatorial effects for improving salt tolerance (Gregorio
et al. 2002).

The mechanistic basis of salt tolerance is delineated mainly to the maintenance
of low internal Na™ levels, the sequestration of Na™ away from growing leaves,
the Na™ tolerance within tissues and to the homeostasis of essential ions, namely
K*, Ca** and P, (Yeo and Flowers 1982, Yeo et al. 1990, Zhu et al. 2001, Hien
et al. 2003, Babu et al. 2005, Sohn et al. 2005). So far Nat, K*, Ca*" and P, ion
accumulation in the absence of salinity stress did not appear to yield unambiguous
selection markers for the prediction of salt tolerance (Zhu et al. 2001). Thus there
still is a demand for markers, which would allow enhanced selection of parent lines
and high-throughput screening of breeding populations. As far as investigations
of halophytes indicate, these markers may be found among metabolic adaptations
which serve osmotic adjustment and osmoprotection (Bohnert et al. 1995). In the
following we shortly summarize the findings concerning major metabolic compound
classes.

1.2.1. Proline and amino acids

Accumulation of amino acids and polyamines under salt stress may be interpreted
as a sink-reaction to trap excess ammonium (Bouchereau et al. 1999, Yamamoto
et al. 2004) but also as an osmoprotectant adaptation. The function of a compatible
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osmolyte is traditionally assigned to proline. Proline levels increase upon salt
treatment, but increased proline concentration is also discussed to represent a
symptom of salt stress injury (Lutts et al. 1999). In rice, proline, but also arginine,
leucine, alanine, valine and glutamine have been reported to accumulate under salt
stress in both shoots and roots (Dubey and Rani 1989, Alpaslan et al. 1999, Hien
et al. 2003, Babu et al. 2005). Higher proline accumulation in both organs has been
observed in tolerant rice cultivars (Igarashi et al. 1997, Babu et al. 2005), but proline
treatment proved to be neutral with respect to salt tolerance (Garcia et al. 1997).
Activation of glutamate conversion to proline through overexpression of delta(1)-
pyrroline-5-carboxylate synthetase (PSCS; EC 1.5.1.12) appeared to enhance salt
tolerance in rice (Zhu et al. 1998, Anoop and Gupta 2003). In the tolerant cultivar
Dee-gee-woo-gen (DGWG), P5SCS expression increased more under salt stress then
in the sensitive IR28 (Igarashi et al. 1997). In contrast, Hien et al. (2003) found that
proline accumulation did not result from PSCS regulation. Proline synthesis may be
fuelled through other channels. Candidate pathways are the putrescine catabolism
via diamine oxidase (DAO; EC 1.4.3.6) (Hien et al. 2003, Bouchereau et al.
1999) and lysine degradation via the bifunctional enzyme, lysine 2-oxoglutarate
reductase/saccharopine dehydrogenase (LKR; EC1.5.1.8/ SDH; EC 1.5.1.9). The
LKR gene was found to be one of the induced transcripts in the tolerant rice
cultivar DGWG (Shiozaki et al. 2005). In addition, enhanced glutamate biosyn-
thesis could also be transmitted to the proline pool through the urea cycle and
ornithine-5-aminotransferase activity (OAT; EC 2.6.1.13) (Lutts et al. 1999).
Hydroxyproline-containing diketopiperazines (HPCDs), including naturally
occurring L-hydroxyprolyl-L-proline anhydride (D-104) and L-hydroxyprolyl-L-
leucine anhydride (D-301), increased stress resistance in rice significantly, when
the seeds were treated with these compounds during the initial germination period
(Ienaga et al. 1990). Based on structure-activity analysis of six chemical derivatives,
D-104 and D-301 were discussed to represent novel phytohormone candidates.

1.2.2. Polyamines

Polyamines are ubiquitous aliphatic amines. Putrescine, spermidine and spermine,
for example, are soluble metabolites, which can be conjugated to phenolic
compounds or bound to macromolecules (Martin-Tanguy 1997, Bouchereau et al.
1999). Besides a role in regulating cell proliferation and differentiation, polyamines
appear to be involved in plant responses to environmental stresses, such as nutrient
deficiency, low and high temperature stress, salinity and osmotic stress, hypoxia
and oxidative stress (Chattopadhyay and Ghosh 1998, Bouchereau et al. 1999). It
is unknown, how polyamines contribute to stress tolerance. Interpretations range
from ion balancing (Young and Galston 1984) to regulation of structure, function
and synthesis of macromolecules (Jacob and Stetler 1989). Even an unspecific
detrimental metabolic reaction which might cause growth retardation and reduce
viability was suggested (Slocum et al. 1984).

Results on the role of polyamines in salt acclimation of rice appear to be contra-
dictory. Polyamine concentrations typically increase in response to salt treatment
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(Basu et al. 1988, Katiyar and Dubey 1990, Kakkar et al. 2000). But other investi-
gations report a decrease in polyamine concentrations upon salt stress (Prakash and
Prathapasenan 1988).

Some studies report increased putrescine levels in sensitive cultivars (Katiyar and
Dubey 1990). Other reports comparing sensitive and tolerant cultivars show changes
in the ratios among higher polyamines and putrescine and differences between
root and shoot metabolism (Kakkar et al. 2000, Krishnamurthy and Bhagwat 1989,
Maiale et al. 2004), for example a strong putrescine accumulation in roots of
a tolerant compared to a sensitive cultivar and an opposite trend within shoots
(Lefevre et al. 2001).

Analyses of enzyme activities and transcription paint an equally conflicting
picture. Key steps in polyamine synthesis are catalysed by arginine decarboxylase
(ADC, EC 4.1.1.19), the committing step in polyamine synthesis, and S-adenosyl-
L-methionine decarboxylase. The salt tolerant cultivar Pokkali had an increased
activity and transcript level of ADC. In comparison to Pokkali the sensitive cultivar
M-1-48 showed reduced ADC activity and transcription upon prolonged salt accli-
mation (Chattopadhyay et al. 1997). In the salt tolerant cultivar Giza 181 A,
however, ADC, S-adenosyl-L-methionine decarboxylase, and spermidine synthase
activities were reduced and polyamine oxidase activity was not detectable (Maiale
et al. 2004). Expression or proteome profiling indicate induction of S-adenosyl-
L-methionine decarboxylase (Kawasaki et al. 2001, Rabbani et al. 2003, Shiozaki
et al. 2005) and S-adenosyl-L-methionine synthetase (Shiozaki et al. 2005, Wu et al.
2005, Yan et al. 2005).

In transgenic approaches expression of the S-adenosyl-L-methionine decar-
boxylase 1 gene was shown to convey salt tolerance in rice seedlings (Li and
Chen 2000). Expression of either ADC (Roy and Wu 2001, Capell et al. 2004)
or S-adenosyl-L-methionine decarboxylase (Roy and Wu 2002) enhanced NaCl or
osmotic tolerance and caused higher spermidine and spermine concentrations.

1.2.3. Betaines and quaternary ammonium compounds (QAC)

Betaines and other QACs accumulate in many salt tolerant species, including
Poaceae, namely barley and wheat (Ishitani et al. 1993), but their presence
in rice is debated. Betaines and QAC in their function as compatible solutes
may represent marker molecules for salt tolerance. However, only few authors
(Krishnamurthy et al. 1988, Kishitani et al. 2000) report the presence of glycine-
betaine and a total QAC fraction in rice shoot and roots. Other studies on rice
and related species using either traditional chemical analysis or mass spectrometry
suggest that glycinebetaine is not accumulated in rice (Rathinasabapathi et al.
1993, Takabe et al. 1998). Activity of betaine aldehyde dehydrogenase has been
detected in rice leaves (Nakamura et al. 1997) and overexpression of transgenic
choline oxidase seems to be beneficial for salt tolerance in rice (Mohanty et al.
2002). So far the role of betaines and QAC for salt tolerance of rice remains
elusive.
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1.2.4. Sugars

Total soluble sugars typically accumulate under salt stress, especially in monocot
species (Kinzel 1982, Bohnert et al. 1995). Reducing and non-reducing sugars,
namely sucrose, fructans and trehalose, appear to have opposing effects: salt
tolerance of wheat was correlated to accumulation of sucrose and fructans, whereas
accumulation of reducing sugars seemed to exert detrimental effects (Kerepesi and
Galiba 2000, Kafi et al. 2003).

Fructans have not yet been reported in rice and trehalose appeared to fall below
detection limits in rice and other Poaceae (Penna 2003). Trehalose acts as a highly
effective osmoprotectant in resurrection plants (Penna 2003) and thus may move
into the focus of investigations. Rabbani et al. (2003) and Chao et al. (2005) both
demonstrated for the rice crop increased expression of the trehalose-6-phosphate
phosphatase gene in response to salinity stress and discovered differential regulation
in a salt-tolerant compared to a sensitive cultivar. In detail, eight genes which
were related to trehalose biosynthesis appeared to be induced in the salt tolerant
cultivar Nona Bokra (Chao et al. 2005). Genetic modification for enhanced trehalose
biosynthesis in rice demonstrated the potential for an improved performance under
salt stress (Garg et al. 2002, Jang et al. 2003).

A possible role of sucrose was also implied in recent investigations. Modification
of sucrose transport under salt stress was implied by the discovery of two salt
responsive clones with high homology to sucrose transporters (Shiozaki et al. 2005).
In addition the sensitive cultivar Giza 35 showed low sugar levels under control
conditions which increased upon salt stress. In contrast the tolerant genotype Giza
159 had constitutively high sucrose levels (Rathert 1983, Zhou et al. 2004). Sucrose
synthase (SuSy) may be one point of regulation. Salt responsiveness of SuSy gene
expression (Wu et al. 2005) and a differential transcriptional regulation of SuSy in
a salt tolerant compared to a salt-responsive rice cultivar (Chao et al. 2005) were
both recently found.

1.2.5. Polyols

Polyols are thought to have functions as osmoprotectants and appear to contribute to
osmotic adjustment under salt stress (Bohnert et al. 1995). Polyols comprise straight-
chain metabolites, such as mannitol and sorbitol, and cyclic substances, for example
myo-inositol and methylated inositol derivatives like ononitol or pinitol. Enzymes of
the inositol synthesis and methylation pathway, namely inositol monophosphatase
(INO1) and inositol-O-methyltransferase (IMT1), are under tight stress regulation in
highly salt tolerant ice plants (Bohnert et al. 1995). Inositol is in addition a building
block for stress related conjugates, for example galactinol, which is required for
raffinose, stachyose or verbascose biosynthesis.

Information on the role of polyols in rice and Poaceae in general is scarce,
for example arabitol and mannitol accumulation was linked to pathogen resistance
(Yakubov and Chkanikov 1994). Furthermore Chao et al. (2005) proposed that
reduced expression of two GDP-mannose dehydrogenase genes inresponse to 140 mM
NaCl treatment might contribute to mannitol accumulation in the salt-tolerant cultivar
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Nona Bokra, whereas a mannitol transporter exhibited increased gene expression in
the sensitive cultivar IR29 (Walia et al. 2005). Inositol metabolism has been linked
to salt tolerance through the discovery of a conserved L-myo-Inositol-1-phosphate
synthase in Porteresia coarctata, a salt tolerant relative of Oryza sativa (Majee
et al. 2004) The same enzyme exhibited increased expression upon salt stress in rice
(Shiozaki et al. 2005). Finally galactinol synthase, an enzyme which is thought to
be involved in temperature stress responses, was also discovered to be an adaptive
feature of salinity stress in rice. This enzyme was induced upon salinity stress in the
tolerant rice cultivar FL478 but not in the sensitive cultivar IR29 (Walia et al. 2005).

1.2.6. Organic acids

Organic acid biosynthesis, specifically organic acid exchange with the rhizosphere,
has been associated with nutrient deficiency, particularly phosphorous, exposure to
toxic cations, such as Al**, and anoxia (Lopez-Bucio et al. 2000, Ryan et al. 2001).
Under salt stress organic acids are thought to compensate for charge imbalance in
those plants that either take up less C1~ than Nat ions, for example Chenopodiaceae,
or translocate more Cl~ than Na™ ions to the shoots, such as the Poaceae (Kinzel
1982). Data from field surveys and cultivation experiments indicate that organic
acid concentrations decrease in glycophytes under salt stress (Kinzel 1982). In
rice seedlings, salt tolerance has been linked to increased activities of malate-
dehydrogenase and isocitrate-dehydrogenase (Ritambhara and Dubey 1995). The
authors interpret these findings by assuming inhibition of the pentose phosphate
pathway under salt stress, which might be compensated by NADPH generation
through cytosolic isocitrate-dehydrogenase activity.

1.2.7. Metabolic coverage of GC-TOF-MS metabolite profiling

Most of the metabolites mentioned above can be monitored by GC-TOF-MS
metabolite profiling (Kopka et al. 2005, Schauer et al. 2005, and refer to the GMD
web resource (http://csbdb.mpimp-golm.mpg.de/gmd.html). A few general restric-
tions apply. Quaternary ammonium salts, such as betaines, have low volatility.
Sugars larger than trisaccharides, for example fructans or stachyose, or polyphos-
phates, such as phytic acid, exhibit boiling points which are beyond the upper
temperature limit of routine GC. Due to the employed chemical derivatization
phosphates which are bound to the reduced carbon atom of sugars are lost.
Guanidino- (-NH-CNH-NH,) and ureido- (-NH-CO-NH,) moieties are instable.
Typically arginine and citrulline are converted into ornithine and agmatine into
putrescine (for further details refer to Steinhauser and Kopka 2007).

1.3. Lessons from transcriptome and proteome analysis applied
to metabolite profiling

Metabolomic studies are at an early stage in rice (see paragraph 1.1). None
has directed attention to metabolic stress adaptation. In contrast expression
profiling studies (Chao et al. 2005, Kawasaki et al. 2001, Rabbani et al. 2003,
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Walia et al. 2005, Ueda et al. 2006), screenings for salt-induced ESTs (Sahi et al.
2003, Shiozaki et al. 2005, Wu et al. 2005) and several proteome profiles have been
performed (Salekdeh et al. 2002, Abbasi and Komatsu 2004, Kim et al. 2005, Yan
et al. 2005, Parker et al. 2006). Thus we were able to draw a few general conse-
quences for metabolite profiling. (1) Leaf and root need to be analysed in parallel.
Both organs may exhibit different adaptations as was implied by comparative
expression analysis of rice shoot and root (Chao et al. 2005) and differential quanti-
tative trait loci (QTL) for ion accumulation (Koyama et al. 2001) and transport (Lin
et al. 2004). (2) Salt stress may fundamentally affect plant physiology, for example
photosynthetic carbon dioxide assimilation (Chao et al. 2005, Kim et al. 2005),
photorespiration (Kim et al. 2005) as well as carbohydrate-, nitrogen- and energy-
metabolism (Yan et al. 2005). (3) Salt acclimation in rice may have a long-term
impact on the proteome and presumably on the metabolome, which may become
apparent only after seven days exposure to salt (Parker et al. 2000). (4) Adaptations
may be constitutive or stress-inducible (Salekdeh et al. 2002, Chao et al. 2005).

14. The Challenge of Utilizing Selected Diversity

Targeted genetic modifications, such as systematic genomic knock-out projects,
gain of function populations or defined mutant populations were the first obvious
choice for the exploitation of the new GC-MS metabolite profiling technology.
These sources of genetic diversity allow analysis of genes with known function
and classification of non-characterized orphan genes by similarity of metabolic
phenotypes. The nature of multigenic quantitative traits has been addressed for
example by GC-MS based investigations of introgression populations (Schauer et al.
2006). Because of the high costs and time required for breeding introgression lines,
the vast resource of genetic diversity, which is generated by either natural selection
of wild crop ancestors or breeding, is difficult to utilize.

Large germ-line collections of land races and new or traditional cultivars are
available through national projects, such as the Vietnamese source of our rice
cultivars (see below), or through international efforts, for example those of the Inte