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Preface

According to FAO’s estimate, the number of people suffering from chronic hunger
has increased to over a billion.

Because most of the extreme poor who suffer from hunger live in rural areas, the
effort to enhance agricultural productivity will be a key element to reduce the
numbers of the global population suffering hunger.

This goal will not be achieved unless we develop new genotypes of food crops
and animals that will both improve production under suboptimal conditions. The
discovery of genotypes with the capacity to cope with these problems suggests that
increasing the support of breeding for fragile environments is a viable strategy for
uplifting the rural poor. However, breeding for environmental stresses is a slow and
inefficient process. Although several genotypes with good stress tolerance to
environmental stresses have been identified or developed, it is difficult to transfer
these traits to elite backgrounds because they are genetically very complex. One
possibility currently being evaluated for enhancement of stress tolerance is to apply
biomarkers in breeding programs to follow the inheritance of major genes that are
difficult to phenotype, such as pyramids of disease resistance genes of similar effect.
Proteomics is a powerful approach to identify proteins associated with stress tol-
erance. It offers an entry point for identifying possibly significant changes in protein
levels against a background of unresponsive proteins.

The application of proteomics is wusually initiated by detection of
stress-responsive proteins through the comparison of proteomics data between
stressed and control organisms. Identification of these expressional candidate pro-
teins may then reveal that some of them have functions clearly consistent with the
stress tolerance trait. Other relevant information including the expression pattern of
mRNA and the metabolomics may help to further verify the correlation of these
candidate proteins with desirable traits. The step forward from collecting pro-
teomics data to functional prediction will pave the way for the sustainable agri-
cultural production under unfavorable environmental conditions.

This book will cover several topics to elaborate how proteomics may contribute
to our understanding of mechanisms involved in stress adaptation. The knowledge
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being accumulated through a wide range of proteomics technologies may eventu-
ally be utilized in breeding programs to enhance stress tolerance. This book presents
a comprehensive review about the responses of crop and farm animals to envi-
ronmental stresses. Challenges related to stress phenotyping and integration of
proteomics and other omics data have also been addressed.

Karaj, Iran Ghasem Hosseini Salekdeh
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Chapter 1

Well-Designed Experiments Make
Proteomic Studies on Stressed Plants
Meaningful

Brian J. Atwell

Abstract Analysis of the impact of abiotic stresses on plants is technically
demanding. The cultivation of plants, application of treatments, choice of tissues
and preparation of biological samples for proteomic analysis is as important as the
subsequent identification of proteins. With appropriate precautions, proteomics will
greatly improve our understanding of the mechanisms of abiotic stress tolerance.
Hence, this chapter summarises some of the major design faults that can compro-
mise the interpretation of ‘stress experiments’. The examples of salt, drought,
thermal stress and waterlogging are taken as representative of commonly encoun-
tered stresses, with recommendations for ways to avoid artefacts in design. The
importance of interactions between these stresses is then discussed, pointing out the
relevance of carefully constructed time courses and attendant physiological mea-
surements to define the degree of stress. Tissue selection is also emphasised,
recognising that stresses have differential impacts on different organs. Finally, the
significance of choice of plant species is discussed, with recognition of the value of
model species and the importance of expanding the range of taxa used if the full
range of stress acclimation responses is to be identified through proteomics.

Keywords Experimental design - Abiotic stress

1.1 Introduction

Proteomic technologies have evolved rapidly in the past two decades, becoming an
indispensable tool in the analysis of gene expression [1]. Because protein com-
plements provide qualitatively different information from transcriptomes [2], pro-
teomics will bring important new insights to plant phenomics under stress.
However, the full extent of the disjunct between transcriptome and proteome is yet
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to be revealed. Direct evidence for abiotic stresses modifying translation of mRNAs
is scarce and deserves closer attention over a range of conditions. In hypoxic
Arabidopsis plants, much of the mRNA population remains untranslated, leading to
a proteome that is defined by the demands of the stressed cell [3].

In spite of great technical strides, the opportunities afforded by proteomics still
have their limits, with detection of low-abundance proteins and post-translational
modifications providing continuing challenges [2]. However, deep sequencing of
DNA and extensive proteomic profiles are driving the concept of ‘proteoge-
nomics’—the marriage of proteomics with genomics to develop a deeper under-
standing of crop phenomics [4, 5]. Initial attempts will be based on the major, well
documented crop species such as rice, from which they will extend to genetically
complex species such as wheat and novel crop species.

This review does not set out to appraise these technologies but rather to analyse
the methodology by which biological samples are prepared for subsequent pro-
teomic analysis. Because ‘agricultural proteomics’ will make a major contribution
to our understanding of the mechanisms of abiotic stress tolerance by quantifying
gene expression levels under stress in high-performing hybrids [2], special care is
required to avoid flawed experimental practices that could compromise interpre-
tation of data and their application to breeding and targeted gene transfer. The
sections that follow dissect the physiological, developmental and genetic factors
that influence the results of gene expression analyses. They specifically address
experimental design, particularly time courses of experiments and informed sam-
pling of biological tissues from plants. Cautionary themes are presented under three
headings (experimental design related to specific abiotic stresses, time frames and
sampling). All three themes should be taken into consideration during the pro-
duction of biological samples for proteomic experiments.

1.2 Designing Experiments to Mimic Abiotic Stress
Observed in the Field

The environmental hazards that restrict agricultural productivity are either climatic
(e.g. drought, salinisation, frost, light imbalance), chemical (e.g. inorganic nutrition,
salt, herbicide residues) or biotic (invertebrate, fungal or bacterial attack). This
section deals with the appropriate design of experiments required to mimic four of
the major abiotic stresses on crops—salinity, drought, temperature and waterlog-
ging. Through the precise application of these stresses in controlled conditions, we
can gain confidence in proteomics as a tool to inform the genetic improvement of
our major crop species. With sophisticated hardware (e.g. well-lit environmental
cabinets) and software (e.g. ramping of conditions rather than simple day/night
settings) now available, experimentalists can nuance the application of abiotic stress
in a way not previously possible. Thereby, temperature, light, humidity and inor-
ganic nutrition can all be very closely aligned with field observations.
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Abiotic stresses do not act on plants independently—they interact, as we see at
the tissue and cell level. This interaction is manifested in the phenotypic responses
that we observe in experiments. For example, drought and salinity are mechanis-
tically connected, with salt affecting land plants by perturbing cell water relations,
as well as via the toxic effects of ions on cell metabolism. Therefore, ‘osmotic
drought’ caused by salinity is likely to have gene expression responses in common
with ‘hydraulic drought’, which is caused by soil water depletion, low air humidity
and/or high wind speeds. However, longer term changes in the proteome will be
specific to the toxic effects of sodium and chloride and will be manifested in
expression of ion transporters that are required for compartmentation and efflux.
Yet, surprisingly, many publications claim to reveal gene-level responses to salinity
without designing experiments to discriminate between the dual effects of water
relations and toxicity. If proteomics is to be effective, careful application of treat-
ments (in this example, salt), time courses and environmental conditions must all be
managed to lead us to the most likely explanation at the cell level for the responses
seen in crop species.

A further dimension is the choice of species for gene expression studies: this is
inseparable from the manner in which the stress is imposed, as seen in the specific
examples referred to below. One must first look to the commonly used models such
as Arabidopsis, Chlamydomonas, Brachypodium, Nicotiana benthamiana and the
crop species Oryza sativa (monocotyledons) and Medicago trunculata (legumes)
because these species have contributed so much to our knowledge of gene-level
responses to abiotic stress. However, generalising observations from these model
genotypes to abiotic stress effects in all commercial crops is fraught because of the
specific adaptations that might characterise particular species (Fig. 1.1). For
example, the ‘minimalist’ deep tap-root of the dryland legume lupin contrasts with
the expansive fibrous root system of wheat, in spite of both achieving efficient water
use in identical dryland field conditions [6]; it is likely that each species employs
some unique drought resistance strategies. Similar contrasts in root architecture can
be seen for wheat and sugar beet in NMR images [7]. Dicotyledonous crop species
are especially under-represented in studies aimed at identifying genes that respond
to abiotic stress.

In summary, it behoves all those in the thrall of the technologies used to study
gene expression to expand the range of taxa and improve the experimental designs
that too often compromise abiotic stress studies. This will have the effect of creating
ever larger and more reliable databases being applied to biological samples that
genuinely mimic the physical constraints to yield in field crops. Relative to geno-
mics, proteomics is a nascent science whose impact will be far deeper with rigorous
application of the stresses applied (e.g. levels of stress, time courses, interaction
effects). Naturally, experiments on biological extracts will always yield a proteomic
profile—the challenge is to identify those protein changes that meaningfully reflect
the system in which the plant normally grows. Modern proteomics based on
well-executed experiments could obviate many of the criticisms that could be
levelled at some earlier microarray studies.
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Drought
dryland cereals,
xerophytes

pH

calcifuges &
calcicoles

Thermal stress

alpine and tundra species

Fig. 1.1 Schematic to illustrate some ideal plant species or groups for proteomic studies on the
range of abiotic stresses discussed in this chapter. The plant categories are not exclusive and the
power of fully sequenced species (e.g. Arabidopsis, rice) as models for proteomic approaches is
fully acknowledged. Calcifuges and calcicoles are plants naturally adapted to acid and alkaline
soils respectively. Note that the effects of salt, drought and waterlogging interact and thus
potentially produce unique proteomic responses. Extreme pH impinges especially on plants which
are affected by other abiotic stresses. All these stresses are, in turn, subject to interaction with the
experimental temperature regime

The following sections analyse the application of stresses individually and in
combination, followed by the impact of temporal and spatial considerations in
biological sampling.

1.2.1 Salt

Not uncommonly in the literature, sodium chloride is applied to plant roots in very
high concentrations (100-200 mM), often in an instant, to mimic the effects of
salinity on crop plants. However, only very rarely in nature is salinity visited on
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crops by a sudden rise from salt-free to inundation with highly saline solution and
these are circumstances in which crops generally perish because of tidal surges or
tsunamis. Salinity damage in crops is more likely to be subliminal and characterised
by the gradual accumulation of salts in transpiring organs (mainly leaves), with
associated osmotic and toxic impacts possible [8]. Furthermore, even though
sodium and chloride are the dominant ionic species in sodic soils, the distortion of
normal soil chemistry means that other ions can be present in concentrations far
from their optimum [9]. Moreover, calcium also plays a key role in maintenance of
membrane integrity and therefore it should ideally be present at millimolar con-
centrations in saline solutions around roots to prevent generalised membrane dys-
function and unrestrained passive uptake of sodium [8, 10]. Similarly, other
macronutrients (e.g. N, P and K) must be sufficient to maintain an adequate
steady-state supply to roots, and bathing solutions containing only sodium chloride
must strictly be avoided as a mimic for salinity.

A further consideration must also be the inherent salt tolerance of the test spe-
cies. It is unlikely that species poorly adapted to salinity will have a concentration
of novel tolerance genes. The identification of high-affinity potassium transporters
(HKTs) in wheat has led to a diverse family of genes from other species that confer
salt tolerance [11], underlining the importance of experiments on a broad range of
species.

Arabidopsis has relatively low physiological tolerance to salt and yet concen-
trations of sodium chloride up to almost half that of seawater are sometimes applied
to this species in the laboratory to mimic saline conditions. Such experiments are
more likely to educate us about the cell senescence and death than salt tolerance.
The inclusion of halophytes and salt-tolerant grasses in proteomic experiments will
go a long way to realising the full benefit of gene discovery technologies. Barley is
clearly a case in point, where genomic and proteomic databases have the potential
to reveal insights into mechanisms of salt tolerance. Furthermore, true halophytes
such as the chenopods (family Amaranthaceae) and halophytic algae offer the
opportunity to discover novel salt tolerance genes that have been lost in most land
plants [12].

Recommendation: Apply relatively low sodium chloride concentrations in the
presence of a full nutrient complement that includes calcium over relatively long
periods (days, not hours) as a standard approach. The use of plant species that have
at least moderate tolerance to salinity should also be encouraged but true halophytes
are likely to be most informative.

1.2.2 Drought

Drought imposes itself on plants through a succession of processes that occur well
before the common symptoms of wilting and death are observed: these events
normally take place over the course of days or even weeks [13]. Impaired growth
and diminished yield are the ultimate result of sustained drought but the
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physiological manifestations of withholding water (or dry atmospheres) are very
complex. In those species which have been experimentally observed, acclimation to
drought involves a suite of events in overlapping time frames—cell level changes
associated with turgor loss are followed by accumulation of abscisic acid
(ABA) and stomatal responses, and eventually, morphological adjustments such as
thinner roots and altered root-to-shoot ratios [13]. With the benefit of many decades
of information gathering on the expression of genes underlying these physiological
observations, we now know that some drought responses are triggered directly by
drought (e.g. ABA synthesis, biosynthesis of osmotic agents) while others are
secondary or tertiary responses (e.g. accumulation of carbohydrates, senescence
pathways, slower respiration).

Severe water deficits can be imposed effortlessly by removing a leaf from its
parent plant, with wilting generally following quickly: naively, such an approach is
sometimes thought to mimic drought. However, rapid dehydration involves little
more than hydraulic shock and stomatal closure, with the more subtle adjustments
to cell walls, hormone levels, tissue hydraulics and osmotic changes all masked.
Thus, gradually withholding water is essential to elicit the full gamut of drought
responses [13, 14] and therefore, to see changes to the proteome that represent all
the acclimation processes in droughted plants. This is generally best achieved by
using large soil volumes relative to plant size (see [7]), allowing soil water either to
be depleted slowly [15, 16] or addition of very small volumes of water daily,
enabling leaf hydration as plants acclimate to sub-optimal water supply [17, 18].

It is valuable in the analysis of abiotic stresses, including drought, to return
plants to the non-stressed state by re-watering. Because re-watering immediately
rehydrates plants, the pattern by which the proteomic profile returns to resemble
that in continually watered plants can be re-assuring because the initial impacts of
drought are likely to be reversed quickest (e.g. full cell hydration). For example,
this might be seen in reduced levels of stress-inducible proteins [15]. Alternative
approaches to manipulation of the proteome in response to drought ought to be
employed where appropriate, including the classical split-root experiments [19].
This can effectively separate signals coming from a source (drying roots) from the
hydraulic effects of drought in shoots. Another common technique used to impose
drought is to add a non-permeating osmotic solute such as mannitol or polyethylene
glycol to the root medium. While this achieves dehydration osmotically [20] it is
unlikely to replicate the far more subtle acclimation responses of a true drought and
can be hydrolysed and/or taken up by plant cells [21].

Recommendation: Drought is distinct from tissue dehydration and is most often
imposed slowly in nature, leading to a wide range of acclimation responses.
Therefore, in experiments drought should be mimicked by allowing plants to
transpire water from large soil volumes. The effect of drought on gene expression
can be further elucidated by re-watering to reverse the drought or splitting root
systems into dry and wet compartments.
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1.2.3 Thermal Stress

Many of the world’s major crops grow and develop at temperatures outside the
optimal diurnal range (say, 20-28 °C). While heat stress has frequently in the past
been dismissed as little more than a subordinate of drought stress, it is a distinct
phenomenon and in irrigated crops in the humid tropics, is likely to occur inde-
pendently of drought. As with drought experiments, the artificial imposition of heat
(and chilling) should be done using regimes that are guided by data from the field,
such as those available from thermal loggers or meteorological observations. The
imposition of drought and heat reported by Ashoub et al. [16] conforms to these
general principles, with stress applied in graduated regimes. In that changes in the
expression of stress-responsive genes are seen when temperate species are exposed
to temperatures in the low thirties [22], extreme temperatures should only be
imposed when justified by the habitat of the experimental species. Arguably, the
most important metabolic changes occur within 5-10 °C of the optimal temperature
range.

Similarly chilling must be imposed within physiological boundaries that are
defined by field conditions, and at a rate that is plausible. Accordingly, chilling
should be increased over timeframes of hours (simulating phenomena such as frost
damage) or in some cases imposed over a period of days, as required for frost
hardening in much colder environments [23]. Localised chilling of organs (e.g.
roots) can be used to elicit release of mobile signals that trigger a change in the
proteome of remote organs such as shoots [24]. Such an approach exploits pro-
teomics to reveal the identity of either heat- and cold-inducible long-distance sig-
nals but has limited relevance to field plants outside those where rapid atmospheric
heating accompanies evaporative cooling at the soil surface (e.g. irrigated rice in hot
savanna).

Artificial growth conditions such as atmosphere-controlled glasshouses and
growth cabinets have the capacity to heat and cool plants over a huge range in just
minutes, further necessitating stepwise changes in temperature as a new steady-state
is established. Ignoring the need for temperature ramping leads to experiments that
measure how gene expression responds to thermal shock and provides no insights
into acclimation to temperature shifts.

Recommendation: Impose heat stress by stepwise increases in temperature,
generally during the daytime, and in accordance with the natural range of tem-
perature stress that is likely to be experienced. Chilling should also be imposed
gradually unless it is aimed at simulating sudden events such as frost in unhardened
plants.
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1.2.4 Waterlogging

As with drought, plants undergo a series of chemical, metabolic and structural
changes during acclimation to flooding, with the primary impact being on roots,
contrasting with impacts on shoots during drought and atmospheric fluctuations.
The importance of care in the choice of tissues to be sampled for proteomics will be
addressed in detail below (see ‘The importance tissue sampling’).

Changing the oxygen supply to tissues abruptly is known to cause damage and
even death of cells, especially in root apices, which are most metabolically active
[25]. These authors showed that in the absence of internal ventilation in the form of
aerenchyma, even flood-tolerant species such as rice are unable to withstand anoxia.
In testing the effect of anoxia on plants, hypoxic pre-treatment is strongly recom-
mended to alleviate damage from ‘anoxic shock’ (see [26]) as this qualitatively
changes the tolerance of vulnerable tissues such as maize roots to anoxia [27]. The
dissection of what constitutes shock versus steady-state stress is discussed in the
final section.

Some experimenters advisedly test the recovery from low-oxygen stress by
re-establishing aeration. However, just as the switch from normoxia to anoxia is
very damaging, abrupt increases in oxygen supply to tissues are potentially dele-
terious, in this case because of the inadequacy of oxidative reactions to consume
available oxygen, and subsequent release of deleterious reactive oxygen species
[28]. Therefore, recovery treatments need to be applied with care, probably by
hypoxic post-treatment.

Paradoxically, plant organs (e.g. roots, rhizomes) of highly flood-tolerant species
largely owe their survival in low-oxygen environments to a system of aerenchyma
which ventilate cells and re-supply surrounding medium with oxygen. This adap-
tation is highly developed in species such as rice and over-wintering wetland plants
[29]. Furthermore, the rate at which oxygen diffuses out of roots varies with
genotype [30]. Thus, while anoxia can be imposed on the root medium, the actual
oxygen status of individual root zones from different genotypes might not be
comparable at the time that they are sampled for proteomics because oxygen
transport into these root systems varies with the proportion of aerenchyma and
oxygen leakage rates [28]. This is particularly true for the stele of roots, which can
be anoxic while the surrounding cortex is hypoxic [31]. Disparate anoxia tolerance
in the dimorphic root systems of grasses [32] adds a further dimension that must be
taken into account during sampling. Such subtleties require careful consideration
and while in general, excision of organs should not be the first choice, there is a
case where the confounding effects of long-distance transport of oxygen (or car-
bohydrates) make interpretation of data difficult in intact systems [33].

Choice of species is especially critical when probing the proteome of roots
because some species are relatively tolerant to hypoxia/anoxia, while others are so
intolerant that even hypoxia can kill them or at the least, inhibit all function [28].
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This contrast is particularly pertinent when the pre-eminent plant model species
(Arabidopsis vs. rice) represent extremes of tolerance to low oxygen, calling for
low-oxygen treatments that recognise these tolerances. Broader taxonomic contrasts
that include poplar and algae as well as Arabidopsis and rice, have been employed
to identify common transcriptional responses [34] and similar metabolomic and
expression profiles have also compared poplar with rice and Arabidopsis [35]. With
gene expression having been studied in so few of the plant species which are
adapted to marshes, wetlands and waterways, there is a powerful case for quanti-
tative proteomics that encompasses more species and diverse oxygen treatments.

Anoxia severely impairs protein synthesis, even in rice seedlings [36] because
most of the energy generated is used to synthesise new proteins [37]. It follows that
tissues exposed to anoxia for short periods will reveal a proteomic profile domi-
nated by proteins that were present prior to the low-oxygen treatment: this is
obviously to be avoided. To discriminate the synthesis of novel proteins during the
low-energy, low-oxygen period, quantitative proteins (e.g. enrichment of "N in
proteins that were synthesised from labelled exogenous ammonium or amino acids)
is a better approach [38].

Finally, the microbial populations that inhabit the rhizoplane of root systems that
are not grown axenically are substantial; microbes have high protein concentration
per unit biomass and rapid turnover rates [39]. These prokaryotic populations are
clearly a confounding factor in proteome analysis and must be either eliminated or
suppressed if the true root proteome is to be considered in gene expression studies.
The advent of quantitative proteomics makes this even more pressing because the
rates of incorporation of labelled precursor amino acids or ammonium into the
microbial proteome will be so much faster that into the roots.

Recommendation: Lower (or raise) oxygen concentrations around root systems
in one or more steps through the hypoxic range over at least 24-h periods in order to
avoid tissue death and oxidative damage when anoxia (or normoxia) are reached.
Roots should be sampled for proteomics with a clear knowledge of the actual
oxygen status of the intact tissue, as well as its inherent tolerance to anoxia,
developmental stage and the microbial populations that reside in the rhizosphere.

1.3 Managing Interactions Between Abiotic Stresses

Preceding sections describe how best to apply individual stresses to plants.
However, appreciation of the more complex question of interacting abiotic events is
also vitally important because the impact of one stress can exacerbate, or amelio-
rate, that of a second stress [40, 41]. Such interactions can be entirely abiotic, i.e.
physical events external to the plant such as high temperature exacerbating oxygen
deficiency. In reverse, low soil temperatures reduce root and microbial respiration
and alleviate damage from waterlogging [42].

While the physiological manifestations of abiotic interactions might be obvious,
there is far less certainty about the proteomic changes that are triggered as part of
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the biological response. Suzuki et al. [41] refer to signalling pathways that are
common to particular stress combinations. As post-transcriptional modifications
(e.g. RNA processing, protein phosphorylation) are revealed, greater complexity
will necessarily be added to the gene expression patterns that are observed in
response to interacting stresses [40].

A few common examples of stress interactions are listed below. This is not an
exhaustive catalogue—see Suzuki et al. [41] for a more complete listing—but is an
indication of some abiotic stresses that interact in a non-additive manner. While the
impact of these interactions cannot be predicted at the gene or protein level, they
should be foreseen using extensive knowledge of the whole-plant responses doc-
umented [43].

Drought and heat: Ambient temperature can exceed the actual leaf temperature
by many degrees because of transpirational cooling [44, 45]. Thus, experimental
protocols should take actual leaf temperature into account when assessing the
impact of heat on leaves. The phenomenon of leaf ‘self-cooling’ adds complexity to
the heat x drought interaction, with leaf temperatures rising close to the ambient
atmospheric temperature as transpiration rates fall but the impacts of drought
lessening as water losses are constrained by stomatal closure.

Drought and salinity: The introductory section raises a classical example of the
complexity of salinity stress, where the dual impacts of hydraulics and toxicity can
operate on separate time courses. To some degree, osmotic effects (leading to
compromised hydraulics) and cell-level toxicity can be partly managed by sampling
over rigorous time courses after stress application. For example, hydraulic effects
become evident within minutes of adding salts to the root medium, with lower root
water potential being transduced to the xylem, and subsequently the leaves [46].
Over a longer time course, salts can accumulate in the cell walls of leaves in
non-halophytes, hastening the dehydration of mesophyll cells and initiating
necrosis. Some of these salts are taken up by leaf cells, triggering biochemical and
metabolic responses that are ultimately deleterious in the absence of compart-
mentation [47]. This chronological series of events is likely to elicit shifts in the
proteome, with each tissue sampled minutes, hours, days and weeks after salini-
sation producing qualitatively distinct protein profiles. Well-designed experiments
require time-course measurements of water and ionic status of tissues and aligning
these data with the proteome at each time point. The proteomes of control plants
should be reported alongside tissues of treated plants.

Temperature and low oxygen: Oxygen status is strongly dependent on temper-
ature, with high temperature reducing soluble oxygen concentration and raising
respiration rates, thus exacerbating the effects of inundation. However, this example
amply reinforces the importance of time as an interacting factor with multiple
stresses, with plants of the same physiological age not exhibiting a tempera-
ture X oxygen interaction while those of the same chronological age showed
increased damage at high temperatures [48]. It is clearly a requirement that
experiments on low oxygen responses in roots take careful account of temperature,
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developmental age and tissue type (see ‘The importance tissue sampling’). It is
established above that temperature shifts produce major qualitative shifts in the
proteome of rice leaves and cultured cells [49, 50] and low oxygen concentrations
also cause a highly characteristic expression of anaerobically induced genes
[51, 52]. However, the interaction of abiotic factors with oxygen supply must
always be carefully considered if the full impact of stresses is to be revealed at the
protein level. The best example of such an interaction comes from Waters et al.
[53], who measured recovery of growth in wheat root apices as a way to assess the
interaction of the various abiotic factors with oxygen deficits. Notably, root tip
mortality rose dramatically as temperatures were increased from 15 to 25 °C, pH
was lowered from 6 to 4 or carbohydrate supply was restricted, illustrating the
importance of careful control of experimental conditions.

Low pH and various abiotic stresses: As shown above, oxygen deficits com-
promise the energy status of cells and in a low pH bathing medium, cell function is
further impaired through cytoplasmic acidification [54]. Because regulation of
proton transport, membrane potential and potassium retention have such profound
implications for cell function [55], the protocols used when any abiotic stress is
applied must take careful account of external pH. Moreover, as proteomics expands
to tackle field-scale agricultural questions, the large range of pH observed in the
natural environment must be considered, particularly for plants growing in the acid
soils of many modern agricultural systems. External pH must be managed carefully
in the laboratory, where acidification of the bathing medium around plant tissues is
a risk if the volume of bathing solution is low and inadequately buffered.

The availability of metabolic energy lies at the core of the interaction between
abiotic stresses and low external pH [55]. Specifically, metabolic energy is used to
maintain membrane potential in living cells below —100 mV by extruding protons
across the plasma membrane and tonoplast. Therefore, any abiotic factor that
compromises ATP availability (e.g. anaerobiosis, thermal stress, phytotoxins) is
likely to reduce cell membrane potentials and trigger the release of common stress
sensors such as reactive oxygen species and Ca®* [55]. These events are further
amplified by acidification of the external medium because the free energy required
for proton extrusion increases as the proton gradient becomes less favourable [56].
The expression of genes under these stress conditions is often coordinated by a
series of transcription factors (e.g. AP2/ERF, B3, NAC, SBP and WRKY), many of
which are common to multiple stresses such as cold, anoxia and dehydration (see
[52, 57]). Transcription factors activate DNA-binding domains and trigger the
transcription of a large array of proteins. Hence abiotic events, especially in
combination with acidic conditions, will necessarily result in distinctive proteomes.
One would expect that in acute stress, proteins typical of programmed cell death
would be commonly observed [58]. It is therefore critical to control experimental
conditions and the composition of bathing media very closely.
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1.4 General Principles for the Design of ‘Stress’
Experiments

Two general principles should guide the design of experiments aimed at identifying
the key processes in plant acclimation to abiotic stress—time and space. In short,
one must first select a time course for the application of stress and recovery from it,
compatible with the synthesis of proteins that are necessary for acclimation.
Second, tissues which are sampled must be sufficient to provide a credible proteome
but homogeneous enough to represent a tissue-specific response. This section is
aimed at enunciating these general principles.

1.4.1 The Importance of Time

Decisions on time courses should be influenced by the intensity of stress and the
rate of its imposition (Fig. 1.2). This should be guided as much as possible by
whatever physiological literature is available for similar genotypes under the same
stresses. For example, microarray data can be helpful in defining a physiologically
meaningful time course for sampling tissues [59]. In this context, the general
observation that protein turnover in plants has a half-time of 1-2 days [38] is
germane; abiotic stresses applied for less than one day are unlikely to achieve a new
steady state, with the proteome ‘contaminated’ with proteins that were present prior

Imposition of stress Removal of siress

: \4;/
/_

Physiological ‘performance’

4 =~

Days of stress

Fig. 1.2 Conceptual figure to show potential time courses of plant response to an arbitrary abiotic
stress. Hence the y-axis is labelled Physiological ‘performance’ to indicate a process such as
growth, development or, not of a metabolic function (e.g. photosynthesis). Scenarios A and
B depict a mild and acute response to the stress; plants in Scenario A are likely to have been
pre-conditioned to the stress (e.g. hypoxia prior to anoxia) while Scenario B is a shock treatment.
After the physiological effects take hold, plants respond in at least four ways: (/) almost complete
acclimation; (2) partial acclimation followed by rapid recovery after removal of stress; (3) severe
decline under stress but not death—recovery on removal of stress; (4) irreversible damage and
death—no recovery on removal of stress
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to stress imposition. Therefore, sub-lethal levels of stress applied slowly enough to
register a true acclimation is generally called for. There may also be cases for abrupt
imposition of abiotic stress where the effect is not lethal and is believed to reflect a
natural phenomenon such as flooding or frost. Furthermore, combining short and
long-term stresses can help separate secondary (downstream) proteomic responses
to stress from the primary effects, which might be the better targets for plant
improvement.

Valuable information on appropriate sampling times under stress can often be
found in transcriptomic and metabolomics studies, which can inform proteomics
experiments. Alongside this, the power, efficiency and cost of the most contem-
porary proteomic techniques should enable far more intensive sampling and thus
more detailed gene expression time courses. These promise to reveal important
stages in the metabolic response to various abiotic stresses.

An excellent example of the importance of time courses is the distinct patterns of
metabolite and expressed genes when oxygen was withheld from rice seedlings for
up to 48 h [59]. After growing seedlings in anoxia, or aeration, some were switched
to the opposite treatment and further tested up the 6 h later. This study clearly
reveals the fact that gene products do not accumulate linearly over time, with a peak
of 5000 transcripts being up- or down-regulated 3—12 h after imbibition but larger
contrasts in transcript numbers between aerated and anoxic tissues appearing over
the following 24 h. In another study on rice seedlings, Lasanthi-Kudahettige et al.
[60] observed a similar disconnect between transcript levels for two isoforms of
alcohol dehydrogenase, whereby one peaked at 3 h after anoxia and the other
isoform after 7 h. This illustrates the distortion of gene expression data that can be
caused by single, or too few, sampling times in non-steady state conditions after
stress is imposed on plants [61]. Expression of genes that are induced by a variety
of abiotic stresses are often analysed in detail over 24 h (e.g. [62]), revealing part of
the acclimation response but almost certainly prior to the establishment of a new
steady state. Moreover, changes in the proteome will generally become apparent in
timeframes even slower than the transcriptional changes reported above. Processes
such as carbohydrate accumulation, membrane properties and cell wall changes are
typically observed over several days and ought to be more explicitly considered in
experimental design.

1.4.2 The Importance of Tissue Sampling

Having designed a temporal regime for imposing abiotic stress that gives the best
chance of identifying those proteins that are critical for acclimation and survival, it
is then important to sample tissues judiciously in order to identify key proteins in
subsequent proteomics analysis.

Higher plants differentiate into totally distinct tissue types: even apparently
homogeneous tissues can have a high degree of heterogeneity (e.g. root apices,
shoot apical meristems), while the functional specialisation in adjacent tissues
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(e.g. stele and cortex) is inevitably reflected in the genes expressed. One of the most
convenient models for studying the spatial separation of function is in root apices,
where adjacent zones of cell division, elongation/expansion and maturation have
distinct functions and therefore proteomes (e.g. [63]). In preparing tissues for
proteomics from these various root tissues, the proteome of the membrane fraction
ought to be extracted alongside the soluble fraction because of the importance of
transport in root function.

Tissue sampling is further complicated by the interaction between development
and abiotic stress. One must question whether tissues at the same distance from
common reference point (e.g. the apex of shoots or roots) in stressed and unstressed
plants are necessarily at the same stage of development. In roots, for example,
drought has been shown to qualitatively alter the dynamic of cell division and
expansion [64], with the result that sampling the same length of tissues from
contrasting drought regimes is almost certain to confound development with stress
response.

Sampling is equally important in a number of other circumstances where stress is
imposed. In the case of salt applied to roots, its accumulation in shoots is broadly
proportional to the time for which leaves have been transpiring. This must be
recognised during leaf sampling, where developmental age might be appropriate
when a range of salt concentrations are to be compared. As in the previous example
of roots in drought, the slowing of growth as a result of an abiotic stress complicates
comparisons of tissue samples, which might alternatively be selected at a common
chronological age or developmental stage.

In one of the earliest protein studies to be published, Sachs et al. [51] reported
the major proteins that are synthesised when maize roots became anaerobic. This
study has led over the years to a far more complete analysis of anaerobic gene
expression, including in rice and Arabidopsis. Notably, a recent report on the
relationship between the faster and slower growing regions of rice coleoptiles that
were less than 20 mm long showed that fine-scale sampling within individual
organs is rewarding and should be extended to the proteomic and metabolomics
levels [52].

Plant survival during and after floods is a major agronomic question. For dryland
species, little progress has been made and yet it has long been known that a major
adaptation to inundation for many species, particularly monocotyledons, is the
formation of aerenchyma—air channels that form in the root cortex through cell
degradation. The cell-level events that lead to this phenomenon are critically
important to breeding for greater flood tolerance in modern crops and therefore
have captured the attention of researchers in recent years [65]. Because the pro-
portion of root tissue that undergoes lysogeny is so small and close to the cell
elongation zone, it is only now that proteomics has become a credible way to tackle
the exact pattern of gene expression required to break down cortical cells in such an
orderly fashion. This will require fine-scale tissue sampling which is guided by the
anatomy of cortical cell breakdown and the molecular clues to when this degra-
dation process is occurring [66] but promises great rewards if proteomics can lead
us to targets for breeding programs.
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Summary: The advent of mass spectrometry with higher sensitivity allows for
physical samples of just a few tens of milligrams, enabling tissues with ever more
highly defined physiological properties to be used in experiments. This is especially
true where meristems are to be compared; arguably dividing cells have hitherto
been ignored in proteomic studies and their response to abiotic stresses should be
more deeply investigated as the opportunities for fine-scale sampling improve.

1.5 How Do Acclimation and Shock Differ?

A conceptual question in any discussion of experimental design is the line between
stress (followed by acclimation) versus tissue shock, senescence and cell death
(Fig. 1.2). This can never be satisfactorily resolved but the aim of the homily above
is to design better experiments that inform us about acclimation and thereby,
identify targets for genotypic improvement in subsequent breeding and biotech-
nology [4]. There is no single criterion for differentiating acclimation from damage
due to shock. Markers for cell ageing or death might include caspases and other
markers of programmed cell death, oxidative enzymes (polyphenol oxidases) and
DNA repair enzymes. These molecular markers should be combined with physi-
ological observations such as respiration rates, which should be sufficient to sustain
cell function, and histochemical evidence (e.g. the use of vital stains—[53]).
Recovery experiments are also vitally important because the failure of, not for a
(healthy) steady state to be re-established indicates permanent tissue damage and is
strong evidence that shock, senescence and cell death are taking precedence over
acclimation. Comprehensive proteomic analyses promise to identify new markers
for irreversible cell damage which might well become molecular signatures for
over-zealous application of abiotic stress and a platform for design of meaningful
experiments.
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Chapter 2

Cereal Root Proteomics

for Complementing the Mechanistic
Understanding of Plant Abiotic Stress
Tolerance

Jennylyn L. Trinidad, Herra L. Grajo, Jose B. Abucay, Jr.
and Ajay Kohli

Abstract Cereals are a staple food for four billion people globally with rice, wheat
and maize making up 60 % of the energy intake by the world population. Climate
change-mediated increase in the extent, frequency and unpredictability of the
incidences of abiotic stresses frequently lead to decrease in the yield and grain
quality of cereals. Additionally, demographic and socio-economic factors call for
increase in the production of quality cereal grains. It is therefore crucial to generate
stress tolerant cereal varieties and understand the underlying mechanisms so as to
strategize the crop cultivation agro-physiology for long term benefits. Mechanistic
understanding of plant responses to stress can best be elucidated through the omics
tools and techniques and smart interpretation of their results. Proteomics forms an
important aspect of the omics studies in relating the transcriptome to the metabo-
lome. While most cereal proteomics studies dwell on the plants’ overall tolerance
strategies, proteomics studies either specifically on roots or comparing root
responses to the aerial plant parts under stress have been somewhat limited. Root
proteins are relatively difficult to extract and characterize, hence the lag in the
identification of stress-specific proteins and transcription factors in the roots.
However, with the advancements in protein identification and quantification, sev-
eral important mechanisms have been determined to be at play during abiotic
stresses. Root proteins with significant roles are mainly involved in ROS detoxi-
fication, energy metabolism, cell wall metabolism, and disease and defense
responses. Plasma membrane proteins, regulators of signal transductions and ion
channels also contribute to increased stress tolerance. This review brings together
an understanding of stress response established by the proteomic studies on cereal
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roots. Although intuitive to guess, the differences in proteomic responses of the
roots can be very different from the aerial parts and in some cases diametrically
opposite. As an integral component of the plants’ aerial parts’ response to stress,
root response characteristics are important to be considered in the overall mecha-
nistic understanding and engineering of plant response to stress, either through
conventional breeding or modern biotechnological means.

Keywords Biotic -+ Abiotic - Stress + Root - Proteins - Drought - Salinity - Heat -
Flooding - Nutrient deficiency - Heavy metal toxicity

2.1 Introduction

Cereals are the world’s most important food source for humans. Their cultivation
played a pivotal role in ushering human civilization. Billions of people around the
world depend on rice, wheat, maize and to a minor extent, on barley, oat, sorghum
and millet for their daily survival. With the increasing world population, the
demand for cereals is expected to increase. The Food and Agriculture Organization
[1] predicts that cereal crops must increase to about 3 billion tons to meet the future
demand. In the developing countries, 60-80 % of the calories in the daily diet is
derived from cereals [2]. It is also in these countries that the demand for cereals has
exceeded the rate of production, hence, it is crucial to ensure growing production
levels for a sustainable food supply. However, with the expected population to
reach 9 billion by 2050 and the continuous loss of agricultural land, sustainable
crop production must rely on increasing yield per unit area [3], and must be able to
do so on less water, nutritional inputs, and pest and disease treatment chemicals [4].

Cereals can be severely affected by adverse environmental conditions. Being
important food sources, it is imperative that they are able to withstand numerous
biotic and abiotic stresses. Abiotic stresses such as drought, salinity, heat, cold and
flooding cause molecular, biochemical, physiological and morphological changes in
crop plants. These changes can severely affect cellular integrity and in turn cause
major impairment in plant growth and reproduction, greatly reducing biomass and
grain yield [5]. Plants, being sessile organisms, physically cannot escape harsh
environmental conditions, hence must employ mechanisms to alleviate the effects of
stress. Abiotic stresses in plants usually result in largely similar physiological effects.
Plants respond to stress through altered calcium and reactive oxygen species
(ROS) movement and metabolism and hormonal changes, generally leading to
reduced photosynthesis and growth. If the plants are close to the reproductive phase
during stress, it is generally fast tracked to produce propagules. In addition to the
major environmental abiotic stresses, edaphic stresses such as heavy metal toxicity
and nutrient deficiency can also severely affect cereal crops. Unsurprisingly, these
two stresses are intertwined in their manifestation and effects. Heavy metal toxicity
causes damaging effects and disturbances in the plants’ metabolic functions such as
transpiration and photosynthesis inhibition, disturbance of carbohydrate metabolism,
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nutritional stress and oxidative stress, ultimately affecting the plant’s growth and
development. Essential macro- and micronutrients play specific roles in different
metabolic processes; hence deficiencies greatly affect crop growth and yield [6].
During the onset of stress, plants employ concerted molecular and physiological
responses to tolerate and diminish the effects of the stress. A large and important part
of such responses is the altered expression of stress-related proteins [7] and tran-
scription factors [8]. Most differentially expressed proteins under abiotic stress are
categorized as either metabolic, structural, or ROS-scavenging enzymes or proteins.
In addition, plants respond to abiotic stresses by exploiting transcriptional changes
and also translational and post-translational modifications such as glycosylation,
phosphorylation, SUMOylation and methylation [9, 10].

Biotic stresses also pose a threat to worldwide cereal production. Being in close
contact with the soil, roots are more prone to attacks by viruses, bacteria, and fungi.
If not mitigated, this generally leads to significant decrease in yield and inevitably,
economic losses [11]. In addition to microorganisms, plant-parasitic nematodes can
also severely affect cereals. With their potential host range encompassing more than
3000 plant species, nematodes can also cause significant damage to worldwide
agriculture. One way for plants to resist pathogen attacks is through the production
of pathogen-related proteins and metabolites. Although several genes have been
identified to confer resistance against the pathogens, very few proteins have been
identified by using available proteomic approaches [12].

Roots are of particular interest in studying the effects of biotic and abiotic
stresses in plants. They are the primary organs for water and mineral acquisition
from the soil for use in plant growth and development. The plant’s survival and
performance greatly depend on the roots’ ability to efficiently explore the soil in
search of water and minerals [13]. Being entry points of water and nutrients, stable
cellular integrity and optimum water uptake capacity must be maintained for proper
functioning of vital processes for survival during stress. Being intrinsically complex
tissues and the fact that they can be quite difficult to investigate, the roots’ stress
response mechanisms are not as well-studied as much as the other tissues. Roots are
highly sensitive and have been shown to be the primary organs to exhibit specific
cell defenses to different biotic and abiotic stresses [14].

Studying the effects of stress in plants utilizes different tools and approaches, one
of which is proteomics. With recent technical improvements in the proteomics
workflow, identification of plant proteins is more reproducible. With feasibility for
a high-throughput analysis, the proteomics approach is becoming progressively
more beneficial for studying crop plants. Furthermore, major technical advances
have been made in using plant proteomics for food security [15]. Proteomics
analysis is a useful tool in discovering stress-responsive and tolerance genes and
pathways. Using the proteomics approach allows for identifying possibly significant
changes in protein expression levels against a background of unresponsive proteins.
In crop breeding, proteomics provides the advantage of detecting the stress-
responsive proteins via comparison between the control and stressed plants. These
proteins may then be ascertained to be consistently correlated with the expression of
a particular trait [16].
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Recent advancements in proteomic techniques paved ways to better explain the
mechanism of stress and stress response in plants. The conventional two-dimensional
electrophoresis (2-DE) coupled with mass spectrometry (MS) is still the most widely
used method in resolving proteins and identifying stress-induced alterations in the
plant proteome composition [17], but alternative gel-free procedures that are based on
fractionation with liquid chromatography (LC) are also fast becoming popular [18].
Protein identification by MS was made easy by breakthroughs in soft ionization
methods such as matrix assisted laser desorption ionization (MALDI) or electrospray
ionization (ESI) and peptide fragmentation by collision-induced dissociation (CID)
in tandem MS [19]. Second generation gel-free proteomic approaches which include
LC-MS-based tagging techniques such as isotope-coded affinity tags (ICAT), stable
isotope labeling by amino acids in cell culture (SILAC) and isobaric tags for relative
and absolute quantitation (iTRAQ) allowed comparative and quantitative analysis of
multiple samples and helped researchers see the effects of plant stress at a global level
[18, 19].

In all these proteomics techniques, a good representation of protein population in
control and stressed conditions critically relies on the basic protein extraction and
preparation protocols, which pose a bit of a challenge in plants, especially in the
root tissues. Aside from having relatively low protein concentration, root tissues
contain large amounts of proteases, oxidative enzymes, and cellular materials such
as cell wall and storage polysaccharides, lipids, and phenolic compounds that can
interfere with downstream separation and analysis [20]. Plant roots have been
generally considered as recalcitrant tissues for proteomic analysis because of their
high degree of vacuolation and high secondary metabolite content [21]. Most
proteomic studies on plant stress response utilized trichloroacetic acid (TCA)/ace-
tone precipitation, phenol-based protocols, or their combinations and/or modifica-
tions to overcome the above challenges to a certain extent [18]. It is important to
note that basic protocols might have to be modified to achieve optimal results for
different plant tissues. For example, a study on the rice root proteome revealed that
a high quality proteome map can be achieved from protein extraction using
Mg/NP-40/TCA method [22]. Addition of a powerful nonionic surfactant, NP-40,
was deemed necessary to counteract the high levels of interfering compounds such
as lignins and celluloses in the rice roots. For rice root proteomics on stress
response, dealing with root proteases is also a major issue due to the various
functions of the stress-induced root proteases [23]. This was addressed by a simple
procedure of boiling the root extract [24].

In this review, we concentrate primarily on cereals as an important group of
plants for future food and feed security. We address abiotic stress tolerance in
cereals primarily due to the greater combined impact of abiotic stresses on cereal
yield/production compared to biotic stresses. By average, abiotic stresses can
reduce yield in major crops by more than 50 % [25], while biotic stresses are
responsible for 15-32 % loss [26]. Importantly, we address cereal root proteomics
because a large body of information exists on the effects of abiotic stress on the
aerial parts, and reviewing root responses can complement the mechanistic para-
digms of stress tolerance proposed from such studies on the aerial plant parts.
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In parallel, supplementing the mechanistic understanding of stress tolerance
through the root response is important because it has been shown that root proteins
respond more rapidly than leaf or stem proteins [27]. Also, proteins unique to roots
are being rapidly recognized and need to be integrated as part of the whole plant
response to growth, development and stress response. For example, in rice, pro-
teomic analysis of all tissues during its growth course was undertaken in an effort to
elucidate differential protein expression patterns. The study revealed that 36 % of
proteins were unique to the roots [14]. Therefore, cereal root proteomics contri-
butions to abiotic stress tolerance are reviewed for the particular stresses.

2.1.1 Drought

Water deficit affects numerous biological pathways and processes in plants, trig-
gering developmental and physiological responses. Because of this, plants have
evolved several adaptations to combat the effects of drought. Anatomically, plants
developed spongy tissues to serve as water reservoirs, and growth is impaired to
reduce leaf area and limit evaporation [28]. Responses such as leaf rolling, floral
abscission, alteration of cuticle permeability [29], and floral induction [30] are also
observed. The root system evidently has a critical role in response to water stress,
with some plants evolving the ability to increase root growth at the very early stage
of drought stress ensuring maximum water absorption in the soil. In some crops,
root length, weight, volume and density are all associated with drought tolerance.
Drought stress can induce changes in the dynamics of protein production and
degradation as a direct response, causing either damage to the plants or trigger a
cascade of physiological responses leading to tolerance [31].

Under drought stress, ROS and toxic ions produced by the plants damage
essential proteins and decrease enzyme activity [32]. To counteract these deleteri-
ous effects, plants evolved protective molecular and physiological mechanisms to
ensure homeostasis, detoxify the harmful molecules, and ultimately recover from
the stress [33]. Proteins have important roles in stress response. They can function
as protection for membranes and other proteins, and can acquire and transport water
and ions in and out of the cell. Drought-inducible proteins such as chaperones,
detoxification enzymes and mRNA-binding proteins play major roles in detoxifi-
cation and during stress [34]. Differentially-expressed proteins under drought have
been investigated in wheat, rice and Arabidopsis [35, 36].

Roots are the first organs to perceive the dehydration stress signal when a certain
level is reached in water deficit [37]. Although the definitive mechanism of the roots’
response is still unclear, recent molecular and biochemical studies revealed many
abscisic acid (ABA)- and stress-responsive genes in the roots [22, 38]. In maize, high
resolution 2-DE was used to identify novel proteins associated with both drought-
and ABA-responsive proteins in the roots [39]. Twenty two proteins were identified
using MALDI-TOF (time-of-flight) MS and were shown to be involved in energy
metabolism, redox homeostasis and regulatory processes. Most of the proteins
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identified have regulatory and energy metabolism functions, as well as ROS scav-
enging and detoxifying enzymes. One protein identified is a glycine-rich RNA
binding protein 2 (GRP2) believed to be involved in RNA stabilization, processing
and transport. It has also been shown to possess an RNA-chaperone activity.
Another protein, maize pathogenesis-related protein 10 (ZmPR10), is significantly
enhanced by drought and is mainly expressed in the roots. An anionic peroxidase
(APRX) is involved in the polymerization of phenolic monomers to generate the
aromatic matrix suberin, along with a lignin biosynthesis enzyme, (OMT). Both of
these proteins contribute to to the roots’ increased drought tolerance. Enzymes for
ROS detoxification were also upregulated in drought including superoxide dismu-
tase (SOD), glutathione S-transferase (GST) and H,0,-decomposing antioxidant
peroxiredoxins (PRXs). In rice, a novel protein RSOsPR10 was induced during
drought stress, and on treatment with NaCl, jasmonic acid and probenazole almost
exclusively in the roots. In the same study, it also showed upregulation during rice
blast fungus infection [40]. A more recent study reported the increased expression of
PR10 in the roots during drought stress and ABA-treatment [41]. Amino acid
sequence of RSOsPR10 revealed homology with another protein OsPR10a/PBZ and
showed similar functions during stress; however, the latter is expressed in the shoots,
indicating organ-specific regulation [40].

MALDI-TOF MS was also used to identify 22 major proteins that were sig-
nificantly upregulated during drought [42]. The proteins include an alcohol dehy-
drogenasel (ADHI1), which facilitate the interconversion between alcohols and
aldehydes or ketones with the reduction of nicotinamide adenine dinucleotide NAD+
ADHI1 showed significant upregulation under drought stress (in combination with
heat stress) in maize roots under the promotion of ABA [42]. Increased levels of
GST and cytosolic ascorbate peroxidase (APX) were also observed, both acting
as regulators of ROS production during stress. Upregulation of both enzymes
allows for the roots’ improved tolerance to drought. Metabolic enzymes were also
identified, one of which is nucleoside diphosphate kinase (NDPKs), which was
significantly upregulated, and it is one of the important enzymes maintaining the
balance between cellular ATP and other nucleoside triphosphates. Another enzyme,
enolase 2, catalyzes the conversion of 2-phosphoglycerate (2-PGA) to phospho-
enolpyruvate (PEP) during glycolysis. The enzyme was upregulated in response to
drought in the roots. Fructokinase (Frk) catalyzes the transfer of a high-energy
phosphate group to D-fructose to form fructose-1-phosphate. In roots, Frk was
upregulated during drought. A serine/threonine-protein kinase receptor was
upregulated under drought. Water channel proteins, aquaporins (a plasma mem-
brane intrinsic protein/PIP) were also identified. PIP2-5 was upregulated under
drought [42]. A similar proteomic survey was conducted in bread wheat, and found
34 root-specific differentially expressed proteins under drought similar to previous
studies in maize [43].

During drought, shoot and leaf elongation is completely inhibited. In contrast,
roots will often continue to grow despite the onset of stress; an important mecha-
nism in plant adaptation [44, 45]. In maize, previous work on the mechanism of
root growth adaptation during water deficit revealed that the maintenance of cell
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elongation is preferentially toward the apex, a response involving the modification
of cell wall extension properties. This mechanism involves changes in cell wall
protein (CWP) composition. Two-dimensional electrophoresis on maize root
elongation zones revealed predominantly region-specific changes in cell wall pro-
tein composition in the water-stressed samples. A total of 152 drought-responsive
proteins were identified and categorized according to their potential function in the
cell wall. These water soluble and loosely ionically bound CWPs were either
involved in ROS metabolism, defense and detoxification hydrolases, and those
involved in carbohydrate metabolism. This indicates that stress-induced changes in
the CWPs are involved in multiple processes that regulate the pattern of response of
cell elongation within the elongation zone [46].

Transcription factors (TFs) have also been shown to confer tolerance to drought
stress by regulating specific genes during stress [38]. Transcription factors are
proteins that play important roles in transcriptional regulation by either activating or
repressing their cognate target’s promoters by binding in a sequence-specific
manner to regulatory cis-elements. Transcription factors mediate their signaling
input via protein-protein interaction. DNA-binding TFs are modular in structure and
contain protein domains that facilitate functions such as DNA binding, multimer-
ization, transcription activation or repression [47]. In-depth molecular studies
showed a network of genes induced by drought stress with various transcription
factors (TFs) regulating them, leading to specific proteins for tolerance and
response [48]. Analysis of co-expression network data revealed as much as 1392
drought-responsive genes [49], most coding for TFs [50] such as bZIPs, AP2-ERF
(DREB, HARDY), NAC, and WRKY [51, 52].

The NAC family is one of the largest plant-specific TFs, and has been shown to
regulate a wide range of developmental processes, where several NAC proteins have
been identified to interact with other proteins during defense and in response to biotic
and abiotic stresses. In Arabidopsis, AINAC072, AtNACO019, AtNACO055 and
AtNACI102 have been identified to respond to drought, salinity, cold and submer-
gence [53-55]. The TF OsNAC45 has a role in the development of lateral roots in
rice. Transgenic lines carrying this TF showed greater drought tolerance [56].
Root-specific expression of OsNAC10 resulted to enlarged roots, which led to
enhanced drought tolerance of transgenic plants and significant increase in grain
yield under field drought conditions [38]. Root-specific promoters were used to
overexpress OsNACDY in transgenic rice and field performance was evaluated; with
the transgenic rice showing increased yield by 13-18 %. Altered root architecture
was also observed, showing increased root diameter due to enlarged xylem and
augmented cortical cell size [S7]. A no apical meristem (NAM) protein was identified
to be an important TF, cis-regulating other drought-responsive genes in rice [52].

A shotgun proteomic approach in rice roots using nanoLC-MS/MS revealed that
38 % of proteins showed altered levels. Pathogenesis-related (PR) proteins were
generally upregulated in drought-stressed plants while heat shock proteins (HSPs)
were totally absent in fully watered plant roots. Proteins involved in oxidation-
reduction reactions were upregulated during drought. Interestingly, two functionally
contrasting protein families showed that tubulins were reduced in droughted roots
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while chitinases were upregulated [58]. A later study also used a shotgun proteomic
approach to analyze the mechanism on how a large-effect drought QTL (¢DTY12.1)
confers drought tolerance in rice. A QTL-introgressed near isogenic line (NIL),
481-B, showing the best phenotype was compared with the recipient parent
(Vandana) during proteomic analysis. Proteins for lateral root profusion, ROS
detoxification enzymes (peroxidases, APX), glyceraldehyde-6-phosphate dehydro-
genase, enolase and phosphoglucomutase were all upregulated in 481-B [59].
A cognate metabolite analysis study conducted by the same group on the same plant
material drew high correspondence between the root proteins and metabolites
generated by their activity, while also demonstrating differences in proteins in the
roots and aerial parts [60]. In wheat, a comparative proteomic analysis was done to
determine the response of two genotypes with contrasting drought stress responses.
The drought tolerant genotype produced higher root biomass, longer roots and was
able to absorb water more efficiently. Proteins belonging to defense and oxidative
stress responses [Germin-like protein (GLP), GST, SOD], small heat shock proteins
(HSPs), and APX families changed in abundance [61].

Another group of drought-inducible proteins are the LEA (Late Embryogenesis
Abundant) proteins. Originally found in cotton (Gossypium sp.), these proteins
accumulate late during embryogenesis and were later found in other vegetative
organs under stress. The highly hydrophilic LEA protein genes have ABA response
element (ABRE) and other drought response cis-elements in the promoter, and are
hence inducible by ABA or drought [62]. Recently, transgenic rice containing a
barley LEA protein HVA1 was shown to be highly tolerant to drought [63]. HVAL is
highly inducible by ABA, salt, cold and dehydration, and accumulates in the root
apical meristem and lateral root primordia, resulting to root system expansion. Under
osmotic stress, HVA1 protects the cell membrane from injury by stabilizing the
proteins [64], thereby increasing water-use efficiency. It also helped promote lateral
root initiation, elongation and emergence, as well as primary root elongation [63].

Aquaporins are a class of water channel proteins that are expressed in various
membrane compartments of plant cells, and enhances water permeability in the
vacuolar and plasma membranes (PMs) [65]. They are involved in the opening and
closing of cellular gates, a process important in water balance and water use effi-
ciency [66-68]. Aquaporins are encoded by a large multigene family, with 35
members in Arabidopsis thaliana, and are classified into four major subfamilies:
PIPs, tonoplast intrinsic proteins (TIPs), Nod26-like intrinsic proteins (NIPs) and
small and basic intrinsic proteins (SIPs). Many of these aquaporins show a
cell-specific expression pattern in the root. It has been shown that aquaporins play a
major role in facilitating the roots’ capacity to alter their water permeability in
response to stress [69]. These rapid changes are accounted for by the
aquaporin-mediated changes in cell membrane permeability [70]. In rice, the PM
aquaporin RWC3 was upregulated in upland rice 10 h after the water deficit,
possibly by providing the cell with increased water uptake to maintain cell turgor
during deficit [71]. Increased expression of four PIPs was observed in
drought-stressed and ABA-treated maize plants, resulting to increased root
hydraulic activity [72]. In barley, aquaporins HvPIP2;5, HvPIP2;2, and HvTIP1;1
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increased water uptake capacity in the lateral roots [73]. The role of aquaporins in
rice was studied by determining root hydraulic activity (Lpr) and root sap exudation
rate (Sr) in well-watered and drought conditions, revealing their role in root water
fluxes during drought stress and recovery [74].

Drought stress elicits major physiological and molecular responses in the roots.
These responses involve the action of several important proteins that ensure the
cell’s integrity and proper functioning during water-limited conditions. Proteins,
which protect the cells from oxidation, protect other proteins from desiccation, as
well as those that change membrane permeability are often upregulated. Finally,
transcription factors regulate numerous drought-responsive genes and have also
been shown to confer important traits such as increased root diameter and lateral
root development.

2.1.2 Salinity

Soil salinity is a major abiotic stress affecting more than 20 % of cultivated land
worldwide. Excess NaCl in the soil interferes with mineral nutrition and reduces
water uptake (osmotic stress). The accumulation of toxic ions (ionic stress) in plants
results in cell injury [32, 75]. Plant roots are directly exposed to the saline condi-
tions, hence are the first organs to be affected and the most sensitive to salt stress
[76]. To alleviate these damaging effects, plants employ different strategies to
re-establish proper cellular ion and osmotic homeostasis, as well as detoxification
and repair processes. One such strategy is through upregulation of stress-related
proteins [77, 78].

Roots are the primary perception and injury site during salinity stress, and it is
the roots’ sensitivity that limits the plant’s productivity [79, 80]. In Arabidopsis
roots, comparative proteomic analysis showed changes in the abundance of proteins
in response to NaCl treatment. Using LC-MS/MS 86 proteins were identified to be
stress-responsive proteins. Other proteins related to ROS scavenging, signal
transduction, translation, cell wall biosynthesis, protein translation, processing and
degradation, and metabolism of energy, amino acids, and hormones have also been
identified [75]. Similar sets of proteins were also identified in wheat [43] and maize
[81] roots.

Comparative proteomic analysis of wheat seedling roots subjected to a range of
salt stress showed 198 differentially-expressed proteins with at least two-fold dif-
ferences in abundance on 2-DE gels. Using MALDI-TOF MS, these proteins were
identified as either involved in carbon metabolism, detoxification and defense, pro-
tein folding, and signal transduction [32]. Signal transduction proteins are important
in sensing and transferring stress signals, thereby starting the cascade of signaling
pathways necessary for the proper mitigation of the salt stress. A notable set of
proteins identified in the study were guanine nucleotide-binding proteins (G proteins
or GTPases). These act as modulators or transducers in different transmembrane
signaling systems by regulating metabolic enzymes, ion channels, transporters, and
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controlling transcription, motility, contractility and secretion [82, 83]. Rice root
PM-associated proteins were investigated following NaCl treatment. Results showed
upregulation of 18 proteins by more than 1.5-fold in response to salt stress. MS
analysis revealed that most of these membrane-associated proteins have roles in
essential physiological processes such as membrane stabilization, signal transduction
and ion homeostasis. A salt-responding leucine-rich-repeat type receptor-like kinase,
OsRPK1, was identified to be also induced by cold, drought and ABA. Immuno-
histochemical techniques showed that the expression of OsRPK1 is localized in the
PM of root cortex cells [84]. Protein ubiquitination is also an important post-
translational modification that contributes to the regulation of many physiological
responses. In rice roots, ubiquitination of several proteins such as pyruvate phosphate
dikinase 1, HSP 81-1, probable aldehyde oxidase 3, PM ATPase, catalytic subunit 4
(UDP-forming) of cellulose synthase A and cylin-C1-1 was observed in salt-tolerant
varieties [85].

Among the cereals, barley is relatively salt tolerant. Proteomic analysis of
salt-stressed barley roots resulted in a relatively low number of differentially-
expressed proteins [86]. Apart from the usual upregulated proteins (ROS-
scavenging, protein synthesis, metabolism, disease and defense-related), the most
abundant proteins observed were GST and lactoylglutathione lyase (or glyoxalase I)
[86]. GST is a powerful antioxidant, catalyzing the conjugation of reduced glu-
tathione (GSH) and is one of the major enzymes involved in the oxidative stress
response, especially in salinity tolerance [87]. Lactoylglutathione lyase is involved
in the glutathione-based detoxification of methylglyoxal (MG). It is a toxic
by-product of carbohydrate and amino acid metabolism [86]. Elevated levels of MG
indicates abiotic stress in plants. Its accumulation leads to several toxic effects in the
plants, i.e. nucleic acid mutagenesis, modification, and subsequent degradation of
proteins [88]. In a more recent study, significantly upregulated proteins were
observed in the roots of salinity-tolerant barley lines. Proteins for signal trans-
duction (annexin, translationally-controlled tumor protein homolog, lipoxyge-
nases), detoxification (osmotin, vacuolar ATPase), protein folding (protein disulfide
isomerase) and cell wall metabolism (UDP-glucoronic acid decarboxylase,
B-D-glucan exohydrolase, UDP-glucose pyrophosphorylase) were also upregulated.
This suggests that enhanced salinity tolerance is due to the increased signal
transduction activity which led to the accumulation of stress-protective proteins and
cell wall structural changes [89].

Annexins are ubiquitous proteins capable of binding and inserting into
endomembranes and the PM [90]. Some members are capable of binding to actin,
hydrolyzing ATP and GTP, acting as peroxidases or ion channels. They play central
roles as regulators of stress signaling involving cytosolic free calcium and ROS
[91]. Annexins are expressed throughout the plant body and many have been found
in the roots [92, 93]. In Arabidopsis, annexins are responsible for the root epidermal
PM Ca®*- and K* permeable conductance that is activated by extracellular hydroxyl
radicals. In a study by Laohavisit et al. [90], annexins were observed to respond to
high extracellular NaCl by mediating ROS-activated Ca** influx across the PM of
root epidermal protoplasts.
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Roots are the primary tissues affected by salinity stress. Several salt
stress-responsive proteins have been identified to be involved in protecting the cells
from ion toxicity. These proteins are mostly powerful antioxidants that alleviate
oxidative stress. Cells are protected from ion influx by the regulation of PMs.
Proteins involved in signal transduction, protein folding, carbon metabolism and
post-translational modification were all implicated in enhanced salinity tolerance.

2.1.3 Cold

Cold or low temperature stress is one of the most severe abiotic stresses affecting
plant growth and development in temperate regions. Cold stress causes cellular
dehydration due to induced ice formation in plant tissues [94]. It also causes
osmotic changes in the cell environment leading to the suppression of cellular
activities. This results into reduced growth and decreased survival of the plants
[95]. To cope with the adverse effects of low temperature stress, plants developed
physiological strategies such as activation of primary metabolism to produce high
energy, modifications of PM to maintain osmotic balance, elevating the levels of
ROS-scavenging enzymes and chaperones to protect from oxidative damage, and
regulation of enzymes involved in cell growth and cell wall synthesis [96-98].

Proteomic studies conducted by Lee et al. [27] on rice roots revealed that most of
the proteins that were enhanced during chilling stress are involved in carbohydrate
metabolism. These proteins include putative pyruvate orthophosphate dikinase
precursor (PPDK), enolase, aconitate hydratase and glycine dehydrogenase. PPDK
is responsible for the production of PEP which acts as a primary acceptor of CO,.
Enolase, aconitate hydratase, and glycine dehydrogenase are involved in glycolysis,
Kreb’s cycle and photorespiration, respectively. Enhanced levels of these enzymes
suggest that plants may need to produce higher energy to cope with low temper-
ature stress. Additionally, increased level of adenylate kinase, which catalyzes the
reversible interconversion of ADP to ATP and AMP, further strengthens the idea
that plants produce high energy under cold stress [99].

Modification in PM compositions and functions is one of the most important
adaptation mechanisms of plants to low temperature stress. Quantitative proteomic
analysis of PM of rice roots revealed that proteins which are involved in membrane
permeability and signal transduction like cellular retinaldehyde-binding protein
(CRALBP) and hypersensitive-induced response protein annexin are upregulated
during cold or chilling stress [98]. CRALBP is a mammalian protein homologous to
phosphatidylinositol/phospatidylcholine transfer proteins (PITPs) in plants [100].
PITPs are likely to regulate plant stress responses by controlling remarkable
developmental pathways for polarized membrane biogenesis, which influences the
symbiosis program that permits nitrogen fixation [101]. Moreover, Vincent et al.
[102] proposed that Secl14p-like PITPs in Arabidopsis thaliana (AtSthlp) regulate
intracellular and PM phosphoinositide polarity, which directs the trafficking, Ca**-
signaling and cytoskeleton functions to the growing root hair apex.
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Annexins are Ca**-dependent membrane binding proteins that play important
roles in membrane trafficking and organization. They are also known to regulate ion
channel activity and phospholipids metabolism [103], and belong to a large
structurally-related superfamily of proteins (HIR family) that includes prohibitins,
stomatins and similar membrane proteins. The ion channel activity that leads to the
regulation of diverse processes ranging from cell division and osmotic homeostasis
to cell death is controlled by these proteins [104]. Thus, enhanced levels of CRALBP
and HIR led to protection against the osmotic imbalance caused by cold stress.

Cold stress also elevates ROS, which trigger a series of harmful processes such
as lipid peroxidation, degradation of proteins and DNA damage in the cell. To
protect plants against them, enhanced accumulation of ROS-scavenging enzymes
were observed during cold stress. Comparative proteomic analysis of cold-
acclimated and non-acclimated rice revealed increased levels of SOD, catalase
(CAT), APX, and glutathione reductase (GR) in rice roots when exposed in low
temperature [105]. High SOD activity has been associated with stress tolerance in
plants because it neutralizes the reactivity of O, , which is overproduced under
stress [106]. CAT, APX and GR are responsible for scavenging of H,O,. Moreover,
enhanced levels of oxalyl-CoA dehydrogenase and glyoxalase I were observed in
the roots of rice under chilling stress [27]. Oxalyl-CoA dehydrogenase is the second
enzyme in the oxalate catabolism pathway which causes the decarboxylation of
activated oxalate molecule that generates ROS through the Fenton reaction [19],
whereas glyoxalase I plays a crucial role in methylglyoxal detoxification.
Methylglyoxal is a cytotoxic compound formed as a side-product of several
metabolic pathways due to several stresses including cold stress.

Under cold stress, regulatory proteins involved in signal transduction, protein
biosynthesis and processing were found to be abundant in rice [27, 99] and maize
[107] roots. These proteins include HSP70 putative calreticulin precursor and
cysteine synthase (CysK). Heat shock proteins play important roles in keeping
cellular homeostasis both under optimal growth conditions and under stress by
acting as molecular chaperones that prevent the aggregation of denatured proteins
and facilitates protein refolding under temperature stress [27, 107, 108]. Similarly,
calreticulins were also shown to exhibit chaperone activity. Differential expression
of the putative calreticulin precursor was also observed in the leaf sheath of rice
under cold stress [99]. CysK, on the other hand, is the enzyme responsible for the
assimilation of hydrogen sulfide to produce cysteine. Aside from its main function,
CysK is found to be involved in GSH biosynthetic pathway, a reducing tripeptide
that is utilized for protection against oxidative damage [109].

Low temperature stress resulted in the downregulation of phosphoglucomutase,
5-methyltetrahydropteroyltriglutamate-homocysteine S-methyl transferase, puta-
tive betaine aldehyde dehydrogenase and putative phenylalanine ammonia lyase
[99]. Phosphoglucomutase is responsible for the interconversion of glucose-1-
phosphate and glucose-6-phosphate. In the analysis of an Arabidopsis mutant,
phosphoglucomutase was found to be involved in gravity perception [110].
5-methyltetrahydropteroyltriglutamate-homocysteine S-methyl transferase, also
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known as cobalamin-independent methionine synthase (MetE), is the key enzyme
for synthesis of methionine which is important for cell growth in plants [111].
Betaine aldehyde dehydrogenase is known as a salt-responsive protein [112] and
phenylalanine ammonia lyase is known as a mechanical and bacterial infection-
responsive protein [113]. Taking all these into account, downregulation of these
enzymes under cold stress indicates that plants need to limit cell growth and other
biochemical processes to be able to save energy to withstand the severely unfa-
vorable environment.

Proteomic studies on rice roots reveal that plants prepare for recovery after the
stress. One evidence for this is the upregulation of UDP-glucose phosphorylase,
which is directly involved in synthesis of cellulose, a primary component of cell
wall [99]. Enhanced level of this enzyme leads to novel synthesis of the cell wall for
increased protection of the root. In addition, temperature stress-induced lipocalin is
also enhanced during cold stress [27]. Expression analysis of this protein in wheat
showed that it is associated with abiotic stress response and is correlated with the
plant’s capacity to develop freezing tolerance [114].

Under cold stress, roots develop mechanistic strategies such as production of
high energy, limiting cell growth, and cell wall modification to protect the plant
from the damages brought about by low temperature. These processes are facilitated
by differential regulation of enzymes involved in carbohydrate and energy meta-
bolisms, proteins that regulate signal transduction and protein turn-over, and pro-
teins involved in cell wall synthesis and defence-responses.

2.1.4 Heat

The increasing global mean temperature seriously threatens to impact the yield and
quality of major cereal crops [115]. Temperature is one of the major factors
affecting plant growth and development: optimal temperatures for plant growth
have been determined to range from 15-24 °C for shoots and 10-18 °C for roots of
temperate plant species. While considerable effort has been made to study the
proteins associated with heat stress on rice, wheat and barley, most of these studies
dwell on the effects of the stress on leaves and panicles [116—118]. Upregulated
proteins include those involved in photosynthesis, detoxification, energy metabo-
lism, and protein biosynthesis.

Proteomic studies on rice anthers revealed the accumulation of stress-responsive
cold shock proteins (sCSP) and sHSPs. HSPs are known to have chaperonic
activities and function as reservoirs for intermediates of denatured proteins which
then prevent protein aggregation due to heat, hence they play important roles in
protecting metabolic activities of the cell [119]. Heat shock proteins, combined with
Ca”*-signaling proteins and efficient protein modification and repair mechanisms,
were identified to confer heat tolerance in rice [120]. In maize, levels of HSP101
was increased in response to heat stress, more abundantly so in the developing
tassel, ear, silks, endosperm and embryo; and less abundantly in vegetative and
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floral meristematic regions, mature pollen, leaves and roots. HSP101 belongs to a
protein family whose members promote renaturation of protein aggregates and are
essential for the induction of thermotolerance. Localization analysis revealed that
HSP101 was highest in the root cap meristem and quiescent center of the
heat-stressed roots [121]. In a later study, it was revealed that HSPs play important
roles in both induced and basal thermotolerance. In addition, elongating segments
of primary roots exhibited a strong ability to synthesize nucleus-localized HSPs
[122].

The roots’ response mechanisms to heat stress is far less investigated despite
their importance in whole plant adaptation to high temperatures [115]. Roots have
lower optimal growth temperatures. Hence, are more sensitive to elevated tem-
peratures as seen in the decline in root growth and physiological function at higher
soil temperature. Proteomics study was done on two species turf grass or forage
grass Agrostis stolonifera and A. scabra roots subjected to heat stress. The leaves
showed impaired antioxidant enzyme activities and increased lipid peroxidation in
the heat-sensitive cultivar. Inducing heat injury in the roots disrupted root functions
such as water and nutrient uptake and transport to the leaves, and also affected the
cytokinin synthesis in the roots. Upregulation of sucrose synthase, GST, SOD, and
the HSP Sti (stress-inducible protein) was observed in the heat tolerant A. scabra
[123]. In rice, an A20/ANI10 type zinc finger protein ZFP177 was found to be
responsive to heat stress. It was revealed that the protein is localized in the cytoplast
of both leaf and root cells. Overexpression of ZFP177 in tobacco conferred toler-
ance of the transgenic plants to both low and high temperatures [124]. In maize
roots, combination of drought and heat stress was imposed to identify differentially-
expressed proteins associated with ABA regulation. Twenty two major proteins
were significantly upregulated under combined stresses. These were categorized as
proteins involved in disease/defense, metabolism, cell growth/division, signal and
transporters [42].

Having low optimal growth temperatures than the rest of the plant, roots are
extremely sensitive to increasing temperatures. While several proteomic studies on
the effects of heat stress have been done on many cereal species, these are mainly
on the panicles and leaves. Some heat-responsive root proteins have been identified
to be involved in metabolism, cell growth, signal transduction, transport and ROS
detoxification. Other proteins play roles in modification and repair, as well as
protection from heat denaturation. However, a full-scale survey of heat-responsive
root proteins still needs to be undertaken.

2.1.5 Flooding

Among the most cultivated cereal crops, rice is the most flood-tolerant crop whereas
maize, barley and wheat are categorized as flood-sensitive. Flooding is caused by
heavy or continuous rainfall in an area with poorly drained soil and is one of the
most important environmental stressors [125]. Flooding stress causes hypoxic to
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anoxic conditions which severely affects the roots of the plants. These conditions
lead to anaerobic metabolism (glycolysis followed by alcohol fermentation) and
also to programmed cell death or PCD [126]. At the developmental stage, plants can
escape the low oxygen stress caused by flooding through multifaceted alterations in
cellular and organ structure that promote access to and diffusion of oxygen [127].

Proteomic studies revealed that one of the common responses of plants to
flooding stress is the alteration of proteins involved in primary and secondary
metabolism, and energy production. For example, flood stress decreases the level of
two glycolytic enzymes in wheat roots, namely fructose-1,6-bisphosphate aldolase
and sucrose:fructan 6-fructosyltransferase [128]. Fructose-1,6-bisphosphate aldolase
catalyzes the reversible interconversion of two triose phosphates to fructose-
1,6-bisphosphate. Triose phosphates are the main carbon sources for sucrose syn-
thesis in photosynthetic tissues, which are derived from Calvin cycle and are
exported from chloroplast during the day. Sucrose:fructan 6-fructosyltransferase is
involved in the synthesis of fructans. Fructans serve as the major form of carbo-
hydrate reserves. Downregulation of these enzymes indicates that carbohydrates and
energy consumption are reduced due to inhibition of photosynthesis under flooding
conditions [128]. Conversely, significant induction of ADH was observed in maize
roots under flood. ADH functions to enhance rates of carbohydrate breakdown,
fermentation, and ATP synthesis [129].

Proteins involved in disease/defense mechanism were found to be the most
upregulated in the roots of wheat seedlings under flooding stress [128]. These
include two glycosylated polypeptides, a-amylase/subtilisin inhibitor, chitinase and
malate dehydrogenase (MDH) or a-1,4-glucan-protein synthase. Among these
proteins, o-amylase/subtilisin inhibitor functions as defense against microorganisms
since it is found to inhibit both o-amylase from larvae of the red flour beetle
(Tribolium castaneum) and subtilisin from Bacillus subtilis [130]. Chitinase works
directly and indirectly as defense mechanism against pathogens and abiotic stresses
[131]. Likewise, abundance of B-glucosidase in the roots of maize has been
implicated in hormone metabolism and protection against pathogens [132].

Major proportion of downregulated proteins in wheat roots under flood are
related to cell wall structure and modification [128]. These proteins include
methionine synthase, [-1,3-glucanases, [-glucosidase, [-galactosidase, and
(1,3;1,4)-B-glucanase precursor. Methionine synthase catalyzes the production of
methionine which is important in plant cell growth. Downregulation of methionine
synthase was also observed in rice roots under cold stress. B-1,3-glucanases,
B-glucosidase, B-galactosidase, and (1,3;1,4)-B-glucanase belong to a family of
hydrolases directly involved in the modification of cell wall polysaccharides.
Downregulation of these proteins indicates that the roots of wheat seedlings
respond to flooding stress by restricting cell growth through the limitation of
hydrolysis of cell wall polysaccharides and assimilation of methionine. In addition,
restriction of cell wall hydrolases helps to save energy as well as to preserve
carbohydrate reserve, which can support the plant survival under flooding condi-
tions [128]. Similarly, levels of ROS scavenging enzymes like APX and GR in the
roots of wheat seedlings were found to be diminished since the generation of ROS
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is limited under these conditions [133]. Additionally, decreased levels of SOD,
peroxidase and the above mentioned enzymes were observed in the roots of maize
[134] and rice [135].

Proteomic analysis also revealed an enhanced level of HSPs in the roots of maize
under anaerobic stress caused by flooding [136]. HSPs are small, novel set of
proteins that represses the synthesis of the nonstress proteins. Furthermore, proteins
with crucial roles in both cytoplasmic and organellar translation and mitochondrial
elongation were found to be repressed by hypoxia which contribute to the reduction
in protein synthesis during flooding stress [132]. This result further strengthens the
proposition that cereal roots need to restrict cell growth to save energy to survive
under severely unfavorable conditions. Proteomics study on maize roots also give
an insight that roots develop ways to recover after flooding. One example is the
enhanced accumulation of actin in the roots of maize after hypoxia [132]. Actin is
involved in cell wall expansion for root elongation [137].

Flooding elicits hypoxic to anoxic conditions in the soil which lead to physio-
logical and cellular changes in the roots of the plants. Proteomics analysis showed
that roots improve their defense mechanism by increasing the levels of PR proteins.
Downregulation of proteins involved in cell wall modification indicates that roots
limit energy consumption and preserve carbohydrate reserves. Alteration in car-
bohydrate metabolism is also evident during flood stress, thus levels of ROS
scavenging enzymes were decreased.

2.1.6 Heavy Metal Toxicity

Contamination of the soil with heavy metals (HMs) has become a major global
concern as industrialization and increased dependence of agriculture on chemical
fertilizers and sewage wastewater irrigation introduce considerable amounts of
these toxic substances into agricultural soils. This leads to decreased crop yields as
well as hazardous health issues when these metals enter the food chain [138, 139].
HMs, in general, are metals and metalloids with specific gravity of approximately
5.0 g/em® or higher [140]. Some HMs are essential in plants in trace amounts as
they play important roles in some physiological processes, particularly as enzyme
cofactors, e.g. calcium (Ca), copper (Cu), zinc (Zn) and iron (Fe). A deficiency or
excess of these HMs can be detrimental to plant growth and development. Some
HMs however are nonessential and may be highly toxic in plants even at very low
concentrations, e.g. cadmium (Cd), aluminum (Al), lead (Pb), mercury (Hg) and
arsenic (As) [141].

The presence of specific or generic ion carriers or channels for essential nutrients
allow the entry of most HMs into the plant root system. Ca**, Fe** and Zn>*
channels were suggested to be possible routes of uptake and transport of Cd** and
Pb>* [142-144]. Once inside the cells, HMs exhibit their toxicity in plants by
affecting a wide range of cellular functions. They bind to specific functional groups
in proteins, particularly to sulfhydryl groups of cysteine residues, and displace vital
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metal cations in enzyme binding sites, resulting to protein denaturation or enzyme
inactivation [145]. HMs are also known to disturb redox homeostasis by stimulating
the formation of free radicals and ROS, which lead to lipid peroxidation, DNA
strand cleavage, and oxidative damage to proteins [146]. Ultimately, the result of
heavy metal intoxication is altered plant metabolism as the plant makes strategies to
combat the stress. These include the synthesis of membrane transporters and
thiol-containing compounds (chelators) for vacuolar sequestration, defense proteins
for ROS scavenging, and molecular chaperones for re-establishing native protein
conformation. The stimulation of photosynthetic and mitochondrial respiration
enzymes also aids in producing more reducing power to compensate the high-
energy demand of HM-challenged cells [18].

A few proteomic studies were conducted to show the response of cereal root
proteins on HM stress. In a study on rice root tissues, a dramatic decrease in the
GSH levels was observed after short-term exposure of the roots to Cd, while no
significant difference in the GSH levels was detected in the control and Cd-treated
leaf tissues [147]. GSH is a major reservoir of non-protein thiols and plays a central
role in the defense of plants against HMs and ROS [148]. About half of the number
of differentially expressed proteins under Cd stress in the rice roots are also found to
be oxidative stress-related proteins or antioxidant enzymes. This includes one GR,
which is involved in the reduction of oxidized glutathione (GSSG) to GSH, and
three GSTs, which are responsible for the direct quenching of Cd ions by forming
GSH-Cd complexes [149]. These results imply that, being the primary site of
exposure to Cd contamination in the soil, the rice roots allow rapid consumption of
its GSH for the chelation of Cd before it can do further damage to other tissues. In
maize, a similar trend in the GSH levels in the roots and leaves was observed upon
Cd treatment [150]. Data from literature also suggest that Cd generally remains in
the roots of maize and only small quantities are transported to the shoots of
Cd-treated plants [151, 152].

Another study on the rice root proteome under Cd stress revealed the induction
of different transporters such as the ABC transporters [153], which are believed to
be involved in Cd sequestration in the vacuole [154, 155], and Nramp (natural
resistance-associated macrophage protein), which is associated with the transport of
divalent cations in plants [156, 157]. Cynnamy] alcohol dehydrogenase, an enzyme
involved in the biosynthesis pathway of lignin, was also found to be upregulated in
the rice roots after Cd treatment. Lignification of the root cell walls which leads to
reduction in root cell wall expansion is a common defense mechanism of plants to
decrease further uptake of toxic HMs from the soil [158].

A total of 27 Cu-binding proteins that are involved in antioxidant defense and
detoxification, pathogenesis, regulation of gene transcription, amino acid synthesis,
protein synthesis, modification, transport and degradation, cell wall synthesis,
molecular signaling, and salt stress were found to be differentially expressed in a
recent study on the root proteome responses of a Cu-tolerant and Cu-sensitive
varieties of rice upon exposure to Cu [159]. Similar to the findings of Lee et al.
[147], a GST was also found to be induced in the Cu-stressed roots of both rice
varieties, which can be assumed to be involved in the direct detoxification of Cu by
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forming GSH-Cu complexes. A Cu/Zn-SOD and a GLP were also observed to be
upregulated in both varieties. Some GLPs are known to act as SODs, which are
metalloenzymes that catalyze the dismutation of the highly reactive superoxide ions
(O3) to H,O, and O, [160, 161]. The induction of these proteins with SOD activity
in Cu-stressed rice roots implies that they play a role in the first line of defense
against ROS. It is also interesting to note that four of the identified differentially
expressed proteins were PR proteins which were upregulated in the roots of the
Cu-tolerant variety. PR proteins participate in a wide range of cellular functions,
including cell wall rigidity, signal transduction, and antimicrobial activity [159].
The upregulation of PR proteins has also been reported in roots of other plant
species exposed to heavy metal stress [162—-164].

Expression patterns of maize root proteins in response to As stress were
described by Requejo and Tena [109, 165]. Seven out of the eleven proteins dif-
ferentially regulated by As in the maize roots were identified to be involved in
cellular homeostasis for redox perturbation, including SODs, glutathione peroxi-
dases (GPXs), and PRX. Both GPX and PRX catalyze the reduction of H,O, to
water coupled with the oxidation of GSH to GSSG and PRX (reduced) to PRX
(oxidized). This observation suggests that oxidative stress iS a major process
underlying As toxicity in plants. In rice roots, 23 differentially expressed proteins
were detected upon exposure to As stress, including S-adenosylmethionine syn-
thetase (SAMS), CysK, GSTs and GR [166]. These proteins, which are closely
related by their roles in sulfur metabolism, presumably work synchronously
wherein GSH plays a central role in protecting cells against As stress [167].

Proteomic analyses of rice root response to As and Al suggest that the mecha-
nism of stress response of rice to As might be similar to Al. In two independent
experiments on the Al-sensitive rice cultivar, Michikogane [168], and on the
Al-tolerant rice cultivar, Xiangnuo 1 [169], GSTs, SAMS, CysK, and Cu/Zn-SODs
were also found to be the major enzymes upregulated in rice roots under Al stress.
On the basis of their proteomic and metabolomics analyses, Fukuda et al. [168] and
Yang et al. [169] suggested that SAMS and CS play functional roles in the
mechanism of adaptation of rice to Al.

In barley roots, Patterson et al. [170] compared the abundance of proteins in a
boron (B)-tolerant and a B-intolerant cultivar upon exposure to B stress. In addition
to other stress-related proteins, the abundance of iron deficiency sensitive 2 (IDS2),
IDS3, and a methylthioribose kinase, were elevated in B-tolerant plants. These three
enzymes are key players in the biosynthesis of phytosiderophores, which are pro-
teins with strong chelating activity and are known to participate in Fe uptake. These
results suggest a potential link between Fe, B, and phytosiderophores under con-
ditions of B stress, which is yet to be explored in future research.

From the above experiments, it is clear that the main mechanism explaining HM
toxicity in plants is oxidative stress, and that in cereals, the first line of defense is
the expression of proteins associated to HM chelation, transport and vacuolar
sequestration in the roots to prevent entry and further damage of HMs to aerial
organs. Direct detoxification by reduction of ROS brought about by these highly
reactive substances also occurs in the roots, with the aid of enzymes such as SODs
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and PRXs. In all these activities, the role of GSH for stress alleviation is apparent
and seemingly of immense importance, as evidenced by the induction of a vast
number of enzymes related to its metabolism.

2.1.7 Nutrient Deficiency

Plants require essential mineral nutrients for normal functioning and growth. These
mineral nutrients, which are required in relatively huge (macronutrients) to trace
amounts (micronutrients), serve numerous functions, e.g. maintaining charge bal-
ance; acting as electron carriers, structural components, and enzyme activators; and
providing osmoticum for turgor and growth. The effects of mineral nutrient defi-
ciencies can be very subtle to very dramatic, from small changes in the pH of the
cytosol and reduced export of carbohydrates to immediate termination of root
growth and substantial disruption of membranes or cell walls. Taken together, each
of these can result to oxidative stress, destruction of chloroplasts, and the symptoms
associated to chlorosis and necrosis [171]. It is therefore understandable that the
low availability of one or more of these nutrients is a key factor limiting crop yields
[172]. Plants have evolved strategies to maximize nutrient availability, such as
stimulation of high-affinity transporters, remobilization of nutrients from the rhi-
zosphere or aerial portions of the plant by secreting organic acids or phosphatases,
reduction of growth and photosynthesis, among others [173].

The mechanism of cereal root response to nutrient deficiency is a subject of
many experiments and reviews at the genome, transcriptome and metabolome
levels but remains as a scarce topic in proteomics studies. Nevertheless, root pro-
teome responses of maize under phosphorus (P) [174] and Fe starvation [175]; rice
under P deficiency [176]; and barley under nitrogen (N) deprivation [177] have
already been characterized and gave important preliminary clues to the complex
molecular cross-talk taking effect in the adaptation of cereal roots to nutrient
deficiency.

Phosphorus is one of the key macronutrients, being an essential component of
nucleic acids, phosphorylated sugars, lipids, and proteins, as well as ATP, which acts
as the major energy currency of the cell. The lack of P often limits plant growth
because most inorganic P are present as phosphate esters or metal ion salts, which
have very low solubilities [178]. Plants have evolved adaptive strategies to cope with
inadequate P supply. These include the alteration of root morphology to enhance P
usage, modifications in carbon metabolism by bypassing steps that require P, and
increased secretion of acid phosphatase (APase), ribonuclease (RNase) and organic
acids in the roots to increase P availability in the soil [178-181].

Protein profiling of maize roots under P deprivation of a wild type (Qi-319) and
low P tolerant mutant (99038) demonstrated differentially accumulated proteins
under low P stress. These proteins were involved in multiple pathways, including
carbon and energy metabolism, signal transduction, regulation of the cell cycle, and
phytohormone metabolism [182]. Interestingly, under low P conditions, the amount



38 J.L. Trinidad et al.

of MDH, pyruvate dehydrogenase complex (PDC) Ela subunit and citrate synthase
(CS) in the roots of 99038 plants significantly increased compared with Qi-319,
while the amount of NAD*-dependent isocitrate dehydrogenase (IDH) subunit 1
and aconitate hydratase (AH) significantly decreased. The accumulation of MDH,
PDC and CS implies stimulation of citrate synthesis, while a decrease in IDH and
AH suggests a reduction in citrate utilization. Studies have shown that of the
organic acids, citrate is one of the most effective in solubilizing P in the soil [183].
Furthermore, the amount of phosphoprotein phosphatase 2A (PP2A) isoform 4
significantly increased in 99038 roots compared to Qi-319. In Arabidopsis, PP2A
was shown to participate in hormone-mediated growth regulation, control of cell
shape and plant morphology, regulation of the cell cycle, and elongation of root
cortex cells [184, 185]. Taken together, the enhanced production of citrate and
upregulation of PP2A in the roots of 99038 plants might explain its observed
tolerance to P starvation compared to the Qi-319 wild type.

In rice roots, proteomic analysis revealed ten P starvation responsive proteins
involved in metabolism and defense or stress response [176]. One of the two
upregulated proteins under low P supply was identified as a member of the PR-10
family, which are generally known to have RNase activity and in most cases, are
involved in defense response and plant development [186, 187]. The PR-10 pro-
teins play yet another role in stress response by acting as RNases in the remobi-
lization of nucleic acids and nucleotides in rice during P starvation.

Nitrogen is a macronutrient that primarily influence plant growth as it makes up
many important biomolecules in plants such as proteins, nucleic acids, phytohor-
mones, and chlorophyll. N can be taken up by plant root cells in either nitrate or
ammonium form, but nitrate is the predominant form of N in agricultural soils [188].
The study of Moller et al. [177] revealed that the levels of many proteins altered in
barley roots under long- and short-term N starvation are enzymes involved in nitrogen
and carbon metabolism and are components of metabolic pathways implicated in
stress response and regulation. Nitrite reductase, which plays a pivotal role together
with nitrate reductase in the conversion of nitrate to ammonium during nitrate
assimilation, was found to be upregulated in the roots, whereas it is downregulated in
the shoots. This observation reflects a shift of nitrate reduction to the roots relative to
the shoots under low nitrate supply [189]. Meanwhile, the downregulation of 14-3-3
proteins in roots under both long- and short-term N starvation reflects an increase in
NADH:nitrite reductase activity in the roots, as 14-3-3 proteins are known to bind to a
phosphorylated motif of the enzyme to effect inhibition [190].

Iron is a micronutrient that is ubiquitously present in agricultural soils. However,
its bioavailability is often low due to often alkaline pH conditions of the soil [191,
192]. Fe deficiency is usually associated to oxidative stress, because most proteins
acting as electron carriers in the respiratory chain are Fe-dependent. The lack of
these Fe centers may result to an incomplete reduction of oxygen, ultimately
leading to superoxide radical formation. The general response of maize root PM
proteins exposed to low Fe conditions appears to involve proteins related to
oxidative stress, growth regulation, and adaptation of nutrient uptake or
translocation [175]. Two isoforms of the P-type H*-ATPase, which are conceived to
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produce a proton gradient over the PM, are shown to increase with Fe deficiency.
A specific member of this group, H*-ATPase 2, is expressed in epidermal cells and
was found to be involved in rhizosphere acidification for making Fe®* and Cu®**
more soluble for plant utilization [193, 194]. One putative quinone reductase has
also been identified with Fe starvation. The capacity of a naphthoquinone to transfer
electrons for several NAD(P)H dependent redox enzymes purified from PM
preparations has been described [195]. Vitamin K1 or phylloquinone, which is
found to be a constituent of the PM, was also demonstrated as a lipid soluble
electron carrier, suggesting an electron transport chain to a transmembrane con-
stituent [196]. Considering this, the authors suggested that the increase of quinone
reductase with Fe deficiency could represent a strategy to increase the transmem-
brane electron flow in the shortage of Fe supply. Another way of looking at these
results is by considering the protective function of quinones against oxidative
damage, where quinone reductases work to regenerate the quinone pool [175].

A common trend in the response of cereals under nutrient deficiency can then be seen
in the plant’s attempt to increase nutrient uptake by changing the expression of proteins
involved in the modification of root architecture and in the production and excretion of
metabolites in the roots which assist in increasing the solubility and availability of
nutrients in the soil. Changes in both carbon and nitrogen metabolism also occur, as the
plants utilize key enzymes that participate in the remobilization of metabolites to satisfy
the nutrient needs of the growing plant under limiting nutrient supply.

2.2 Conclusions

Most of the proteomics studies done on cereal roots under different abiotic stresses
showed that proteins involved in ROS detoxification, cell wall metabolism, disease
and defense, and energy metabolism were upregulated. On the other hand, proteins
involved in ROS detoxification and cell wall metabolism were diminished in levels
under flooding stress due to limited supply of oxygen in the soil (Table 2.1;
Fig. 2.1). The primary role of the roots in combating stress is also evident by the

Table 2.1 Major abiotic stress-responsive proteins in the roots of cereals

Stress Family of proteins Functions

Drought CWPs Involved in ROS metabolism, defense and
detoxification hydrolases, and those involved in
carbohydrate metabolism

TFs Transcriptional regulation

LEA Help promote primary and lateral root
elongation; protection for protein aggregation
mRNA-binding proteins; ROS | Detoxification

scavengers

Aquaporins Maintenance of water balance

(continued)
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Table 2.1 (continued)
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Stress Family of proteins Functions
Salinity ROS scavengers; detoxification | Detoxification
enzymes
PM proteins Signal transduction; ion channels
Cell wall metabolism proteins | Cell wall modification
Disease and defense-related Enhance defense mechanism
proteins
Protein synthesis, modification | Protein homeostasis; regulation of physiological
and turnover-related proteins responses
Heat Chaperones Prevents protein aggregation; protein
modification and repair mechanism
ROS scavengers; Detoxification
Detoxification enzymes
Disease and defense-related Enhance defense mechanism
proteins
Ca2+—signaling proteins Protein modification and repair mechanism
Cold Carbohydrate metabolism Energy production
enzymes
Disease and defense-related Enhance defense mechanism
Regulatory proteins Signal transduction; protein biosynthesis and
processing
ROS scavengers Detoxification
Cell wall metabolism proteins | Cell wall modification; enhance defense
mechanism
Cell growth-related | Limit energy consumption
Flood Aerobic metabolism enzymes| | Energy production and carbohydrate reserves
preservation
Cell wall metabolism proteins| | Cell wall modification; carbohydrate reserves
preservation
ROS scavengers | Detoxification
Disease and defense-related Enhance defense mechanism
Chaperones Repression of non-stress proteins syntheses;
signal transduction
Heavy ROS detoxification enzymes Detoxification
metals HM chelators and transporters | Vacuolar sequestration of heavy metals;
Detoxification
Cell wall metabolism proteins | Cell wall modification; decrease uptake of HMs
Nutrient Cell wall metabolism proteins | Cell wall modification; root elongation for
deficiency increase nutrient uptake

Nucleases

Remobilization of nucleic acids and nucleotides

Nutrient uptake-related protein

Increase availability/solubility of nutrient in the
soil
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Table 2.2 Drought and salinity stress-responsive root-specific proteins

Abiotic Protein Cereal Reference

stress

Drought pathogenesis-related protein 10 (ZmPR10) Maize [39]
O-methyltransferase (OMT), Maize [39]
OsNACI10 Rice [38]
HVAl Rice [63]
Aquaporins HvPIP2;5, HvPIP2;2, and HvTIP1;1 Barley [73]

Salinity leucine-rich-repeat type receptor-like kinase, Rice [84]
OsRPK1

induction of proteins found exclusively in the root tissues (Table 2.2). Modification
of the plasma membrane is also one of the adaptive mechanisms of plants in
response to abiotic stresses. Under drought stress, high levels of PM-associated
aquaporins enhance water permeability. Proteins that regulate signal transductions
and ion channels, such as annexins, were also highly expressed in roots under
salinity and temperature stresses. Additionally, cold stress induces the upregulation
of PITPs which regulate phospholipid metabolism to increase membrane perme-
ability. An induction in the abundances of PM-associated quinone reductase and
H*-ATPase in Fe deficient roots also suggests an increase in transmembrane
electron flow and acidification of rhizosphere for increased iron solubility and
availability, respectively. Despite all these findings, only a number of studies have
been carried out for membrane proteomics due to the PM’s dynamic property,
which poses a challenge for isolating the full complement of membrane proteins.
Advancements in PM proteome quantification have been made in both label-based
(e.g. isobaric tags, isotopic labelling) and label-free forms (e.g. spectral counting,
extracted ion chromatogram) [197]. Further improvement of these instruments for
them to become cheaper and more efficient will lead to easy access to such tools in
larger number of laboratories, which will push the frontiers of membrane and root
proteomics towards a holistic understanding of plant response to stress.
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Chapter 3

A Proteomic View of the Cereal

and Vegetable Crop Response to Salinity
Stress

Katja Witzel and Hans-Peter Mock

Abstract Salt stress is a major factor with worldwide negative impact on agri-
cultural productivity. Crop plants with higher tolerance towards salinity would
allow sustainable production in less favorable environments resulting from soil or
irrigation conditions. Future breeding strategies will depend on novel insights into
molecular mechanisms requested to adopt current elite varieties. Extant genetic
variation for tolerance within some crop germplasm provides a sound basis for
elucidating the mechanisms underlying naturally evolved tolerance, so elaborating
reliable and scalable phenotyping platforms to permit the efficient evaluation of
extensive collections of plant germplasm is a necessary development. The genetic
basis of salinity tolerance is complex, but the advent of “omics” technologies has
expanded the informativeness of contrasts between accessions which show a dif-
ferential response to the stress. Characterization at the level of the proteome is a
relatively recent development, but one which has had already demonstrated a
measure of success. After briefly outlining physiological aspects and adaptation
strategies in general, we will summarize the proteomic studies directed to cereals
and vegetable crops separately to better identify general responses, but also to
pinpoint strategies specific for either monocotyledonous or dicotyledonous crops.
While the most frequently used analytical proteomics platform remains
two-dimensional gel electrophoresis (2DE), there is growing use made of liquid
chromatography (LC)-based separation technology, which provides a higher degree
of sensitivity and has a lower requirement with respect to sample amount.
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3.1 The Physiological Response to Salinity Stress

Plants are exposed to a variety of both biotic and abiotic stress factors, which
together are responsible for a major loss in production [1]. In many parts of the
world, soil salinity, whether occurring naturally or induced by irrigation practice,
represents one of the most severe abiotic stress agents [2]. As a result, improving
the level of salinity tolerance expressed by crop varieties is becoming an ever more
important breeding priority.

Saline soils are those which contain excessive levels of the cations Na*, Ca**
and Mg2+, and the anions SO42_ and C1~; those in which Na* is the dominant cation
are considered to be sodic rather than saline. Saline soils suffer from low porosity,
and the flow of water into the plant root is further hindered by their high osmotic
potential. The effect of salinity on plant growth is due to the combination of osmotic
stress and the toxicity of the cations [2]. The former inhibits the uptake of water,
generating a syndrome which has much in common with drought stress. Cell
expansion and cell wall synthesis, protein synthesis, stomatal conductance and
photosynthetic activity are all compromised. A certain length of exposure to salinity
stress is required for the cellular content of Na* and other cations to reach a toxic
level, and it has even been suggested that the presence of these cations during the
early phase of a stress episode can be beneficial, since their export to the vacuole
aids the plant in combatting osmotic stress [3]. Na* enters the root passively along
an electrochemical potential gradient, while Cl™ entry is restricted by a negative
plasma membrane potential. Once inside the plant, the ions are dispersed
throughout the plant via the xylem; following their arrival in the leaf, their con-
centration tends to rise as the plant loses water through transpiration. When the ion
sequestration capacity of the vacuole becomes exhausted, the cytosolic ion con-
centration inevitably starts to rise. While most plants respond to this stress by
pumping cytosolic Na™ into the cell wall, the consequence of this activity is to force
the cell wall to shrink and dehydrate. High cellular concentrations of ions tend to
induce the production of reactive oxygen species (ROS), which damage cell
membranes, many proteins and ultimately DNA.

3.2 Adaptive Mechanisms for Salt Tolerance

The first line of defence against salinity stress is a barrier to the entry of cations into
the plant [4]. This comprises a combination of reducing the ion uptake by the root,
inhibiting the loading of ions into or their unloading out of the xylem and pre-
venting their export via the phloem to growing tissue [5, 6]. At the cellular level,
Na*/H* antiporters effect the removal of Na* from the cytosol and sequester it
within the vacuole achieved by Na*/H" antiporters driven by the pH gradient across
the tonoplast [reviewed in 7]. The genes identified to date as important for bol-
stering salinity tolerance have been classified into three main groups.
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The products of the first group are concerned with the control of ionic uptake
and transport [8]. Among these is the Arabidopsis thaliana Na*/H" antiporter
AtNHX1: AtNHXT1 over-expressors are able to maintain plant growth and set seed
when they are challenged with 200 mM NaCl, whereas wild type plants cannot
withstand more than 100 mM NaCl [9]. The over-expression of the plasma
membrane Na*/H" antiporter AtSOS1 also boosts the plant’s salinity tolerance: the
roots of these transgenic plants tolerate saline soil, significantly improving plant
survival [10]. The high affinity K™ transporter AtHKT regulates the root-to-shoot
transport of Na* by removing Na* from the xylem sap [11]: AtHKT1 knock-down
plants are hyper-sensitive to salinity stress [12], while the introduction of the durum
wheat genes TmHKT1; 4-A2 and TmHKT1; 5-A into bread wheat results in a
pronounced enhancement in salinity tolerance [13]. The electrochemical gradient
across the plasma membrane required for H" antiporter activity is created by a
combination of P-type H"-ATPase-mediated pumping of protons into the apoplast,
and V-type H*-ATPase- and pyrophosphatase-mediated pumping of protons across
the tonoplast into the vacuole [2]. The over-expression of AtAVP1 (which encodes
a vacuolar pyrophosphatase) allows the plant to withstand the level of stress
imposed by the presence of 250 mM NaCl in the growing medium [14].

Products of the second group act as protectants against osmotic stress. Osmotic
adjustment under stress conditions can be achieved by the accumulation of various
osmolytes, notably sugars, organic acids, polyols and nitrogenous compounds such
as glycinebetaine and proline. These compounds accumulate in the cytosol to
balance the osmotic pressure exerted by ions sequestered in the vacuole, and
thereby succeed in maintaining the turgor needed for continued cell growth [15].
They are often referred to as ‘compatible solutes’ because they do not interfere with
enzyme function, even when present at a high concentration. Proline is universally
accumulated in response to salinity stress. Tobacco plants expressing a mutated
form of the gene encoding &(1)-pyrroline-5-carboxylate synthetase (the
rate-limiting enzyme in proline synthesis), in which the normal feedback inhibition
exerted by proline has been abolished, accumulated much more proline than is
normal, and this effect was magnified when the plants were exposed to 200 mM
NaCl [16]. Similarly, the over-expression of genes involved in either mannitol
and/or trehalose synthesis enhanced the level of the plants’ salinity tolerance [17,
18]. Since the reactive oxygen species (ROS) induced by osmotic stress need to be
neutralized to prevent their causing secondary damage to the cell, genes encoding
the various ROS-scavenging enzymes (superoxide dismutase, catalase, ascorbate
peroxidase and others) also belong to this class [19].

Finally, the third group of gene products act to promote plant growth in saline
soil. These proteins are intimately involved in signalling, and include a number of
transcription factors and protein kinases. For example, the over-expression of a
Ca”*-dependent protein kinase in rice has a beneficial effect on salinity tolerance
[20], while the knock-down of a similar gene in A. thaliana has the opposite effect
[21]. Various abscisic acid-responsive transcription factors have been shown to
modulate plant performance under salinity stress conditions [22].
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3.3 Salinity Stress Limits the Production of Cereal
and Vegetable Crops

Species vary considerably with respect to their salinity tolerance, and their physi-
ological response to the stress differs markedly [7]. In many cases, the level of
sensitivity is dependent on the developmental stage of the plant. Germination is
relatively insensitive to salinity, although more sensitive species can suffer from
delayed germination. The seedling stage is typically highly susceptible to damage,
particularly under field conditions, where salinity is often at its highest near the soil
surface as a result of evaporation. Once the plant is able to extend its root deeper
into the soil profile, it tends to become increasingly tolerant [23, 24].

Grains of crops, such as wheat, rice, maize or barley, are highly valuable for the
nutrition of humans and livestock as they contain a high percentage of sugars,
starch, storage proteins and fatty acids, and they provide roughly half of the calories
consumed worldwide. According to their growth habitat and salt tolerance, with
maize being a sensitive plant and barley being one of the most tolerant, yields may
be drastically reduced by soil salinization [25]. According to FAOSTAT, 2.5 billion
tons of cereals and 1.1 billion tons of vegetables were produced in 2013. Vegetables
are grown to a lesser extent in production volume when compared to cereals. But in
terms of economic yield, plants from Solanaceae, Cucurbitaceae or other families
are important players in modern agriculture. Vegetables are indispensable in the
human diet and provide vitamins, minerals and health-promoting plant secondary
metabolites. Vegetables are in general more sensitive towards salinity as compared
to cereals, with bean being more sensitive as compared to cowpea [25].

Complete genome sequences and large-scale EST sequencing projects from
various cereal and vegetable crops facilitated the use of large-scale gene expression
analysis on the genome and transcriptome level to study salt stress responses [26,
27]. But in order to elucidate gene function, the investigation of the gene product,
the protein, is inevitable. Proteomics can also play a role in molecular marker-based
breeding programs. There are some reviews highlighting the potential of
proteomics-based dissection of salt tolerance mechanisms in crops [28, 29]. This
review will focus on current developments and achievements in this field with
respect to the years 2011-2015.

3.3.1 The Proteomic Response of Cereals to Salinity Stress

Rice (Oryza sativa L.) is generally considered as salt sensitive but due to its ability
to grow well under flooded conditions, facilitating leaching of salts, it is also
planted on salt-affected soils. Rice does harbour genetic variation with respect to
salinity sensitivity/tolerance. When Lee et al. [30] contrasted the 2DE profiles of
leaf proteins extracted from a pair of cultivars contrasting with respect to sensitivity,
23 features increased in intensity under either stress conditions, while 7 features
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were common to both cultivars. Candidate proteins were involved in energy
pathway (RuBisCo activase, triose phosphate isomerase, ATP synthase), disease
and defense-related proteins (beta-1,3-glucanase, class III peroxidase) and
ROS-related proteins (dehydroascorbate reductase, 2-cys peroxiredoxin). In a
comparison of the leaf proteomes of derivatives of a mutagenesis breeding pro-
gramme, Ghaffari et al. [31] were able to show that exposure to salinity stress led to
the up-regulation of 34 proteins, most of which were concerned with photosyn-
thesis, carbohydrate metabolism and oxidative stress. An experiment involving a
shorter, but more intensive stress treatment identified 65 differentially abundant root
and 38 leaf proteins; in the more tolerant accession, the function of the up-regulated
proteins included protein modification, nucleoside synthesis, lipid synthesis and
energy metabolism [32]. A similar analysis compared the effect of a 16 days
exposure to salinity stress on both the leaf and root proteome of the salt sensitive
IR29 cultivar with the salt tolerant FL478 cultivar, a recombinant inbred line from a
cross of IR29 with the high tolerant Pokkali [33]: here, 39 leaf and 59 root proteins
were identified as being responsive to salinity stress in at least one of the two test
accessions. Antioxidative proteins were up-regulated in both accessions, so were
not considered as explanatory for the observed differential level of salinity
sensitivity/tolerance. However, proteins related to polyamine and protein synthesis
accumulated in the roots of the sensitive cultivar, reflecting its attempt to adapt to
the stress. A similar comparison was followed using leaf proteins extracted from a
salinity-challenged sensitive Thai jasmine rice KDML105 cultivar and Pokkali
[34]; of the 2DE features up-regulated in Pokkali, 12 were shown to be involved in
photosynthesis and ROS detoxification. A short duration, high salinity treatment
was applied by Li et al. [35] to identify responsive gene products in the rice shoot.
The experiment successfully identified 52 2DE features; those representing proteins
involved in photosynthesis and carbon assimilation were down-regulated by the
stress, while proteins associated with either metabolism or antioxidation were
increased in abundance. A characterization of the short-term response of the leaf
proteome to stress by LC-MS for peptide separation and iTRAQ labeling for
peptide quantification identified 56 differentially abundant proteins, which were
grouped into 20 functional categories [36]; the most prominent of these groups were
photosynthesis, antioxidation and oxidative phosphorylation. A leaf proteome
comparison between a sensitive and a tolerant cultivar identified the cyclophilin
OsCYP2 as being associated with tolerance [37]. When OsCYP2 was subsequently
over-expressed, the transgenic proved to be more tolerant than the wild type. The
function of OsCYP2 appeared to be related to signalling in a pathway also involved
in the plants’ response to other abiotic stresses. In cells maintained in a suspension
culture, [38] were able to identify 106 proteins using a differential gel elec-
trophoresis (DIGE) platform and 521 using iTRAQ, of which only 58 were in
common. Of these, 111 proteins were revealed to be responsive to salinity stress. In
combination with a parallel set of metabolomic data, the indications were that the
response of the suspension cells shared some similarities with that observed in
planta: in particular, carbohydrate and energy metabolism pathways, redox sig-
nalling pathways, auxin/indole-3-acetic acid pathways and the synthetic pathways
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leading to osmoprotectants were all stress-responsive. The proteomic response of
the reproductive organs of rice has also been investigated. When anther proteins of
a sensitive and a tolerant cultivar were compared, 18 differentially expressed pro-
teins were identified by Sarhadi et al. [39], most of which are concerned with
carbohydrate metabolism and anther/pollen wall remodelling. A phosphoproteomic
analysis of the leaf microsomal fraction was carried out by Chang et al. [40] in an
attempt to characterize the phosphorylation status of proteins embedded in the
cellular membrane; the observation of several phosphorylation sites in aquaporins
was taken to imply a regulatory role of water flux under stress conditions. When the
proteome of an over-expressor of a gene encoding SnRK2 kinase was compared to
that of the wild type in plants exposed to salinity stress Nam et al. [41] observed a
considerable reduction in the number of differentially expressed proteins. Since the
basal expression level of proteins up-regulated in the wild type by salinity stress
was changed in the transgenic plants before any stress was applied, the interpre-
tation was that rice possesses a constitutively activated stress responsive pathway.

In contrast to rice, wheat is more sensitive to salinity stress during its vegetative
phase than during its reproductive phase. In general, wheat can exceed higher salt levels
than rice, while durum wheat (Triticum durum Desf.) is more tolerant as compared to
bread wheat (Triticum aestivum L.). When ascorbic acid treatment was applied to
promote germination in durum wheat, Fercha et al. [42] noted that 83 proteins changed
their level of expression level (as opposed to 72 upon imbibition in water), many of
which were involved in protein metabolism, antioxidant protection, repair processes
and methionine-related metabolism. In a follow-up study, the effect of salinity on the
proteome of the germinating embryo and its surrounding tissues was described [43].
Exogenous application of salicylic acid is able to reduce salinity-induced growth
inhibition. Inspection of 2DE-acquired bread wheat leaf proteomes of plants exposed to
salinity stress and treated with the phytohormone salicylic acid (SA) identified 38
proteins as being differentially regulated by both salinity and SA; those for which a
function could be assigned were involved in signal transduction, defence, energy,
metabolism and photosynthesis antioxidant activity and indirect effects by activating
rather unspecific stress-related pathways that allow for a better germination rate [44].
A comparison of the effect of a short-term exposure to salinity stress on the root
proteome of a tolerant and a sensitive bread wheat cultivar identified a set of 144
up-regulated proteins, whose functions spanned energy metabolism, protein metabo-
lism, signal transduction and antioxidant activity [45]. A similar comparison of the leaf
proteome identified the salinity-induced up-regulation of various ROS scavenging and
photosynthesis-related proteins in the more tolerant cultivar [46]. DIGE 2DE charac-
terized the short-term response to salinity stress of an elite Chinese bread wheat cul-
tivar; a functional analysis of 52 proteins showing altered expression showed that the
major cellular impact of salinity stress was on carbon metabolism [47]. In durum wheat,
Capriotti et al. [48] were able to show that proteins involved in photosynthesis, tran-
scription and signal transduction were all suppressed in stressed plants. Two reports
were available within the period 2011-2015 on subcellular proteomics approaches in
response to salinity. Kamal et al. [49] subjected chloroplasts to a proteomic analysis
which had been extracted from salinity-stressed bread wheat seedlings; the analysis
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revealed that 65 proteins were stress-responsive, most of which were related to pho-
tosynthesis and ROS detoxification. A contrast of the mitochondrial proteomes of bread
wheat and a salinity tolerant wheat x Lophopyrum elongatum hybrid performed by
Jacoby et al. [50] showed that salinity stress enhanced the presence in the hybrid of
manganese superoxide dismutase, aconitase and serine hydroxymethyl transferase.

Barley is more salinity tolerant as a species than wheat. A number of combi-
nations of contrasting pairs of cultivars have been compared on the proteome level
with the intention of identifying candidate proteins associated with tolerance. An
example is represented by the comparison of the seedling leaf proteomes of the
cultivar pair Afzal (tolerant) and L-527 (sensitive) following a short duration stress
episode [51]. In all, 22 proteins were identified as being responsive to the stress,
most of which mainly involved in photosynthesis, ROS detoxification and energy
metabolism. The effect of a more prolonged stress episode was described by Fatehi
et al. [52]; here, 20 proteins were identified as being salinity stress responsive, with
only few overlapping those responsive to the short duration stress treatment. When
the root proteomes of cvs. Steptoe and Morex were inspected by Witzel et al. [53],
the proteins induced earliest proved to be associated with either the oxidative stress
response or the methylerythritol 4-phosphate pathway, while those induced later
involved energy and primary metabolism, protein synthesis and transport. To
evaluate the similarity in tolerance mechanisms, a tolerant cultivar XZ16 of the wild
ancestor of barley (Hordeum spontaneum K. Koch) was compared with a tolerant
barley cultivar CM72 [54]. Here, 20 differential 2DE features were identified in the
root proteome and 21 in the leaf proteome. There were apparent resemblances in
protein abundance patterns between the tested cultivars when challenged with
salinity. However, also genotype-exclusive changes were observed reflecting a
higher tissue tolerance in XZ16 as compared to CM72. A 3 weeks exposure of H.
spontaneum to salinity stress led to the identification of 16 proteins which were
up-regulated in the leaf [55]: these included superoxide dismutase and thioredoxin,
as well as nucleoside diphosphate kinase and an oxygen-evolving enhancer protein.
A relatively novel approach to increase salt tolerance in crops is the application of
mutualistic endophytes that colonize host plants and thereby enhancing growth. The
presence of the root fungal endophyte Piriformospora indica is known to afford
barley plants some protection from salinity damage. An analysis of the leaf pro-
teome of inoculated plants has been provided by Alikhani et al. [56]; the outcome
was that the abundance of several stress-responsive proteins was unaffected by the
presence of the endophyte, but there was evidence for the up-regulation of a Myb
transcription factor and a papain-like cysteine protease.

The least tolerant of the cereals is maize (Zea mays L.). A comparison of the root
proteomes of a pair of contrasting cultivars has revealed that the more tolerant one
was able to make some adjustments to its carbohydrate metabolism, while the more
sensitive one modified its protein metabolism, redox homeostasis and carbohydrate
metabolism [57]. An iTRAQ approach was selected to compare the proteome
adjustments to salinity in salt tolerant cultivar F63 with the salt sensitive cultivar
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F35 [58]. Here, the more tolerant cultivar accumulated cysteine protease, a
lichenase-2 precursor and a xyloglucan endotransglycosylase homolog in its roots.
Germination under saline conditions is critical for plant development. The pro-
teomic consequences of salinity during germination suggested delays to storage
protein degradation and accumulation of ATP accumulation [59].

By far the most salinity tolerant cereal is rye, but very little effort has been
invested in identifying the molecular basis of its tolerance. A single published paper
covers the effect of salinity on the leaf proteome: here, some 17 differentially
abundant 2DE features were identified and a number of ROS scavenging enzymes
were shown to be up-regulated [60].

3.3.2 The Proteomic Response of Vegetables to Salinity
Stress

Tomato (Solanum lycopersicum L.) is the most widely grown fruit vegetable in the
world with 163 million tons produced for fresh consumption and 5.4 million tons
produced for processing (FAOSTAT, 2013). While greenhouse production of
tomato is seldom affected by salinity, most of the crop worldwide is field-grown
and thus is exposed to soil salinized by poor irrigation practice. The species is
considered to be moderately sensitive to salinity [61]. The root proteomes of a
relatively tolerant var. cerasiforme and a sensitive conventional cultivar have been
compared by iTRAQ LC-MS/MS [62]. An increased abundance of proteins asso-
ciated with root growth, carbohydrate metabolism, antioxidant activity and stress
signal transduction were observed in the more tolerant cultivar. A similar com-
parison involving four diverse cultivars was conducted by Manaa et al. [63].
A number of cultivar-specific and salinity stress—responsive proteins were detected
by 2DE; among the potentially interesting candidates were a transcription factor and
several proteins involved in cell wall reinforcement. With respect to the tomato leaf
proteome, Manaa et al. [64] contrasted a relatively tolerant cultivar with a sensitive
one; the higher abundance of antioxidant proteins in the former was taken to afford
a measure of protection for the plant’s photosynthetic machinery. Unlike the
domesticated tomato, its wild relative S. chilense is adapted to saline soils. When its
leaf and root proteome were investigated, a number of proteins involved in an-
tioxidation, detoxification and ion uptake/transport were found to be up-regulated
by the imposition of salinity stress [65]. Fruit yield and sugar composition is
heavily affected by salinity. A prominent feature of the fruit pericarp proteome was
the enrichment for ethylene synthesis-related proteins induced by salinity stress,
associated with accelerated fruit ripening [66]. Although silicon is non-essential for
plant growth, its supply has a positive effect on the salinity tolerance of tomato, for
reasons which are not yet fully resolved. The silicon-aided growth enhancement has
been correlated with a greater abundance of potassium transporters and an altered
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transcriptional regulation [67]. The thylakoid protein complexes present in the
chloroplasts developed in silicon-fortified plants appeared to be more stable than
those developed in the absence of fortification [68]. Plant growth under saline
conditions can also be supported by the exogenous supply of polyamides; the effect
of this treatment on the 2DE-acquired leaf proteome included 39 features, some of
which represented proteins associated with the defence response or antioxidative
activity [69]. In the root, salinity has been noted to up-regulate proteins involved in
abscisic acid signalling and ROS scavenging [70].

Potato (Solanum tuberosum L.) is considered as a moderately salinity sensitive
species, especially during tuber bud initiation [25]. A combined transcriptomic and
proteomic investigation of the salinity stress response of cv. Désirée showed that
the leaf content of several photosynthesis-related proteins was reduced, while
protein metabolism was up-regulated [71].

Cucumber is highly sensitive to salinity in irrigation water, but some protection
is given by the application of polyamines. An analysis of its leaves following
exposure to salinity confirmed that the provision of polyamine enhanced the pro-
duction of proteins involved in protein synthesis, antioxidation and
S-adenosylmethionine synthase [72]. Cucurbitaceae also represent a model plant
system for phloem translocation processes. When the phloem sap of
salinity-stressed plants of a tolerant and a sensitive cultivar was compared, 745
proteins were identified, of which 111 proved to be responsive to salinity treatment
[73]; carbon fixation pathway proteins were suppressed by the stress in the sensitive
cultivar but not in the tolerant one.

Lettuce (Lactuca sativa L.) is salinity sensitive, especially at the young seedling
and bolting stages. An analysis of its leaves harvested from plants subjected to
salinity stress showed that the content of superoxide dismutase was enhanced, along
with that of proteins involved in ethylene metabolism [74].

The grain amaranth (Amaranthus cruentus L.) is regarded one of the most
salinity tolerant non-cereal crop species. When its root proteome was investigated
in plants subjected to salinity stress, 77 responsive 2DE features were identified
[75]. These included enzymes involved in ROS scavenging, nucleotide metabolism
and fatty acid and vitamin synthesis. An assessment of the mesophyll and bundle
sheath chloroplast proteome demonstrated the accumulation of ATP synthase
subunits and electron cycling proteins as being a characteristic feature of salinity
tolerance [76].

Proteomic analyses of the salinity stress response have been conducted for both
cowpea (Vigna unguiculata) and grasspea (Lathyrus sativus L.). An analysis of the
leaf proteome in cowpea plants subjected to salinity stress identified 22 proteins
which were altered in abundance by the stress: these included proteins associated
with photosynthesis and energy metabolism [77]. In grasspea, a short duration
salinity stress episode induced various proteins in the 14-3-3 signalling pathway
and ROS scavenging enzymes [78].
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3.4 Conclusion and Future Perspectives

Improving the level of salinity tolerance expressed by both cereal and vegetable
crops is a critical plant breeding challenge. The molecular basis of the response to
salinity stress in the model plant A. thaliana has been exhaustively investigated and
increasingly this knowledge is being applied to understanding the response in
non-model species. Current technologies related to DNA sequencing are sufficiently
generic and cost-effective to be applied to almost any species, and are being used
widely to generate markers to support conventional breeding [26, 79]. To date,
however, proteomics platforms have not been much deployed to reveal the
mechanistic basis of plant salinity tolerance, mainly because the methodology is
challenging with respect of both sample isolation and the subsequent separation,
quantification and identification procedures. The gap between differential gene
transcription, which can be captured readily by high throughput analysis of mRNA,
and the differential accumulation of specific proteins remains very wide, and will
remain so until protein separation methods can be substantially refined and
streamlined [80]. Nevertheless, state-of-the-art LC-based separation technology is
capable of detecting several thousand proteins, with a level of sensitivity much
greater than is possible using 2DE. The majority of the proteomics literature to date
(summarized in Table 3.1) has relied on a gel-based separation platform, but it is
likely that gel-free alternatives will soon replace them, at least for non-targeted
analyses. 2DE will likely retain utility in characterizing post-translational modified
forms, protein isoforms and protein complexes. A second basis for the slow uptake
of proteomics to determine the mechanistic basis of salinity tolerance is that plant
responses to the stress are typically organ- or even tissue-specific, and unlike DNA,
there is no means presently available for amplifying material extracted from very
small biological samples; thus leaf extracts, for example, tend to be swamped by the
highly abundant protein RuBisCo. Some attempts have been made nonetheless to
analyse the proteome of chloroplasts, mitochondria, cellular membranes and the
fruit pericarp (Table 3.1), and it can be anticipated that spatially-resolved proteome
responses will make a contribution in future to our understanding of the complexity
of the plant salinity stress response.

A widely-used approach for the identification of functional proteins is to com-
pare the proteomes of two or more cultivars/accessions which differ in their
response to salinity stress (Fig. 3.1). Using parent accessions of segregating pop-
ulations provide the possibility to assess the functionality of candidates in offspring
lines with similar responses as compared to the parent lines, prior to
time-consuming genetic manipulation such as transgene expression or knock-out
generation.

Salt tolerance is a complex agronomic trait. Combining omics technologies to a
systems biology approach is not a novel direction in salt stress investigations but it
has not been applied to crop research in full extension. The step forward from
collecting proteomics data to modeling and functional prediction will open new
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Table 3.1 An overview of published salinity stress-related proteomic analyses in cereal and
vegetable crops over the period 2011-2015

Species | Salt treatment and Tissue Analytical platform Reference
duration
Rice
45 and 90 mM, 4 days Leaf 2DE Lee et al. [30]
250 mM, 2 days Leaf 2DE Li et al. [35]
120 mM, 7 days Leaf 2DE Jankangram et al.
[34]
100 mM, 10 days Leaf 2DE Ruan et al. [37]
200 mM, 2 days Leaf microsome | LC-MS/MS Chang et al. [40]
fraction
150 mM, 3 and 7 h Root 2DE Nam et al. [41]
100 mM, reproductive Anther 2DE Sarhadi et al. [39]
phase
100 mM, 1, 5 and 24 h Suspension 2DE DIGE and iTRAQ | Liu et al. [38]
cultured cells LC-MS/MS
120 mM, 6 days Leaf 2DE Ghaffari et al.
[31]
250 mM, 30 min Leaf and root 2DE Liu et al. [32]
120 mM, 16 days Leaf and root 2DE Hosseini et al.
[33]
150 mM, 1 day Leaf iTRAQ and Xu et al. [36]
LC-MS/MS
Wheat
170, 250, 340, 425 mM, | Leaf 2DE DIGE Gao et al. [47]
2 days
85,250, 425 mM, 2 days | Root 2DE Guo et al. [45]
150 mM, 1, 2 and 3 days | Chloroplast 2DE Kamal et al. [49]
250 mM, 3 days Leaf 2DE Kang et al. [44]
250 mM, germination Grain LC-MS/MS Fercha et al. [42]
200 mM, 7 weeks Mitochondria 2DE DIGE Jacoby et al. [50]
100 and 200 mM, Leaf LC-MS/MS Capriotti et al.
10 days [48]
250 mM, germination Grain tissues LC-MS/MS Fercha et al. [43]
200 mM, 17 days Leaf 2DE Maleki et al. [46]
Barley
300 mM, 1 day Leaf 2DE Rasoulnia et al.
[51]
300 mM, 3 weeks Leaf 2DE Fatehi et al. [52]
100 and 300 mM, Leaf 2DE Alikhani et al.
14 days [56]
300 mM, 3 weeks Leaf 2DE Fatehi et al. [55]
100 and 150 mM, 1, 4,7, | Root 2DE Witzel et al. [53]
10 days
200 mM, 2 days Leaf and root 2DE Wu et al. [54]

(continued)
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Table 3.1 (continued)
Species | Salt treatment and Tissue Analytical platform Reference
duration
Maize
150 mM, 3 days Root 2DE Cheng et al. [57]
100 and 200 mM, 0, 24, | Grain embryo 2DE Meng et al. [59]
42, 48,60 h
160 mM, 2 days Root iTRAQ and Cui et al. [58]
LC-MS/MS
Rye
200 mM, 4 days Leaf | 2DE Lee et al. [60]
Tomato
100 mM, 14 days Root 2DE Manaa et al. [63]
200 mM, 25 days Leaf and root 2DE DIGE Zhou et al. [65]
40 mM, fruit ripening Fruit pericarp 2DE Manaa et al. [66]
100 mM, 14 days Leaf 2DE Manaa et al. [64]
200 mM, 2 days Root iTRAQ and Nveawiah-Yoho
LC-MS/MS et al. [62]
50 mM, 3 days Root iTRAQ and Gong et al. [70]
LC-MS/MS
25 and 50 mM, 5 days Chloroplast BlueNative PAGE Muneer et al. [68]
25 and 50 mM, 5 days Root 2DE Muneer et al. [67]
75 mM, 4 days Leaf 2DE Zhang et al. [69]
Potato
150 mM, 3, 8 days Leaf | 2DE DIGE | Evers et al. [71]
Cucumber
75 mM, 3 days Leaf 2DE Li et al. [72]
75 mM, 3 days Phloem sap iTRAQ and Fan et al. [73]
LC-MS/MS
Lettuce
100 mM, 15 and 30 days | Leaf I LC-MS/MS Lucini et al. [74]
Amaranth
150 mM, 1 h, 1 and Root 2DE Huerta-Ocampo
7 days et al. [75]
300 mM, 5 days Chloroplast BlueNative PAGE Joaquin-Ramos
et al. [76]
Cowpea
75 mM, 17 days Leaf 2DE | Abreu et al. [77]
Grasspea
500 mM, 12, 24 and Leaf 2DE Chattopadhyay

36 h

et al. [78]
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Fig. 3.1 A workflow used to Germplasm with contrasting salt tolerance
identify candidate proteins
contributing salt tolerance in
barley
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avenues for the sustainable production of plants that are adjusted to unfavorable
environmental conditions.
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Chapter 4
Proteomics of Flooding-Stressed Plants

Mudassar Nawaz Khan and Setsuko Komatsu

Abstract Climate change is a growing worldwide concern with respect to food
security. Abiotic stresses are responsible for huge annual losses in agricultural
productivity. In particular, flooding is a serious threat for many crops, including
wheat and soybean, which exhibit dramatic reductions in growth and yield that
result in the annual loss of billions of dollars. Flooding induces various adverse
morphological and physiological effects, and forces plants to shift from aerobic to
anaerobic metabolism through modifications at the molecular level. Proteomic
analyses have greatly contributed to unraveling the flooding stress-response
mechanisms that are adopted by different plant species, particularly soybean. The
proteomic study of post-flooding recovery mechanisms has contributed to
the search for flooding-responsive proteins and those that play essential roles in the
transition from stress to post-stress conditions. This review summarizes the major
findings from proteomic studies that have examined flooding stress-response
mechanisms in important crop species. Furthermore, protein abundance changes
and their significance during post-flooding recovery are discussed.

Keywords Proteomics - Flooding stress - Plants

4.1 Introduction

Meeting the food needs of the growing worldwide population has become more
challenging in the twenty-first century due to global climate changes. The effects of
climatic changes include extreme weather conditions, such as increasing temperature
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and precipitation, severe drought, and frequent flooding events. It is predicted that
the frequency and intensity of heat stress, drought, and flooding events will continue
to increase [1]. Extremes in precipitation have increasingly limited food and forest
production worldwide, and have adversely affected natural water cycles [2]. For
these reasons, climate change, which is attributed to both natural and human causes
[3], is an issue of major concern with respect to agriculture, and multidisciplinary
efforts are needed to cope with these changes.

Severe climatic changes have caused increased flooding events over the past six
decades [4], and the flooding frequency is predicted to continue to increase in this
century in Asia, North and South America, and Africa [5]. Flooding due to heavy
rainfall in poorly drained areas is a major abiotic stressor for many important
agricultural crops [6], as gaseous exchange between plant tissues and the atmo-
sphere [7] and the availability of light are markedly reduced under flooding con-
ditions [8]. Flooding also alters the chemical characteristics of soil, including
increasing the pH and decreasing the redox potential [9], which increases the uptake
of toxic metals by plants [10]. The reduced gas exchange that is induced by
flooding results in oxidative damage and shifts plant metabolism to anaerobic
pathways [11]. Flooding-induced damage to agricultural crops is a major limiting
factor in meeting the ever-growing food needs of the global population.

Plants exhibit diverse responses to flooding that include changes at the mor-
phological, metabolic, and molecular levels. Flooding-tolerant plants, such as rice,
have developed two main strategies to cope with submergence: low-oxygen escape
and low-oxygen quiescence [4, 12]. In the escape strategy, the rate of gas exchange
between the plant and environment is increased in plant tissues located above the
water level, leaves bend upward (hyponasty), and shoot elongation is enhanced
[13]. The less energy-consuming quiescence strategy involves the restriction of
growth through changes in metabolism [13]. In particular, high-energy consuming
processes, such as DNA replication, protein synthesis, and cell wall synthesis, are
reduced and metabolism shifts from aerobic respiration to anaerobic glycolysis. In
contrast to these strategies, flooding-intolerant plants, such as soybean, primarily
respond to flooding stress by increasing aerenchyma formation in roots, shoots, and
secondary tissues, thereby enabling sustained oxidative phosphorylation [14]. In
addition, the development of adventitious roots and formation of leaf gas films are
also synchronized to enable gas diffusion [15, 16]. Plants responses to flooding are
diverse and depend on the plant species and severity of the stress.

Advances in high-throughput proteomics have helped unravel the complicated
biological processes associated with plant stress responses. Gel-based and gel-free
proteomic approaches with label-based and label-free protein quantification have
been used extensively to identify stress-responsive proteins at both the organ and
subcellular level [17]. In plant proteomics, obtaining high-quality proteins from
plant organs and subcellular organelles is extremely challenging due to the large
abundance of proteases, oxidative enzymes, and secondary metabolites in plant
cells and tissues [18]. However, the development of trichloroacetic acid precipi-
tation and phenol extraction method has markedly improved the efficiency of plant
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protein extraction [19]. Proteomic techniques are useful tools for elucidating cel-
lular responses to flooding stress, including the role of target enzymes [17]. In the
present review, the findings from proteomic analyses of different plant species
exposed to flooding/waterlogging stress, including the organ-specific proteins that
are regulated in response to flooding conditions, are described in detail. In addition,
the findings from proteomic studies examining the mechanisms underlying
post-flooding recovery are also discussed.

4.2 Proteomic Analyses of Plants Under Flooding Stress

Plants respond to flooding in various ways depending on the plant species and
specific conditions. Most notably, plants adopt escape or quiescence strategies, or
develop aerenchyma. Proteomic analysis allows gene expression changes to be
studied at the protein level, and can be further extended to post-translation modi-
fications. Various proteomic approaches have been applied to the study of plant
responses to flooding. The results from these proteomic studies in different plant
species are summarized in Table 4.1.

4.2.1 Soybean

Soybean (Glycine max) is a protein and oil-rich legume crop that is grown in many
parts of the world. The genome of soybean cultivar Williams 82 consists of
950 Mbp [43] and that of cultivar Enrei consists of approximately 947 Mbp [44].
The sequenced genome information of soybean has greatly contributed to our
understanding of plant interactions with the environment. Soybean is flooding
intolerant and exhibits dramatically reduced growth and yields under flooding
conditions [45]. In particular, exposure to flooding reduces hypocotyl pigmentation
and length, and decreases both root and shoot growth, although roots are primarily
affected in the initial stages of flooding stress [16, 46]. Flooding also damages
soybean seeds without radicle protrusion by the physical disruption of cells caused
by the rapid uptake of water [47]. Soybean appears to attempt to reduce flooding
injury through extensive adventitious root development, which is reported to
enhance oxygen transport from the stem to the roots [48, 49]. Aerenchyma
development primarily occurs in new adventitious roots, whereas the primary roots
of flooded plants exhibited tightly packed cortical cells [14, 50].

Proteomic techniques have been used to study the physiological and molecular
responses of soybean to flooding stress [17, 51]. Hashiguchi et al. [46] and Nanjo
et al. [52] analyzed protein changes that occur during the first 24 h of flooding stress
and found that the abundance of proteins related to glycolysis, fermentation, and the
cell wall were increased, whereas reactive oxygen species (ROS)-scavenging
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Table 4.1 Proteomic analyses of flooding-stressed plants
Plant Stress duration Functional category of proteins Protein Reference
(additional stress) abundance
Soybean |3 h Cell wall, protein metabolism Decreased | [20]
3h Transport, RNA regulation Increased | [21]
12h Glycolysis, fermentation Increased | [22]
1 day Glycolysis, fermentation, cell wall Increased | [23]
ROS scavenging, cell structure, Decreased
amino acid metabolism
1-3 days (Al Glycolysis, fermentation, Increased | [24]
nanoparticles) tricarboxylic acid, amino acid
metabolism, nucleotide metabolism
1-4 days Metal handling Decreased | [25]
Stress, protein Increased
2 days Glycolysis, fermentation Increased | [26]
(gibb'erelliC acid) | Jasmonate synthesis, defense, redox | Decreased | [27]
(calcium) Tricarboxylic acid, electron transport | Increased | [28]
chain
stress Decreased | [29]
Secondary metabolism, cell cycle, Decreased | [30]
protein degradation/synthesis
Cell wall, hormone metabolism, Decreased |[31]
protein metabolism, DNA synthesis
2 and 4 days Cell wall, tricarboxylic acid, Increased | [32]
(abscisic acid) secondary metabolism
(Ag Stress Decreased
nanoparticles) Fermentation Increased | [33]
Defense Decreased
Energy Increased | [34]
3 days Cell wall Decreased | [23]
‘Wheat 2 days Defense, redox homeostasis, energy, |Increased |[35]
cell wall
7 days Stress, defense Increased | [36]
Cell wall, glycolysis Decreased
Rice 3 days Glycolysis Increased | [37]
3 to 6 days Stress, fermentation Increased | [38]
Tomato |1 to 3 days Photosynthesis, energy Decreased | [39]
1 and 3 days Stress, defense, fermentation, Increased | [40]
hormone metabolism, secondary
metabolism, programmed cell death
3 days Fermentation Increased | [41]
5 days Stress, disease Increased | [42]
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enzymes, and proteins related to cell organization and amino acid metabolism were
decreased, indicating growth suppression. Nanjo et al. [53] also analyzed 12 h
flooding stress-induced changes in soybean and concluded that glycolysis and
fermentation enzymes and inducers of heat shock proteins are key elements in the
early responses to flooding stress. Glycolysis and the detoxification-linked
methylglyoxal pathway were activated and sucrose degradation was reduced. In
addition, Yin et al. [20] examined changes in protein phosphorylation in the early
stages of flooding stress and provided evidence that this post-translational modifi-
cation is linked with mechanisms of soybean tolerance in root tips via the ethylene
signaling pathway within 3 h of flooding exposure. Further, proteomic analysis of
nuclear-localized phosphoproteins in flooded soybean root tips indicated that zinc
finger domain-containing protein, glycine-rich protein, and rRNA processing pro-
tein, which are related to the abscisic acid response, are phosphorylated in response
to flooding stress [21].

In addition to analyses of the soybean proteins affected in the initial stages
flooding stress, various proteomic studies have examined 2-days flooding-stress
responses. Proteomic analyses of subcellular organelles, including mitochondria
[54], endoplasmic reticulum [55] cell wall [26], and nucleus [56], have been
reported. Several cell wall-related proteins were suppressed [26], whereas tricar-
boxylic acid cycle-related proteins and proteins involved in the electron transport
chain were increased in abundance as ATP production decreased [27]. Protein
folding, translocation, and degradation-related heat shock proteins were also
increased in the roots and cotyledons of soybean under flooding stress [57]. Flooding
exposure for 2 days also reduced the N-glycosylation of stress-related and protein
degradation-related proteins, whereas glycoproteins involved in glycolysis were
activated [29]. Kamal et al. [25] reported that ferritin functions as a protective agent
against the oxidative damage caused by flooding. Taken together, the findings from
these reports suggest that flooding induces marked changes in the levels of numerous
organelle-specific and organ-specific proteins, leading to growth suppression.

The roles of phytohormones, calcium, and nanoparticles in flooding stress
responses of soybean have also been investigated. Komatsu et al. [32] reported that
abscisic acid enhances the flooding tolerance of soybean through regulation of zinc
finger proteins and energy conservation via the glycolytic system. The treatment of
flooding-stressed soybean with gibberellic acid increased the abundance of sec-
ondary metabolism, cell, and protein synthesis/degradation-related proteins [58].
Proteins involved in protein metabolism and modifications, hormone metabolism,
cell wall metabolism, and DNA synthesis are also decreased by flooding stress;
however, the levels of these proteins are restored in soybean upon calcium treat-
ment [30]. Silver nanoparticles were shown to reduce oxygen deprivation under
flooding conditions by increasing the abundance of fermentation-related and
detoxification-linked glyoxalase II 3 proteins [33]. The treatment of flooding-stress
soybean with aluminium oxide nanoparticles also promoted growth by altering the
regulation of energy metabolism and cell death [24]. The findings from these
proteomic studies have revealed that flooding retards the growth of soybean and
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that glycolysis and various fermentation pathways are activated to partially com-
pensate for flooding-induced energy deficiency.

4.2.2 Wheat

Wheat (Triticum aestivum) is one of the main food crops worldwide as wheat gluten
and storage proteins provide one-fifth of the total calories of the world population
[59, 60]. The large 17 Gb size of the common wheat genome [61] likely contributes
to the extensive capacity of wheat plants to adopt to various ecological conditions
[62]. Information from the genome sequencing of wheat is providing insight into the
understanding and approaches for developing wheat varieties with higher tolerance
to environmental stresses. Wheat is sensitive to flooding and displays decreases in
yield of up to 65 % under severe flooding conditions [63]. Morphological analysis of
waterlogged wheat showed the reduced growth as root length and dry mass were
decreased. Lysigenous aerenchyma formation also occurs in wheat in response to
waterlogging [35].

Few proteomic studies concerning wheat responses to flooding have been
reported. Kong et al. [36] analyzed the cell wall proteome of wheat roots under
flooding stress using gel-based and gel-free proteomics and found that proteins
involved in glycolysis and cell wall structure and modification were predominantly
decreased, whereas defense and disease response proteins were increased. The
findings from this study indicate that wheat seedlings restrict cell growth and thus
reduce energy consumption through coordinating methionine incorporation and cell
wall hydrolysis. Haque et al. [35] reported that wheat proteins related to energy
changes, redox homeostasis, defense responses, and the cell wall are increased,
whereas respiration and energy metabolism-related proteins are decreased under
waterlogging stress. The authors concluded that wheat seedlings adopt alternative
forms of respiration and promote cell degeneration as simultaneous metabolic and
anatomic responses in roots under hypoxic conditions. The aforementioned studies
provide valuable insight into alterations of the protein profiles that occur in response
to waterlogging/flooding stress in wheat. Primarily, wheat responds to waterlogging
stress by increasing the abundance of disease-related proteins and altering energy
metabolism, although overall growth and grain yields are suppressed.

4.2.3 Rice

Rice (Oryza sativa) is a staple food in many parts of the world, particularly
Southeast Asia [64]. Rice is a model monocot plant whose genome has been fully
sequenced and annotated [65, 66]. The genome size of rice cultivar Oryza
glaberrima is 357 Mbp [67]. Rice is considered to be a flooding tolerant crop and is
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able to grow under fully anoxic conditions [68]; however, flooding/submergence is
associated with reduced rice yields. In tropical regions, rice sowing is typically
performed by distributing seeds within paddy fields that are submerged in water
[69]. During germination, the coleoptile grows much faster when submerged, thus
enabling the seedling to more rapidly reach the water surface and escape from the
unfavorable hypoxic/anoxic conditions [68].

The availability of the fully sequenced and annotated rice genome has facilitated
proteomic studies, particularly for rice plants exposed to hypoxia/anoxia, which
frequently occurs under flooding conditions. Sadiq et al. [38] performed a pro-
teomic analysis of rice coleoptiles under anoxic conditions and revealed that pro-
teins related to stress responses and fermentation were increased in abundance.
A proteomic analysis focusing on the anoxic-to-oxic transition in rice revealed that
total heme content, cytochrome absorbance spectra, and electron carrier cytochrome
C increased markedly on air adaptation [70]. The findings from this report indicate
that heme synthesis is decreased in the absence of oxygen and that the blockage of
mitochondrial biogenesis is fully reversible in this anoxia-tolerant species. Huang
et al. [37] detected enhanced rates of glycolysis and ATP formation in rice
coleoptiles under prolonged anoxia. The observed response mechanisms in rice to
submergence stress indicate that oxygen deficiency reduces mitochondrial respi-
ration, although glycolysis and fermentation pathways are stimulated. Notably,
ethylene-related signaling pathways have not been identified in rice by proteomic
analysis. Further proteomic studies are expected to help identify the possible
rice-specific mechanisms that promote tolerance to submergence/flooding.

4.2.4 Tomato

Tomato (Lycopersicon esculentum) is a versatile vegetable that is consumed fresh
as well as in the form of processed products [71]. The genome of the inbred tomato
cultivar Heinz 1706 is approximately 900 Mbp [72, 73]. Tomato is an excellent
source of dietary antioxidants, as it is rich in vitamins, carotenoids, and phenolic
compounds [74]. Tomato plants are sensitive to waterlogging stress, which leads to
reduced photosynthesis due to stem closure, decreased chlorophyll content,
increased hydrogen peroxide levels, leaf chlorosis and senescence, reduced stem
elongation, and adventitious root formation [75, 40]. Vidoz et al. [76] reported that
ethylene stimulates auxin accumulation in the base of rice plants and induces the
growth of pre-formed root initials that lead to the formation of a new root system to
replace the roots damaged by submergence. Else et al. [77] reported that stomatal
closure depresses internal CO, concentrations and is linked to subsequent changes
in chlorophyll fluorescence. These authors also demonstrated that stomatal opening
is promoted by the aeration of adventitious roots.

Only a limited number of studies have examined changes in protein abundance
in tomato under waterlogging/flooding conditions. However, one such study
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revealed that proteins related to primary metabolism and various cellular processes
are affected by waterlogging stress [40]. Among the increased proteins, a number of
proteins belonging to hormone and secondary metabolism, fermentation, including
alcohol dehydrogenase and enolase, programmed cell death, stress and defense
mechanisms were identified. A proteomic study on tomato leaves from 5-week-old
plants under waterlogging stress also detected large-scale changes in protein
abundance [39]. The differentially changed proteins were predominantly related to
diverse functional categories such as energy metabolism, photosynthesis,
defense/disease resistance, and protein biosynthesis. The degradation of photo-
synthesis-related proteins was associated with leaf senescence and decreased leaf
chlorophyll content. These findings from limited proteomic studies in tomato
indicate that in response to waterlogging stress, defense, hormone, and secondary
metabolism-related proteins are accumulated, whereas photosynthesis-related pro-
teins are degraded.

4.2.5 Maize

Maize (Zea mays) is an important crop that is used for human food, livestock feed,
industrial processing, and various other purposes, and grows over a wide range of
temperatures. Maize has a large genome of approximately 2.4 Gbp [78] and is used
as a model monocot for the study of plant genetics. Chen et al. [42] reported that the
flooding treatment of maize damaged the photosynthetic systems of the first and
second leaves, and also affected the third and fourth leaves. Maize adapts to
flooding stress by altering the chlorophyll a/b ratios and increasing basal shoot
diameter [79]. The roots of flooded maize become negatively gravitropic and shoot
length tends to decrease. However, flooding treatment increased the shoot stem
diameter by 24 % and raised the hydrogen peroxide content [79].

Chen et al. [42] analyzed alterations in protein abundance in maize leaves under
flooding stress and revealed that flooding damaged the leaf photosynthetic systems,
thereby reducing energy production, and led to the accumulation of ROS. The
increase in hydrogen peroxide levels induced the accumulation of translationally
controlled tumor protein, which may regulate programmed cell death. Moreover,
polyamine synthesis was enhanced under flooding stress and the abundance of
disease-resistance proteins was increased. In contrast to neutral pH conditions,
under which the levels of peroxidase were decreased, alkaline peroxidases were
increased in maize exposed to flooding stress. Notably, the observed increase in
ROS levels was attributed to a decrease in ROS-scavenging enzymes and resulted
in damage to the photosystems [79]. Chang et al. [41] analyzed protein synthesis
patterns in maize under low-oxygen stress and reported that a number of metabolic
enzymes, including alcohol dehydrogenase and enolase, were preferentially syn-
thesized during hypoxic acclimation. The findings from this study suggested that
multiple suites of gene products may combine to provide tolerance to flooding.
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Flooding reduces photosynthetic activity in maize as ROS accumulate; however,
the levels of several fermentation-related enzymes are increased in an attempt to
acclimate to flooding stress conditions.

4.3 Organ-Specific Proteomics of Flooding-Stressed Plants

Plant responses to flooding vary depending on the organ and may lead to different
physiological and molecular modifications for coping with the stress.
Organ-specific proteomic analysis allows the identification of proteins involved in
stress-response mechanisms in specific plant organs. Proteins associated with the
primary function of an organ are uniquely activated in that organ/tissue [80]. The
main limitation of organ-specific analyses is detecting changes in low-abundance
proteins, which are often difficult to quantify due to physical or chemical inter-
ference from high-abundance proteins [81]. The main approach for overcoming this
problem is the elimination of highly abundant proteins using specific chemical
methods.

4.3.1 Leaf

The leaf is an important plant organ as it fixes the carbon required for energy
generation through photosynthesis. Leaves also play a vital role in the transport of
essential elements and water from the roots to aerial parts of the plant. However, the
normal physiology of the leaf is adversely affected by flooding, which induces
growth inhibition, reduced stomatal transpiration, and decrease in chlorophyll a/b
[82]. The decrease in chlorophyll content is more severe in older leaves that are
closer to flooded roots. Flooding has been linked with reductions in plant biomass
due to decreased stomatal conductance [83], as well as biochemical changes, such
as altered RuBisCO levels [84]. In pea and maize, waterlogging has been reported
to lead to leaf chlorosis [85].

A number of methods have been used to study the leaf proteome and increase the
identification of low-abundance proteins, which are often difficult to detect due to
the presence of numerous high-abundance proteins such as RuBisCo [81].
High-abundance proteins in leaves can be eliminated from samples using a poly-
ethylene glycol fractionation method [39, 86], which involves extracting proteins
from leaves using Mg/Nonidet P-40 buffer and then fractionating the obtained
samples using 15 % polyethylene glycol [39]. Using this method, RuBisCO was
successfully eliminated from other tomato leaf proteins prior to analysis [39]. In
another method described by Hashimoto et al. [87], an anti-RuBisCO LSU
antibody-affinity column loaded with protein A-Sepharose as a resin was used to
prepare leaf extracts for analysis. Ion-exchange chromatography fractionation [88],
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Leaf proteins Leaf, coleoptile proteins

Increased Increased

protein degradation, stress, energy metabolism,
fermentation protein degradation,
Decreased programmed cell death,

disease defense, secondary
metabolism, photosynthesis,
metal handling, ROS
scavenging

glycolysis, fermentation
Decreased

photosynthesis, ROS
scavenging, heme metabolism

Root/root tip, hypocotyl
proteins

Increased

glycolysis, fermentation, TCA,
protein degradation, polyamine
metabolism, signaling
Decreased

disease defense, secondary
metabolism, cell cycle, metal
handling, ROS scavenging,
protein synthesis, amino acid
metabolism, cell wall, cell
organization, DNA synthesis

Root proteins

Increased

disease defense, fermentation,
cell wall, protein degradation,
programmed cell death
Decreased

secondary metabolism, ROS
scavenging

Fig. 4.1 Overview of plant organ-specific responses to flooding stress. Soybean and rice were
selected as representative dicot and monocot species, respectively. Proteins that changed in
response to flooding stress are categorized based on function and are shown in organs as either
increased or decreased proteins. TCA tricarboxylic acid

immune-affinity chromatography [89], and affinity-based solid-phase techniques
[90] have also been used to either enrich for low-abundance proteins or remove
high-abundance proteins in leaves.

Protein abundance changes in leaves, cotyledons, and coleoptiles of plants
exposed to flooding stress have been detected (Fig. 4.1). Khatoon et al. [91] reported
that isoflavone reductase and proteins related to disease defense are decreased in the
leaves of flooding-stressed soybean seedlings. The reduced levels of isoflavone
reductase indicate that the efficiency of the antioxidant system is decreased in
flooded soybean. Proteomic analysis of soybean cotyledons under flooding stress
indicated a decrease in calcium oxalate crystals changing the physiological calcium
levels in the soybean tissues as calcium ion was accumulated in the cotyledon [32].
However, the heat shock protein HSP70, which is involved in protein folding,
translocation, and degradation, was increased in the cotyledons of flooding-stressed
soybean. Kamal et al. [25] conducted proteomic analysis of soybean cotyledon under
flooding conditions at an early growth stage and reported that sucrose
metabolism-related proteins were decreased, whereas fermentation-related proteins
were increased. In addition, ferritin levels were also found to be decreased, sug-
gesting that iron may accumulate in soybean under flooding conditions.
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Proteomic analysis of tomato leaf under waterlogging stress [39] revealed that
stress and energy metabolism-related proteins were increased in abundance,
whereas photosynthesis and protein biosynthesis-related proteins, including
RuBisCO and RuBisCO activase, were decreased. The decrease of both RuBisCO
and RuBisCO activase was attributed to increased amounts of ROS in tomato
leaves. The waterlogging-induced decrease in protein biosynthesis and the activa-
tion of proteases led to the injury of leaves. However, to combat waterlogging stress
and promote cellular survival, heat shock proteins were increased in abundance.
Although the functional categorization of wheat leaf proteins revealed that the
majority of proteins are involved in energy production, and primary and secondary
metabolism [92], leaf proteomic analysis of wheat plants under flooding stress has
yet not been reported. In maize leaf, the photosynthetic machinery was damaged
due to flooding-induced ROS production and resulted in reduced energy metabo-
lism. The increased levels of hydrogen peroxide under flooding stress also induced
plant cell death [42].

A few studies have examined the role of the coleoptile in flooding responses in
monocot plants. During rice germination, the coleoptile grows much faster when
submerged compared to aerobic conditions, enabling the seedling to more rapidly
reach the water surface and escape from the oxygen-deficient environment [68].
Primary leaf growth is stopped in rice seedlings germinated under anoxia and is
speculated to minimize energy expenditure before the coleoptile tip reaches the water
surface. Sadiq et al. [38] analyzed coleoptile proteins in rice under anoxic conditions
and revealed that a number of fermentation-related proteins were increased.
Cytoskeleton-related proteins are also increased in rice coleoptiles under anoxic
conditions, were found to be involved in the anoxia-stimulated growth of the
coleoptile. In addition, ROS-scavenging ascorbate peroxidase (APX) and glutathione
S-transferase were decreased, and the rates of glycolysis and ATP formation were
enhanced in anoxic coleoptiles [38]. Under anoxic condition, orthophosphate diki-
nase, alcohol dehydrogenase, and pyruvate kinase were induced in rice coleoptile for
the generation of pyrophosphate for sucrose hydrolysis and continuation of glycolysis
[37]. Together, the findings from these leaf proteomic analyses demonstrate that
flooding stress results in damage to the leaf photosynthetic machinery and leads to
ROS accumulation and reduced ROS scavenging. However, in the coleoptile, shoot
elongation is enhanced as a mechanism to escape the anoxic conditions that are
experienced in waterlogged soil.

4.3.2 Root

Roots are critical for the survival of plants and maintaining cellular homeostasis as
they absorb water and nutrients from the soil and supply them throughout the plant
body. Under flooding stress, roots undergo several structural and functional mod-
ifications at the molecular, cellular, and phenotypic level [93]. Flooding weakens
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the hydraulic conductivity of roots, leading to reduced root permeability [94]. This,
in turn, results in lower water absorption and mineral uptake, leading to decreased
rates of photosynthesis, altered hormonal balance, and development of aerenchyma
and adventitious roots [51].

Proteomic techniques have served as an important tool for analyzing
flooding-response mechanisms in the roots of various plant species. Similar to
leaves, the analysis of the root proteome requires additional treatment procedures to
enrich for low-abundance proteins in root extracts [81]. Among the enrichment
methods developed for root proteomic studies, the most widely used protein
extraction method is trichloroacetic acid/acetone precipitation [52]. However, Ahsan
et al. [95] reported that treatment of root with Mg/Nonidet P-40 buffer followed by
extraction with alkaline phenol and methanol/ammonium acetate produced
high-quality proteome maps with well-separated and high-intensity spots on
two-dimensional polyacrylamide gels. In addition, the preparation of combinatorial
peptide ligand libraries has also been used for the enrichment of low-abundance
plant proteins [96].

The soybean root proteome has been analyzed in several studies that have
examined temporal changes in protein abundance during flooding (Fig. 4.1).
Investigations analyzing changes in total root proteins and sub-cellular proteins
revealed the suppression of lignification and energy production, despite the
up-regulation tricarboxylic acid cycle proteins [26, 23]. In addition, an imbalance in
the post-translational regulation of proteins involved in carbohydrate metabolism
was detected in flooding-stressed roots [22]. The degradation of ubiquitinated
proteins is also increased in roots exposed to flooding [97], and the N-glycosylation
of proteins related to stress and protein degradation is reduced [29]. Several phy-
tohormones, including gibberellic acid [58], abscisic acid [32], ethylene [20], and
calcium [30], have been linked with flooding stress responses in soybean roots. The
treatment of flooding-stressed roots with gibberellic acid restored the levels of
proteins involved in secondary metabolism, cell cycle, and protein synthesis/
degradation. Abscisic acid also contributes to flooding tolerance by regulating
nuclear-localized proteins [21], and ethylene significantly promotes soybean growth
under flooding stress conditions [20]. Calcium treatment recovered the levels of
proteins involved in protein metabolism and modification, cell wall metabolism,
DNA synthesis, development, and cell signaling, which were all decreased in
response to flooding stress. Taken together, the results from the proteomic analyses
of root proteins indicate that flooding suppresses energy metabolism and cell wall
lignification in roots, although glycolysis, fermentation, TCA, and defense-related
proteins are increased in abundance.

The root tip contains actively dividing meristematic cells and is vital for seedling
establishment [98]. Proteomic investigations of soybean root tips have revealed that
proteins related to stress, glycolysis, redox, and protein processing are present at
higher levels than those found in the other root areas [99]. Nanjo et al. [52] ana-
lyzed the protein profiles in root tips of soybean exposed to flooding stress and
concluded that proteins involved in glycolysis, fermentation, nucleotide
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metabolism, and cell wall metabolism were increased compared to untreated plants.
However, numerous proteins related to cell organization and amino acid metabo-
lism were decreased, indicating that root tip growth is suppressed under flooding
conditions. The proteomic analysis of nuclear proteins in the root tips of soybean
has also indicated that RACKI1 protein has a vital role in plant flooding responses
[56].

Won Oh et al. [31] analyzed the nuclear proteins in the root tips of flooded
soybean and detected changes in the levels of proteins related to nucleic acid
metabolism. Specifically, proteins involved in protein synthesis, post-translational
modification, and protein degradation were increased in abundance, whereas pro-
teins involved in transcription, post-transcriptional processing, DNA synthesis, and
chromatin structure were decreased. Phosphoenol pyruvate synthesis by way of
oxaloacetate produced in the TCA cycle is stimulated in response to flooding in
soybean root tips [100]. A recent phosphoproteomic study suggested that the
ethylene signaling pathway plays a key role in mediating stress tolerance in the
initial stages of flooding via the modulation of protein phosphorylation [20].
Treatment with abscisic acid affects the flooding responses of early stage soybean
by regulating nuclear-localized proteins [21]. These findings indicate that soybean
root tips, which are actively growing regions of the root, perceive stress signals, but
exhibit suppressed growth under flooding conditions, leading to root tip death.

Proteomics has also been applied to the study of flooding response mechanisms
in the roots of plants other than soybean. Among the few studies that have been
conducted in wheat, Kong et al. [36] revealed that carbohydrate metabolism-related
proteins were decreased in abundance in roots under flooding conditions, sug-
gesting that energy consumption is reduced as a stress-survival mechanism. In
contrast, a number of defense-related proteins were increased in roots to resist
against the environmental stress. Haque et al. [35] reported that metabolic adjust-
ments occur in wheat roots to cope with different degrees of stress. In particular,
proteins related to energy, redox homeostasis, defense, and cell wall metabolism
were increased in abundance. In tomato roots exposed to waterlogging stress,
secondary metabolism, defense, and programmed cell death-related proteins were
increased [40]. Thus, in response to flooding stress, wheat and tomato undergo
metabolic adjustments that involve decreased energy production, leading to growth
inhibition.

4.4 Proteins Regulated Under Flooding Stress

4.4.1 Proteins Related to Glycolysis and Fermentation

Soil oxygen deprivation is the most inevitable consequence of flooding and forces
submerged plants to shift from aerobic to anaerobic respiration [101]. This shift in
respiration allows plants to regenerate NAD™ through ethanol fermentation by
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selectively synthesizing flooding-inducible proteins involved in sucrose breakdown,
glycolysis, and fermentation [4]. The results of proteomic analyses have revealed that
the levels of several glycolysis-related proteins, including fructose-bisphosphate
aldolase, phosphoglycerate kinase [46, 27], glyceraldehyde-3-phosphate dehydro-
genase [26], enolase [22, 102], sugar isomerase, phosphofructo-kinase [102], and
pyruvate kinase [52, 102, 103], are increased in soybean under flooding stress
(Table 4.2). These findings indicate that activation of glycolysis and fermentation
pathways is an important initial response to protecting plants from flooding-induced
damage [104]. In wheat, fructose-1,6-bisphosphate aldolase and sucrose-fructan
6-fructosyl transferase were decreased under flooding stress.

Fermentation is stimulated under anaerobic conditions and leads to the accu-
mulation of fermentation-related proteins, such as alcohol dehydrogenase
(ADH) and pyruvate carboxylase. The flooding-induced accumulation of ADH in
soybean roots/root tips [20, 25, 102, 104, 28, 105], rice coleoptiles [38, 37], and
tomato roots [40] indicates that activation of the alcohol fermentation pathway is
one method that plants attempt to cope with hypoxic conditions. The reduction of
acetaldehyde to ethanol by ADH with concurrent reoxidation of NAD* was
observed to be essential for the continuation of glycolysis. The fermentation-related
enzyme pyruvate decarboxylase was increased in soybean roots [81, 102, 104] and
rice coleoptiles [38] in response to flooding/waterlogging stress. Similarly, alde-
hyde dehydrogenase, which functions in fermentative metabolism, is also increased
in soybean under flooding stress [54, 34]. The proteins related to glycolysis and
fermentation are increased under flooding stress in different plant species to
accelerate energy production via non-oxidative pathways, even though overall
growth is suppressed.

4.4.2 Energy-Related Proteins

As flooding causes oxygen deprivation that shifts aerobic metabolism to anaerobic
metabolism, net energy production is decreased. Flooding stress induces impair-
ment of the electron transport chain in the roots and hypocotyls of soybean seed-
lings [54]. In particular, inner membrane carrier proteins and proteins related to
complexes III, IV, and V of the electron transport chain are decreased in abundance,
whereas succinate-semialdehyde dehydrogenase, 2-oxoglutarate dehydrogenase,
and gamma-amino butyrate are significantly increased, suggesting that the
gamma-aminobutyrate shunt replenishes the intermediates that have been depleted
by flooding stress and that are needed for energy production via non-oxidative
pathways [54]. Oxaloacetate produced in the TCA cycle stimulates phosphoenol
pyruvate synthesis in response to flooding in soybean root tips [100]. This pathway
provides indirect stimulation for the continuation of glycolysis.

A number of energy metabolism-related proteins, including citrate synthase,
glutamate dehydrogenase, and adenosine kinase, are decreased in wheat roots under
waterlogging stress [35]. In addition, energy-related proteins such as beta-amylase,
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Table 4.2 Proteins regulated in plants in response to flooding stress
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Functional category of | Proteins description Protein Plant References
proteins abundance
Glycolysis/fermentation | Fructose-bisphosphate Increased Soybean [46]
aldolase Soybean [26]
Decreased Wheat [36]
Tomato [39]
Phosphoglycerate kinase Increased Soybean [46, 26]
Soybean [42]
Decreased Maize
Glyceraldehyde-3-phosphate | Increased Soybean [26]
dehydrogenase Soybean
Enolase Increased Soybean [22, 102]
Suger isomerase Increased Soybean [102]
Phosphofructo-kinase 3 Increased Soybean [102]
UDP-glucose Increased Soybean [46]
pyrophosphorylase Soybean | [26, 22]
UDP-glucose 6 Increased Soybean [22]
dehydrogenase
Pyruvate kinase Increased Soybean [102, 103]
ADH Increased Soybean [54, 22, 102,
28, 105]
Tomato [40]
Rice [38]
Pyruvate decarboxylase Increased Soybean, | [38, 102]
Rice
Aldehyde dehydrogenase Increased Soybean [28]
Soybean [34]
Energy Cytochrome c reductase Decreased Soybean [54]
Cytochrome ¢ oxidase Decreased
ATP synthase Decreased
Isocitrate dehydrogenase Increased
Malate dehydrogenase Increased
Succinate-semialdehyde Increased
dehydrogenase
2-Oxoglutarate Increased
dehydrogenase
Glutamate dehydrogenase Decreased Wheat [35]
Citrate synthase Decreased
Adenosine kinase Decreased Maize [42]
Beta-amylase Decreased
Carboxykinase Decreased
RuBisCO binding Decreased Tomato [39]
alpha-subunit
RuBisCO activase Decreased

(continued)
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Table 4.2 (continued)

Functional category of | Proteins description Protein Plant References
proteins abundance
ROS scavenging Peroxidase, SOD,CAT, APX | Decreased Soybean [27, 42, 34,
Maize 106, 107]
Cell wall loosening Polygalactouronase inhibitor, | Increased Soybean [23]
Expansin-like-B1-like protein | Increased
Cinnamy] alcohol Decreased [27]
dehydrogenase
Cellulose synthase-interactive | Decreased
protein
Germin Decreased
Lipoxygenase Decreased
Methionine synthase Decreased Wheat [36]
Beta-1,3-glucanases Decreased
Beta-1,3-glucosidase Decreased
Protein degradation 20S proteasome Increased Soybean [22]
26S proteasome Increased
COP9 signalosome Increased [97]
Ubiquitin-conjugating Increased Wheat [35]

enzyme spm?2

malate dehydrogenase, fructose-1,6-bisphosphatase, and phosphoenol pyruvate
carboxykinase are decreased in response to flooding stress, indicating that gluco-
neogenesis is suppressed in wheat under these conditions [42]. RuBisCO was
reported to be degraded under the high ROS conditions found in tomato leaves
under waterlogging stress. RuBisCO subunit binding-protein alpha subunit and
RuBisCO activase are decreased in maize leaves under flooding stress [39], sug-
gesting that decreased chlorophyll content is associated with RuBisCO degradation
and leaf senescence. Flooding stress decreased the net energy production in plants,
as photosystem and its components were largely damaged by ROS.

4.4.3 Reactive Oxygen Species Scavenging-Related Proteins

ROS are primarily recognized as toxic byproducts of aerobic metabolism and are
controlled by various types of antioxidants and antioxidative enzymes. Studies of
ROS in plants have clearly demonstrated that these molecules play important roles
in signaling related to growth, development, and biotic and abiotic stress responses
[108]. The development of well-organized scavenging mechanisms to overcome
ROS toxicity likely led to the use of reactive molecules as signal transducers in
plant cells. Plant cells can initiate and enhance ROS production related to cell
signaling by increasing the levels of enzymes such as respiratory-burst NADPH
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oxidases. ROS production in cellular organelles, such as plastids, mitochondria, and
peroxisomes, is involved in the initiation of various signaling cascades [109].
ROS-mediated signaling appears to be controlled by the balance between the
production and scavenging of ROS intermediates [110].

ROS scavengers, such as peroxidase, APX, cytosolic APX, and superoxide
dismutase (SOD), are decreased in abundance in soybean under flooding conditions
[55, 26, 111]. Kausar et al. [106] confirmed that the level of peroxide-scavenging
APX is decreased in soybean exposed to flooding stress. In an organ-specific
proteomic study, the ROS scavengers SOD and catalase (CAT) were also decreased
in the roots and leaves of soybean under flooding stress. The levels of SOD were
particularly low in the cell wall [26]. APX, CAT, peroxidase, and SOD have
recently been linked to increased biophoton emissions under flooding stress [34]. In
maize, the accumulation of hydrogen peroxide and other ROS in leaves results in
decreased photosynthesis [42]. APX and glutathione S-transferase are also
decreased in rice coleoptiles under anoxia [38]. When present at optimal levels,
ROS are beneficial for normal metabolism and cell signaling; however, flooding
results in the accumulation of ROS to toxic levels. The findings from these studies
indicate that the decreased abundance of ROS scavengers in plants under flooding
stress is associated with growth suppression.

4.4.4 Cell Wall Loosening-Related Proteins

Cell walls serve as the outer protective boundary and also function in the sensing
and transduction of stress signals between the apoplast and symplast. Cell wall
metabolism and structure are adversely affected by flooding stress [26].
Investigation of the function of the cell wall of flooded soybean seedlings revealed
that lipoxygenases, germin-like protein precursors, stem glycoprotein precursors,
and SOD are decreased in abundance [26]. The findings from this study suggest that
flooding suppresses the lignification of roots through a decrease in ROS scavenging
enzymes and jasmonate biosynthetic activity. In response to flooding stress, pro-
teins related to cell wall synthesis are decreased in soybean [22]. It has also been
reported that the synthesis of rhamnose, which is a vital component of plant cell
walls, is also decreased in soybean under flooding stress [23].

Proteins involved in cell wall modification, such as polygalactouronase
inhibitor-like and expansin-like B1-like proteins, are increased in abundance in the
roots, root tips, and hypocotyls of soybean seedlings under flooding stress [23].
Additionally, several cell wall synthesis-related proteins, such as cinnamyl-alcohol
dehydrogenase and cellulose synthase-interactive protein-like protein, were
decreased in abundance in soybean hypocotyl. Proteomic analysis of cell wall
proteins in flooding-stressed wheat revealed that the levels of many cell wall-specific
proteins, including methionine synthase, B-1,3-glucanases, and B-1,3-glucosidase,
were reduced compared to those found in non-treated plants [36]. The findings from
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this study suggest that flooding stress induces the assimilation of methionine and
promotes cell wall hydrolysis, thereby restricting growth. Thus, it can be concluded
that under flooding stress, cell wall synthesis-related proteins decrease, cell wall
loosening-related proteins increase, and cell wall lignification is suppressed.

4.4.5 Ubiquitination Proteasome-Related Proteins

Proteins involved in proteolysis, protein folding, and storage were found to be
changed in abundance in response to flooding, indicating that these proteins are
involved in removing flooding-damage-induced non-active proteins [55, 25, 58].
Heat shock proteins act as molecular chaperones in preventing protein aggregation,
translocation of nascent chains across membranes, assembly or disassembly of
multimeric protein complexes, and targeting proteins for lysosomal or proteasomal
degradation [55]. The ubiquitin/proteasome-mediated proteolysis of enzymes
involved in glycolysis and fermentation pathways may be negatively controlled
under the hypoxic condition caused by flooding stress [55]. Flooding alters the
abundance of the 20S proteasome subunits in soybean and affects the activity of the
26S proteasome [22]. Ubiquitin-mediated proteolytic processes are active in roots
under flooding stress and lead to the degradation of root tip cells and death of root
cap cells [97]. The abundance of ubiquitinated proteins in soybean roots was also
found to decrease under flooding, but increased to levels similar to controls after
de-submergence. Among the identified proteins, ubiquitin-conjugating enzyme
spm2 was increased in wheat roots and might be important for protein degradation
during cell degeneration in the process of aerenchyma formation under waterlog-
ging stress [35]. The ubiquitination process is affected by flooding and functions to
alter plant responses to stress.

4.4.6 Proteins Regulated During Recovery
Jrom Flooding Stress

The post-flooding recovery period has been relatively poorly studied in plants.
However, elucidating the mechanisms involved in post-flooding recovery may
provide valuable insight towards the development of flooding-tolerant plants. A few
proteomic studies have examined the protein profiles of soybean plants following
the removal of flooding stress [103, 107, 112]. Salavati et al. [107] reported that
soybean plants recovered following removal of flooding stress, although growth
recovery was delayed with increasing duration of stress exposure. In particular, root
elongation, hypocotyl elongation, and the development of first leaves were delayed
in the flooding-exposed seedlings as compared to untreated control seedlings.
Similar morphological changes in soybean roots were observed by Khan et al. [103]
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during the post-flooding recovery period. Soybean seedlings flooded for 2 and
4 days exhibited recovery rates that were directly proportion to the stress duration.
A rapid increase in root and hypocotyl lengths and fresh weights was noted during
the recovery period. In addition, the pigmentation of the roots, hypocotyls, and
cotyledons was reduced under flooding conditions, but was restored to the level of
control seedlings during the recovery period. However, for plants exposed to 6 days
of flooding stress, recovery was not observed following stress removal and all
seedlings died.

Salavati et al. [107] analyzed the proteomic profiles of soybean during
post-flooding recovery and reported that Gro-EL-like chaperone ATPase, 26 S
proteasome regulatory subunit 7, 26 S regulatory subunit S 10B, and cyclophilin
were decreased in seedlings recovering from flooding stress, whereas globulin-like
protein, Kunitz trypsin protease inhibitor, and peptidyl-prolyl cis-trans isomerase 1
were increased. Khan et al. [103] also investigated post-flooding recovery mech-
anisms in soybean roots and found that several proteins, including disease resis-
tance dirigent-like proteins, aldolase-type TIM barrel family protein, O-methyl
transferase 1, leucine-rich repeat family protein, quinone reductase, isoflavone
reductases, and peroxidases were increased, whereas protein synthesis-related
proteins, acid phosphatase, and lipoxygenase were markedly decreased during
post-flooding recovery. Notably, cytoskeletal organization, cell expansion, and
programmed cell death-related proteins were only detected in gel-based proteomic
analysis [107], whereas ROS scavenging peroxidases were only found to increase
by gel-free proteomic analysis [103]. Taken together, these findings indicate that
soybean root recovers from flooding by altering cell structure, strengthening cell
wall lignification, and scavenging toxic ROS.

In a study analyzing post-flooding recovery in soybean hypocotyl, it was
reported that enzymes involved in glucose and secondary metabolism were changed
in response to flooding [112]. Pyruvate kinase was increased in abundance under
flooding conditions as a response to the increased glycolytic activity. However,
during the post-flooding period, the abundance of pyruvate kinase decreased to
normal levels, indicating that the cellular glycolytic activity was restored to normal
levels. Nucleotidylyl transferase and beta-ketoacyl reductase were also increased in
abundance under flooding, but decreased to normal levels the during recovery
stage. However, the enzyme activities of these two enzymes gradually increased
during the recovery stage, indicating the occurrence of a significant metabolic shift
in secondary metabolism. The findings from these reports suggest that proteins
involved in ROS scavenging, cell wall metabolism, cell structure, and primary
metabolism are significantly changed during post-flooding recovery in roots,
whereas proteins involved in secondary metabolism are altered during the
post-flooding recovery in hypocotyl. To date, as very few proteomic studies have
examined plant responses following the removal of flooding stress, further explo-
ration of proteins involved in post-flooding recovery is expected to identify marker
proteins and contribute to efforts for developing flooding-tolerant crops.
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4.5 Conclusion and Future Prospective

Abiotic stresses are major limiting factors for plant growth and yields. Flooding
stress is a widely occurring abiotic stress for many important agricultural crops.
Every year, flooding accounts for billions of dollars in losses worldwide, and a
substantial proportion of this amount is directly attributed to crop damage. Plants
exhibit both species-specific and common responses to flooding at the morpho-
logical, physiological, metabolic, and molecular level. Flooding stress predomi-
nantly results in oxidative damage due to oxygen deficiency and forces plants to
adopt an anaerobic mode of metabolism. Flooding stress induces disease-related
proteins and limits the activity of energy synthesizing machinery, which decreases
the net energy production in plants. In addition, exposure to flooding leads to cell
wall loosening, which affects intracellular homeostasis. All of these events involve
complex crosstalk signaling mechanisms that result in changes at the molecular
level. Understanding the response mechanisms and identification of marker proteins
are expected to contribute to the development of flooding-tolerant plants.

To date, only a few proteomic studies have examined flooding stress-response
mechanisms in plants other than soybean, and knowledge regarding the molecular
mechanisms involved in post-flooding recovery is also limited. Analyzing plant
responses during post-flooding recovery in soybean and other flooding-intolerant
crops will lead to a better understanding of the mechanisms involved in stress
recovery. The proteomic analysis of plants during post-flooding recovery can
identify proteins that undergo changes in abundance during the transition from
stress to post-stress periods. Overexpression of the genes of identified indicator
proteins may increase plant tolerance to flooding stress and thereby increase crop
yields. Extensive proteomic studies are also needed to unravel the stress- and
post-stress-response mechanisms in less studied plants.
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