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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 usually 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

B.J. Atwell (&)
Department of Biological Sciences, Faculty of Science and Engineering,
Macquarie University, Sydney, NSW 2109, Australia
e-mail: brian.atwell@mq.edu.au

© Springer International Publishing Switzerland 2016
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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.

2 B.J. Atwell



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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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

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
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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

1 Well-Designed Experiments Make Proteomic Studies on Stressed … 5



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 15N 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

1 Well-Designed Experiments Make Proteomic Studies on Stressed … 9



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 � 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 � 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 Ca2+ [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

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: (1) 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 H2O2-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-
drogenase1 (ADH1), which facilitate the interconversion between alcohols and
aldehydes or ketones with the reduction of nicotinamide adenine dinucleotide NAD+
ADH1 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, AtNAC072, AtNAC019, AtNAC055 and
AtNAC102 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 OsNAC9 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 [57]. 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 (qDTY12.1)
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]. HVA1 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 Ca2+- 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 Ca2+ 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 CO2.
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 Sec14p-like PITPs in Arabidopsis thaliana (AtSfh1p) regulate
intracellular and PM phosphoinositide polarity, which directs the trafficking, Ca2+-
signaling and cytoskeleton functions to the growing root hair apex.
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Annexins are Ca2+-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�

2 , which is overproduced under
stress [106]. CAT, APX and GR are responsible for scavenging of H2O2. 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
Ca2+-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/AN10 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, a-amylase/subtilisin inhibitor functions as defense against microorganisms
since it is found to inhibit both a-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, b-1,3-glucanases, b-glucosidase, b-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/cm3 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. Ca2+, Fe2+ and Zn2+

channels were suggested to be possible routes of uptake and transport of Cd2+ and
Pb2+ [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]. Cynnamyl 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
(O2

�−) to H2O2 and O2 [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 H2O2 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

36 J.L. Trinidad et al.



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
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of MDH, pyruvate dehydrogenase complex (PDC) E1a 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 Fe3+ and Cu2+

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 thenbe 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 nitrogenmetabolism also occur, as the
plants utilize key enzymes that participate in the remobilization ofmetabolites 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
scavengers

Detoxification

Aquaporins Maintenance of water balance
(continued)
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Table 2.1 (continued)

Stress Family of proteins Functions

Salinity ROS scavengers; detoxification
enzymes

Detoxification

PM proteins Signal transduction; ion channels

Cell wall metabolism proteins Cell wall modification

Disease and defense-related
proteins

Enhance defense mechanism

Protein synthesis, modification
and turnover-related proteins

Protein homeostasis; regulation of physiological
responses

Heat Chaperones Prevents protein aggregation; protein
modification and repair mechanism

ROS scavengers;
Detoxification enzymes

Detoxification

Disease and defense-related
proteins

Enhance defense mechanism

Ca2+-signaling proteins Protein modification and repair mechanism

Cold Carbohydrate metabolism
enzymes

Energy production

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
metals

ROS detoxification enzymes Detoxification

HM chelators and transporters Vacuolar sequestration of heavy metals;
Detoxification

Cell wall metabolism proteins Cell wall modification; decrease uptake of HMs

Nutrient
deficiency

Cell wall metabolism proteins Cell wall modification; root elongation for
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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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+, Ca2+

and Mg2+, and the anions SO4
2− and Cl−; 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: AtNHX1 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 d(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
Ca2+-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 � 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
duration

Tissue Analytical platform Reference

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
fraction

LC-MS/MS Chang et al. [40]

150 mM, 3 and 7 h Root 2DE Nam et al. [41]

100 mM, reproductive
phase

Anther 2DE Sarhadi et al. [39]

100 mM, 1, 5 and 24 h Suspension
cultured cells

2DE DIGE and iTRAQ
LC-MS/MS

Liu et al. [38]

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
LC-MS/MS

Xu et al. [36]

Wheat

170, 250, 340, 425 mM,
2 days

Leaf 2DE DIGE Gao et al. [47]

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,
10 days

Leaf LC-MS/MS Capriotti et al.
[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,
14 days

Leaf 2DE Alikhani et al.
[56]

300 mM, 3 weeks Leaf 2DE Fatehi et al. [55]

100 and 150 mM, 1, 4, 7,
10 days

Root 2DE Witzel et al. [53]

200 mM, 2 days Leaf and root 2DE Wu et al. [54]
(continued)

3 A Proteomic View of the Cereal and Vegetable Crop … 63



Table 3.1 (continued)

Species Salt treatment and
duration

Tissue Analytical platform Reference

Maize

150 mM, 3 days Root 2DE Cheng et al. [57]

100 and 200 mM, 0, 24,
42, 48, 60 h

Grain embryo 2DE Meng et al. [59]

160 mM, 2 days Root iTRAQ and
LC-MS/MS

Cui et al. [58]

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
LC-MS/MS

Nveawiah-Yoho
et al. [62]

50 mM, 3 days Root iTRAQ and
LC-MS/MS

Gong et al. [70]

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
LC-MS/MS

Fan et al. [73]

Lettuce

100 mM, 15 and 30 days Leaf LC-MS/MS Lucini et al. [74]

Amaranth

150 mM, 1 h, 1 and
7 days

Root 2DE Huerta-Ocampo
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
36 h

Leaf 2DE Chattopadhyay
et al. [78]
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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
(additional stress)

Functional category of proteins Protein
abundance

Reference

Soybean 3 h Cell wall, protein metabolism Decreased [20]

3 h Transport, RNA regulation Increased [21]

12 h Glycolysis, fermentation Increased [22]

1 day Glycolysis, fermentation, cell wall Increased [23]

ROS scavenging, cell structure,
amino acid metabolism

Decreased

1–3 days (Al
nanoparticles)

Glycolysis, fermentation,
tricarboxylic acid, amino acid
metabolism, nucleotide metabolism

Increased [24]

1–4 days Metal handling Decreased [25]

Stress, protein Increased

2 days
(gibberellic acid)
(calcium)

Glycolysis, fermentation Increased [26]

Jasmonate synthesis, defense, redox Decreased [27]

Tricarboxylic acid, electron transport
chain

Increased [28]

stress Decreased [29]

Secondary metabolism, cell cycle,
protein degradation/synthesis

Decreased [30]

Cell wall, hormone metabolism,
protein metabolism, DNA synthesis

Decreased [31]

2 and 4 days
(abscisic acid)
(Ag
nanoparticles)

Cell wall, tricarboxylic acid,
secondary metabolism

Increased [32]

Stress Decreased

Fermentation Increased [33]

Defense Decreased

Energy Increased [34]

3 days Cell wall Decreased [23]

Wheat 2 days Defense, redox homeostasis, energy,
cell wall

Increased [35]

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,
hormone metabolism, secondary
metabolism, programmed cell death

Increased [40]

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 CO2 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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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.

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

80 M.N. Khan and S. Komatsu



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 RACK1 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

Functional category of
proteins

Proteins description Protein
abundance

Plant References

Glycolysis/fermentation Fructose-bisphosphate
aldolase

Increased Soybean [46]

Soybean [26]

Decreased Wheat [36]

Tomato [39]

Phosphoglycerate kinase Increased Soybean [46, 26]

Soybean [42]

Decreased Maize

Glyceraldehyde-3-phosphate
dehydrogenase

Increased Soybean [26]

Soybean

Enolase Increased Soybean [22, 102]

Suger isomerase Increased Soybean [102]

Phosphofructo-kinase 3 Increased Soybean [102]

UDP-glucose
pyrophosphorylase

Increased Soybean [46]

Soybean [26, 22]

UDP-glucose 6
dehydrogenase

Increased Soybean [22]

Pyruvate kinase Increased Soybean [102, 103]

ADH Increased Soybean [54, 22, 102,
28, 105]

Tomato [40]

Rice [38]

Pyruvate decarboxylase Increased Soybean,
Rice

[38, 102]

Aldehyde dehydrogenase Increased Soybean [28]

Soybean [34]

Energy Cytochrome c reductase Decreased Soybean [54]

Cytochrome c oxidase Decreased

ATP synthase Decreased

Isocitrate dehydrogenase Increased

Malate dehydrogenase Increased

Succinate-semialdehyde
dehydrogenase

Increased

2-Oxoglutarate
dehydrogenase

Increased

Glutamate dehydrogenase Decreased Wheat [35]

Citrate synthase Decreased

Adenosine kinase Decreased Maize [42]

Beta-amylase Decreased

Carboxykinase Decreased

RuBisCO binding
alpha-subunit

Decreased Tomato [39]

RuBisCO activase Decreased
(continued)
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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

Table 4.2 (continued)

Functional category of
proteins

Proteins description Protein
abundance

Plant References

ROS scavenging Peroxidase, SOD,CAT, APX Decreased Soybean [27, 42, 34,
106, 107]Maize

Cell wall loosening Polygalactouronase inhibitor, Increased Soybean [23]

Expansin-like-B1-like protein Increased

Cinnamyl alcohol
dehydrogenase

Decreased [27]

Cellulose synthase-interactive
protein

Decreased

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
enzyme spm2

Increased Wheat [35]
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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, β-1,3-glucanases, and β-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
from 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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Chapter 5
Proteomic Analysis of Crop Plants Under
Low Temperature: A Review of Cold
Responsive Proteins

Javad Gharechahi, Golandam Sharifi, Setsuko Komatsu
and Ghasem Hosseini Salekdeh

Abstract Cold stress is one of the major environmental limiting factors affecting
growth, development, and geographical distribution of many plant species espe-
cially in temperate regions where plants are seasonally exposed to low or freezing
temperatures. During evolution, plants have evolved physiological, morphological,
and molecular mechanisms to tolerate low temperatures. Understanding the
molecular basis of plant cold stress tolerance is of great importance since it provides
valuable information required for improving cold stress tolerance of existing crop
cultivars with high yield and limited tolerance to low temperatures. At molecular
level, the response of plants to low temperatures include changes in expression,
abundance, post translational modifications, and subcellular localization of proteins
which allow plants to adapt to low temperatures and to withstand freezing.
Comparative proteomic analyses have revealed a list of proteins that are newly
synthesized, induced or repressed in response to low temperature in different crop
species. These include proteins whose functions are directly involved in cold and
freezing tolerance including dehydrins, late embryogenesis abundant
(LEA) proteins, cold regulated (COR) proteins, anti-freezing proteins, and patho-
genesis related (PR) proteins. Cold stress is always associated with changes in
cellular homeostasis which leads to an increased generation of reactive oxygen
species (ROS) and therefore, elicits profound changes in abundance and activities
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of ROS scavenging enzymes. In addition, during cold stress, the abundance of
proteins associated with carbohydrate metabolism, photosynthesis, protein syn-
thesis and processing including those involved in folding and repairs of damaged
proteins changes significantly to alleviate the damaging effects of low temperature.
In this chapter, proteomics tools and techniques are introduced and the challenges
faced with plant materials are discussed. Subsequently, the function of cold
responsive proteins is reviewed in the context of cold stress tolerance in different
crop species.

Keywords Low temperature � Cold stress � Cold acclimation � Proteomics �
2-DE � Mass spectrometry

5.1 Introduction

Plants are continuously exposed to diverse environmental stressors and are unable
to escape from stress conditions because they are sessile organisms. This has caused
plants to evolve adaptive physiological and molecular mechanisms to sense envi-
ronmental stimuli and to activate defense responses that allow them to tolerate
stress conditions. Cold stress is one of the major environmental constrains that
largely affects agricultural production as well as geographical distribution of many
plant species [1]. Cold stress impedes plant growth and development and conse-
quently reduces its yield by imposing osmotic and oxidative stresses, inhibiting
cellular metabolisms, perturbing gene transcription, and finally by inducing cell
death through cellular dehydration and extracellular ice formation [2, 3]. When
plants are faced with low temperatures, they either experience chilling stress
(temperatures below 20 °C) or freezing stress (temperatures below 0 °C) [2, 4].

In some 42 % of total land area on the earth, plants may periodically experience
low or sub-optimal temperatures even temperatures below −20 °C [5]. In such
areas, plants have to either tolerate cold stress through activating molecular
mechanisms that allow them to survive low temperatures or escape cold or freezing
stresses through avoiding tissue freezing by supercooling and/or lowering the
freezing point by synthesizing and accumulating antifreeze substances such as
antifreeze proteins, amino acids, and sugars [5, 6]. In addition, plants have also
evolved mechanisms to avoid exposure to cold or freezing stress through over-
wintering as dormant seeds with little freezable water and by delaying the transition
from vegetative to reproductive stage of growth [4, 7, 8].

In temperate plants, cold and freezing stress tolerance is induced and achieved
through exposure to a period of low or non-freezing temperatures, a process known
as cold acclimation [1]. During cold acclimation, plants undergo a programmed
remodeling of cell and tissue structures that largely depends on changes in gene
expression and metabolism [1, 2]. During this process, plant metabolism is redi-
rected toward synthesis of osmolytes and anti-freeze molecules such as sugars
(saccharose, raffinose, stachyose, and trehalose), sugar alcohols (sorbitol, ribitol,
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and inositol), amines (proline and glycine betaine), and anti-oxidative molecules
(glutathione, ascorbic acid, and a-tocopherol) [5, 9]. Accumulation of osmolytes in
cold-acclimated plants increases osmotic potential and consequently decreases the
cytoplasmic freezing point and promotes the stabilization of cell membrane and
proteins [10]. Low temperatures induce changes in gene expression that are
responsible for aforementioned metabolic reprograming and directs synthesis of
new gene products such as anti-freeze proteins, dehydrins, reactive oxygen species
(ROS) scavenging enzymes, late embryogenesis abundant (LEA) proteins, patho-
genesis related (PR) proteins, and chaperones [4, 5, 7, 11]. In addition, during cold
acclimation, the lipid and protein compositions of plasma membrane are changed to
maintain its integrity and functionality under subsequent low or freezing temper-
atures. Interestingly, the proportion of unsaturated fatty acids increases to maintain
membrane fluidity in cold-acclimated plants [9].

In order to avoid flowering during cold seasons, most temperate plants (espe-
cially winter-habit plants) have acquired the ability to delay their flowering time
through a phenomenon referred to as vernalization [2, 12]. During vernalization,
plants are exposed to a long period of low temperature to get competence for
flowering in spring when temperature and photoperiod become suitable. Indeed,
vernalization is an adaptation process that allows plants to pass cold seasons (au-
tumn and winter) as seedlings to ensure that flowering occurs under
temperature-favorable conditions in spring [12, 13]. Although both cold acclima-
tion and vernalization require exposure to low temperatures, they are quite different
in terms of the duration of cold treatment. Full vernalization always requires an
extended period of low temperature while cold acclimation is achieved within only
1 or 2 days of cold treatment [14]. In contrast to vernalization, cold acclimation is a
reversible process that is rapidly lost upon exposure to high temperatures making
plants susceptible to subsequent cold and freezing stresses.

Resistance to cold stress is a complex trait that largely depends on the species
and the genetic potential as well as the developmental stage of plants. Within crop
plants, species such as wheat, barley, oat, and rye are capable of cold acclimation
and vernalization and show variable degrees of resistance to cold and freezing but
species such as maize and rice are incapable of cold acclimation and therefore, are
cold-sensitive [2]. Traditional breeding programs have significantly improved cold
and freezing tolerance in certain plant species; however, the applicability of these
approaches largely depends on the existence of genetic variation. Since most
variations in cold stress tolerance in economically-important species have been
explored, further improvements using traditional breeding approaches are largely
limited and labor-intensive [10]. On the other hand, advances in recombinant DNA
technologies have revolutionized breeding for cold tolerance especially by crossing
species barriers and allowing to transfer cold tolerance genes between
distantly-related organisms. Identification of cold tolerance genes and their func-
tional characterization under cold stress needs in-depth exploration of biochemical,
physiological, and molecular responses of plant to cold stress. As noted above,
response to cold stress is a complex phenomenon that involves the interplay of
several structural, molecular, metabolic, and regulatory pathways, which needs to
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be inspected at global systems biology level by integrating high-throughput
genomic, transcriptomic, proteomic, and metabolomic data. Analyses of genomic
and transcriptomic data in response to low temperatures provide a snapshot of
genetic and gene expression potential of plant, respectively, for cold hardening.
However, the limitations associated with these approaches as well as the existence
of a broad spectrum of post-transcriptional/post-translational regulation mecha-
nisms that are involved in fine-tuning the abundance and the activity of proteins as
final gene products have encouraged molecular biologists to focus their research on
proteins. The main objective of proteomics is the detailed characterization of pro-
teins expressed in a given cell, tissue, organ, and/or organism under particular
environmental or developmental conditions. Proteomic analyses could provide
valuable information about the abundance, sub-cellular localization, physical or
functional interactions, and post-translational modifications (PTMs) of proteins in
their cellular context [15]. Compared with other omics-based approaches, data
generated by proteomics are of great importance because proteins are the key
players in nearly all cellular processes.

In this chapter, proteomics tools and techniques are introduced and their chal-
lenges with plant materials are discussed. Subsequently, the function of cold
responsive proteins is reviewed in the context of cold stress tolerance in different
crop species.

5.2 Proteomics Tools and Techniques

The success of a comparative proteomic analysis largely depends on the ability to
extract, fractionate, quantify, and identify proteins contained in a given sample.
During a plant proteomics study, each of these steps may impose some technical
challenges that need to be dealt with in more details. Protein extraction from plant
materials is usually challenging because plant tissues have relatively low protein
contents and are rich in proteases, polysaccharides, polyphenols, lipids, secondary
metabolites, and other interfering compounds that could affect the quality of the
extracted proteins and interfere with subsequent fractionations and downstream
analyses [16, 17]. In addition, in green tissues of plants, the high abundance of
photosynthetic proteins such as small and large subunits of ribulose-1,5-bisphosphate
carboxylase/oxygenase (RuBisCO), hiders the detection of low abundant proteins and
further complicates the analysis of plant proteins. Hence, to achieve a complete
coverage of all proteins expressed in a sample, the protein extraction procedure must
be able to capture diverse proteins with varying abundance, molecular weight, charge,
hydrophobicity, and modifications [17]. In most common protocols that are used for
protein extraction from plant tissues, proteins are either precipitated using tri-
chloroacetic acid (TCA) in acetone [18] or solubilized in phenol [19]. The applica-
bility of these protein extractionmethods largely depends on the nature and the type of
plant tissues to be analyzed. The TCA/acetone precipitation is known to be suitable for
protein extraction from young plants [17]. However, the phenol extraction procedure
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has successfully been utilized for the extraction of proteins from recalcitrant plant
tissues such as woody tissues [20], olive leaves [21], saffron corm and callus [22],
banana and avocado fruits [23].

In order to reduce sample complexity, protein extraction is usually followed by
protein separation using one or two-dimensional gel electrophoresis (2-DE) and/or
column chromatography based approaches (Fig. 5.1). Since plant tissues are usually
complex and heterogeneous in nature, a single analytical technique could not
provide a detailed picture of their proteome [16]. For complete separation and
greater resolution of the proteome, it is always necessary to combine different
separation techniques to achieve full coverage of the proteome. Traditional
approach used for the separation of proteins is 2-DE, which combines the separa-
tion of proteins based on the net charge (isoelectric focusing, IEF) and the
molecular weight (sodium dodecyl sulfate-polyacrylamide gel electrophoresis,
SDS-PAGE). Even thought this approach has several advantages including high
reproducibility and resolution, ease of use, wide molecular weight coverage, and the
ability to detect PTMs but the limitations associated with this method such as
difficulty in resolving membrane and highly acidic or basic proteins, inability to
detect low abundant proteins, and the relatively low throughput have restricted its
applicability for high throughput proteomic analysis [16, 24]. Gel-free separation
methods often involve a combination of different liquid chromatography-based
(LC) approaches which separate proteins or peptides based on their hydrophobicity
(reverse phase, RP), charge (ion exchange), and/or affinity [15]. The main advan-
tage of LC-based separations is the fact that they can be coupled with mass
spectrometry for inline protein identification. In an exemplified LC-MS/MS
approach, shotgun proteomics, or multi-dimensional protein identification tech-
nology (MudPIT), the protein mixture is enzymatically digested and the digested
peptides are subjected to a combination of cation exchange (CEX) and RP chro-
matography separation coupled inline with tandem MS (MS/MS) for protein
identification (Fig. 5.1) [25].

Protein identification using MS is achieved through either peptide mass fin-
gerprinting (PMF) or by obtaining the amino acid sequence of protein using
MS/MS analysis (de novo sequencing) [26, 27]. In the former case, the MS, usually
a matrix-assisted laser desorption/ionization-time of flight (MALDI-TOF) instru-
ment measures the accurate masses of peptides derived from the enzymatic
digestion of the target protein and then the measured masses are queried against the
theoretical masses of peptides derived from in silico digestion of proteins in the
database [28]. This method is only applicable for proteins that their sequences are
present in the databases [29]. In addition, it is not suited for the identification of
proteins present in a complex mixture of unseparated proteins. The PMF method is
therefore best suited for the identification of proteins from species for which
complete genome sequence is available and also for identification of protein in
2-DE separated spots [29]. MS/MS instruments such as MALDI-quadrupole/TOF
(MALDI-Q/TOF) and electrospray ionization-triple quadrupole (ESI-TQ) consist of
two mass analyzers that are separated by a collision induced dissociation (CID) cell
which is fed by a single ionization source (ESI or MALDI) [29]. During MS/MS
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analysis, the first mass analyzer scans for the mass to charge ratio of tryptic peptides
coming from the ionization source and then selects specific precursor peptide ions
(usually more intense ions) to be subjected to fragmentation using CID. The second
mass analyzer then measures the accurate masses of the fragmented ions (Fig. 5.1).
A computer software interprets the mass spectrum of the fragmented ions for
determining the amino acid sequence of the precursor peptide which is then used for
database search and protein identification [29]. LC-MS/MS based proteomic

Fig. 5.1 A general workflow of comparative proteomics analyses in plants. In a typical
comparative plant proteomics analysis depending on the tissue of the interest, proteins are
extracted using TCA/acetone or phenol extraction methods. Extracted proteins are subjected to
separation using gel-based (SDS-PAGE or 2-DE) or gel-free (chromatographic separation)
approaches. In the gel-based separation, proteins are fractionated based on their MW (SDS-PAGE)
or a combination of MW and pI (2-DE) and proteins in excised 2-DE spots or SDS-PAGE gel
bands are trypsin digested and the resulting tryptic peptides are extracted and subjected to MS or
MS/MS analysis for protein identification. In the gel-free chromatographic separation, extracted
proteins are trypsin digested and tryptic peptides are separated using a combination of cation
exchange (CEX) and reverse phase (RP) chromatography. In this approach, the separated peptides
are directly injected into the ionization source of mass spectrometer for MS/MS based protein
identification
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analysis can also be used for quantitative measurement of proteome through
chemically or metabolically labeling proteins and/or label-free approaches which
measure signal intensity of precursor ions or count the number of peptides assigned
to a particular protein in a MS/MS scan (spectral counting) [30, 31].

MS-based proteomics largely depends on the availability of the genome
sequences of the species of interest or their relatives for protein identification. In
recent years, with the availability of genome sequences for most plant species even
those with limited sequence annotations, our ability to study the proteome
responses of plants to diverse environmental adversities has greatly been expanded.

5.3 Cold Stress Response Proteins in Plants

Most proteomic analyses conducted to decipher the response of crop plants to low
temperatures are comparative studies that either compared the proteins between
cold-stressed and control plants or compared the proteins among genotypes with
different susceptibility toward cold stress. Most proteomics studies have used leaf
as plant material for protein extraction and analysis [8, 32–46] and only limited
numbers studied the responsive proteins of crown [33, 47–49], root [40, 50], and
reproductive tissues [51] to cold or freezing stresses (Table 5.1). In addition, most
proteomics studies have explored the proteins of wheat and rice under cold stress
which specifies the importance of cold stress tolerance in these two
economically-important crop species (Table 5.1).

Comparative proteomics analysis have shown that the abundances of proteins
belonging to different metabolic, regulatory, and structural components of cell or
membrane are changed in crop plants in response to low or sub-optimal tempera-
tures [8, 37, 39, 40, 42, 43, 45, 46, 48, 49, 51, 52]. Many of the genes that are
responsive to low temperature also respond to other environmental stresses such as
salinity and drought. This might be attributed to the fact that all of these envi-
ronmental stresses cause cellular dehydration and ROS accumulation indicating that
common responses are required to develop tolerance to these environmental
adversities [10]. Figure 5.2 schematically displays what happens during cold stress
exposure in a plant cell from cold signal perception to changes that occur in gene
expression and the proteome of the cell.

5.3.1 Cold-Regulated Proteins

Wheat is one of the major economically important cereal plants, which grows in
temperate regions. Common wheat species can be divided into winter and spring
wheat species based on their requirements to a long period of low temperatures to
become competence for flowering during a process known as vernalization [12].
Winter wheat species delay transition from vegetative to reproductive stage until
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Fig. 5.2 Schematic illustration of proteome responses of plants to cold stress. The cold signal is
probably sensed through changes in membrane rigidification/fluidity and/or other cellular changes.
Changes in physical properties of cell membrane lead to an increased cytoplasmic Ca2+

concentration which is thought to be mediated by membrane rigidification-activated
mechano-sensitive or ligand-activated Ca2+ channels [2, 3]. Ca2+ signature initiates a cascade of
kinase signaling pathway leading to the activation of constitutively-expressed ICE1 transcription
factor through phosphorylation (P) and sumoylation (S) [2]. Activated ICE1 induces the
expression of c-repeat binding transcription factors (CBFs). CBFs then activate the expression of
COR, LEA, antifreeze, and dehydrin genes leading to cold acclimation. Proteomics analyses have
shown that cold acclimation is also associated with changes in abundance of proteins related to
carbohydrate metabolism, amino acid biosynthesis, and protein synthesis and processing. Cold
stress also affects photosynthesis and energy metabolism by largely declining the efficiency of
plant in photosynthesis and energy production. Cold stress elicits profound changes in cellular
homeostasis leading to the generation of excess amounts of ROS. Cold-acclimated plants express
elevated levels of ROS scavenging enzymes to cope with detrimental effects of ROS. Upward and
downward solid arrows indicate increased and decreased abundances during cold stress,
respectively
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they fulfill their vernalization requirements. These winter habit species go through
winter under vegetative growth during which they have the capacity to tolerate
subzero temperatures since only under this stage of growth that full expression of
cold tolerant genes occurs [53]. In contrast, spring wheat species do not have
vernalization requirements and therefore, have faster development [54]. The level
of tolerance to cold stress in winter habit plants is usually correlated with increased
abundance of cold and freezing tolerance associated proteins including dehydrins
(DHN), wheat cold specific (WCS) proteins, COR proteins, responsive to abscisic
acid, and LEA proteins. Since they mostly belong to the LEA family of proteins and
are responsive to cold stress, they are collectively referred to as LEA/COR proteins
[11]. The exact function of these proteins is yet to be realized but they might serve
as cryoprotectant preventing the denaturation and aggregation of proteins and may
also contribute to membrane stabilization during cold stress [5, 55]. The abundance
of COR proteins such as LEA proteins, dehydrin proteins, WCS19, WCOR18,
WCOR17, WCOR719, cold-responsive LEA/RAB-related COR proteins
(Wrab17), WCOR615, WCOR14c, WCOR719, and WCOR14a has been shown to
increase during cold acclimation [8, 41, 42, 45–48, 56–58]. Increased abundance of
these proteins directly correlates with cold acclimation and freezing tolerance and
they have been known as markers of cold stress tolerance. Studies have also shown
that the level of expression of LEA/COR genes including WCS19, WCS120,
WCOR14 and 15, and WDHN13 differs between winter wheat species (freeze
tolerant) and spring wheat species (freeze sensitive) being expressed at higher levels
in the former ones [59–61]. Interestingly, overexpression of WCS19 in Arabidopsis
plants improves freezing tolerance only after cold acclimation [59].

Dehydrins are soluble, heat-stable, and hydrophilic proteins belonging to group
2 LEA proteins which are changed in abundance under cold, drought, and salinity
conditions and seem to protect proteins and membranes against unfavourable
structural changes caused by dehydration [62]. Dehydrin proteins are characterized
by the presence of a specific lysine-rich amino acid sequence motif known as the
K-segment [63]. Several dehydrins specifically accumulate during cold stress and
their accumulation is thought to be an important part of cold acclimation.
Interestingly, WCOR410 and WCS120 are dehydrin proteins which accumulate in
the meristem of wheat crown tissues during cold acclimation and serve as cry-
oprotective agents for other proteins [64, 65]. Interestingly, the accumulation of
WCOR410 has been positively correlated with the level of freezing tolerance in
different wheat genotypes. Some dehydrin proteins such as COR19 from Citrus
unshiu improves cold stress tolerance and displays ROS scavenging activity when
ectopically expressed in tobacco plants [66].

The abundance of some LEA/COR proteins such as WCOR18 has been shown
to be maintained at higher levels under prolonged cold stress treatment suggesting a
possible involvement in the vernalization process [45]. WCOR18 is a member of
highly-conserved phosphatidylethanolamine-binding family proteins whose mem-
bers are known to be involved in the control of flowering time in both mono and
dicots [67]. WCS19 and WCO14a are chloroplast-targeted proteins belonging to
group 3 LEA proteins which their abundance are known to be under the control of
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light and cold stress [59]. In addition, ectopic overexpression of members of this
family of proteins has been shown to increase freezing tolerance in model plants
[59]. In vernalization-requiring crops such as winter wheat, it has been shown that
the abundance of cold acclimation associated proteins (LEA/COR proteins) cor-
relates with the vernalization fulfillment [46]. In another words, the expression of
COR genes is maintained at high levels until the time of vernalization fulfillment
and then declines with transition from vegetative to reproductive stage of growth.
This is thought to be an adaptive mechanism utilized by cereal plants to increase the
length of vegetative growth and to extend the time during which the expression of
cold tolerance genes is maintained at high levels.

Proteomic studies have also reported an increased abundance of proteins
involved in the vernalization process including VER2 in crown and leaf tissues of
winter wheat plants exposed to cold stress [45, 49]. VER2 is a mannose binding
lectin protein containing a jacalin-like domain at the C-terminus that is known to
play an important role in saccharide signaling [68]. VER2 specifically localizes at
the wheat shoot apex and the surrounding young leaves and is known to be under
the control of both vernalization and jasmonic acid signaling [45, 69]. VER2 may
be involved in vernalization through participating in intracellular glycoprotein
trafficking and O-linked N-acetylglucosamine (O-GlcNAc) signaling [70].
A 200 kDa cold induced protein showed a marked increase in abundance in crown
tissue of wheat [47].

An increased abundance of glycine rich RNA binding protein (GRP) was
repeatedly reported in leaf and crown tissues of wheat in response to low tem-
perature [43, 45, 47, 49]. GRPs contain an N-terminal RNA recognition motif and a
C-terminal glycine-rich region and have been shown to accumulate during cold
acclimation. The exact function of GRPs in stress tolerance has remained elusive,
but recent evidences suggest that GRPs enhance cold and freezing tolerance in
Arabidopsis plants [71]. In addition, ectopic expression of Arabidopsis GRPs in
E. coli mutants lacking cold shock proteins enhanced growth and survival under
cold stress suggesting RNA chaperone activity for GRP proteins during the cold
acclimation process [72].

5.3.2 Antifreeze Proteins

In temperate regions during winter, plants are contentiously exposed to freezing
temperatures and the formation of ice crystals in the intercellular and intracellular
spaces is unavoidable if they have no strategies to withstand freezing. Ice formation
in intercellular spaces can cause cellular dehydration since growing extracellular ice
promotes the migration of water molecules to the ice crystals [6]. Winter habit
plants secret antifreeze proteins into the apoplastic spaces where they inhibit
intercellular ice nucleation through binding to the ice crystals [6]. In other words,
antifreeze proteins decrease the freezing temperature in cold-acclimated plants and
after freezing of plants under frost temperatures, they inhibit the recrystallization of
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intercellular ice [73]. Plant antifreeze proteins are structurally homologous to PR
proteins especially those that are responsive to low temperatures including
b-1,3-glucanases (PR-2), chitinases (PR-11), thaumatin-like proteins (PR-5), and
polygalacturonase inhibitor protein [73]. PR proteins are normally secreted into
apoplastic space in response to pathogen infection and either degrade fungal cell
walls or inhibit fungal enzymes and therefore, impede fungal pathogenicity [73].
Even though the majority of antifreeze proteins are targeted to extracellular spaces,
some intracellular LEA/COR proteins such as dehydrins may also show antifreeze
activity and therefore, may prevent intracellular ice formation [56]. Proteomic
analysis reported an increased abundance of proteins with antifreeze function
including PR-4, chitinase, thaumatin-like protein, b-1,3-glucanase during cold
acclimation in winter wheat [46, 47, 49]. Interestingly, these proteins either
specifically detected in hardy species of wheat in response to cold stress or being
expressed at higher abundance in response to cold stress [46]. PR proteins are
primarily involved in pathogen defense and their accumulation in cold acclimated
plants is thought to immunize them against pathogens when they are prone to
infection due to freezing damages [73, 74]. For example, the induction of chitinase
may not be an important adaptation to cold stress, however, it may confer resistance
to fungal pathogens such as snow moulds that attack plants upon freezing damage
[47].

Down regulation of aquaporins, proteins channels that regulate water efflux
across plasma membrane, may also serve as an important adaptation to cold stress
since the flow of water to apoplastic spaces increases intercellular ice formation and
causes cellular dehydration [5]. Accordingly, a decreased abundance of aquaporin
proteins was detected in oat and rye under cold acclimation [32]. In addition, a
decreased abundance of V-type ATPase was observed in rice leaf [40], sunflower
[58], oat and rye challenged with cold stress [32]. By transferring protons across
membrane, V-type ATPases participate in the acidification of intracellular com-
partments and are thought to contribute to cold acclimation through intracellular pH
regulation.

5.3.3 Oxidative Stress and ROS Scavenging Related
Proteins

In plant cells, ROS are produced at a steady rate and low level as byproducts of
various metabolic processes and are distributed in different cellular compartments
including organelles of highly oxidizing metabolic activity or intense rate of
electron flow, such as mitochondria, chloroplast, and peroxisome [75]. Under
normal conditions, the rate of ROS generation is balanced by the rate of their
removal. Cold, drought, salt, and other environmental adversities enhance the
production of ROS in cells by disrupting cellular homeostasis and uncoupling of
metabolic processes. It has now been well-documented that ROS serve as signals
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causing cells to adjust energy and metabolic fluxes and to reprogram their gene
expression to quickly adapt to stress conditions [76]. For example, Arabidopsis
mutants defective in the Fe–S subunit of complex I (NADH dehydrogenase) of
mitochondria electron transfer chain which accumulates excess level of ROS, show
impaired expression of COR genes and increased hypersensitivity to chilling and
freezing stresses suggesting a critical role for ROS in regulating cold
acclimation-associated genes [2]. In addition, the superoxide anion produced by
NADPH oxidase during low temperature stress triggers stress response pathways
that leads to the development of defense mechanisms [10]. However, excess
accumulation of ROS has cytotoxic consequences for plant cells since they cause
oxidative damages to proteins, DNA, and membrane lipids, and induce cells to
undergo programmed cell death [75, 77]. Therefore, the ability of plants to alleviate
the intracellular buildup of ROS under low temperatures is an important component
of cold tolerance mechanisms that are activated during cold acclimation. During
evolution, plants have evolved sophisticated and complex network of enzymatic
and non-enzymatic mechanisms to maintain the intracellular concentration of ROS
under tight control [77]. In plant cells, ascorbate, glutathione (GSH), and vitamin E
as well as secondary metabolites such as tocopherol, flavonoids, alkaloids, and
carotenoids are the primary non-enzymatic antioxidants. The role of ascorbate and
GSH in detoxification of ROS has been well understood but little is known about
the antioxidative potential of flavonoids and carotenoids in plant cells [77].
Superoxide dismutase (SOD), ascorbate peroxidase (APX), glutathione peroxidase
(GPX), and catalase (CAT) are major ROS scavenging enzymes that are responsible
for removal of ROS under normal and stressful conditions. The activity and
abundance of these proteins have been reported to be significantly elevated in plants
under various biotic and abiotic stresses.

Proteomics analyses showed an increased abundance of Cu/Zn-SOD in wheat
leaf [8, 42, 46], maize embryonic axes [34], and decreased abundance in rice leaf
[40] under cold stress treatment. Mn-SOD also showed an increased abundance in
wheat leaf challenged with low temperature stress [46, 52]. However, in a study by
Xu et al. [44], Mn-SOD showed a decreased abundance in leaves of wheat under
low temperatures, suggesting that the expression of this enzyme was affected by the
genotype and treatment conditions. SODs constitute the first line of defense against
ROS by converting highly toxic superoxide anions to less toxic H2O2 [77, 78].
Based on the type of metal cofactor required for their activities, SOD enzymes are
classified into three groups: Fe-SODs, Mn-SODs, and Cu/Zn-SODs. In addition,
their subcellular localization also differs; Fe-SODs are chloroplastic proteins,
Mn-SODs are mainly localized in the mitochondrion and the peroxisome, while
Cu/Zn-SODs are generally detected in the chloroplast, the cytosol, and possibly the
extracellular spaces [78]. An increased abundance of APX was detected in rice [36]
and wheat leaves [42, 43] in response to low temperatures. APX is a plant-specific
enzyme that plays an important role in the protection of cells against the H2O2

produced in the cytosol, mitochondria, chloroplast and peroxisomes under stressful
conditions [79]. APX catalyzes the reduction of H2O2 to water using ascorbate as an
electron donor. In plant cells, H2O2 is also detoxified by the enzymatic action of
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CAT and GPX, which are mainly localized in peroxisomes and cytosol, respec-
tively [77]. CAT showed an increased abundance in rice leaf exposed to low
temperature [40] while GPX showed a decreased abundance in wheat leaf under
low temperatures [48]. The GPX pathway for ROS scavenging is thought to be the
major enzymatic defense system against ROS-mediated membrane damage.

Glutathione S-transferase (GST) showed an increased abundance in rice [36, 37],
wheat [46, 48], sunflower [58], and soybean [57] challenged with cold stress. GST
is predominantly localized in the cytosol where it catalyzes the conjugation and
detoxification of xenobiotics and organic hydroperoxides generated as byproducts
of oxidative stress using GSH as cofactor [80]. If organic hydroproxides are not
detoxified by GST, they could be converted into aldehyde derivatives which are
highly toxic for cells. Increased abundance of GST under low temperature condi-
tions marked it as an important part of cold acclimation process. In addition, the
abundance of glyoxalase I and II decreased in maize embryonic axes in response to
low temperatures [34] while glyoxalase I showed an increased abundance in rice
roots under cold stress [50]. Both enzymes are involved in the glyoxalase pathway,
which mediates glutathione-based detoxification of methylglyoxal. The glyoxalase
pathway is known to be involved in regulation of cell cycle as well as in protection
against oxoaldehyde toxicity [81].

Proteomics analyses showed an increased abundance of thioredoxins (Trxs)
including Trx h in rice leaves [36] and Trx m in wheat leaves [42] suggesting their
critical role in modulating the plant response to cold stress. Trx F showed a
decreased abundance in a chilling sensitive genotype of sunflower [58]. Trxs are
evolutionary conserved proteins that supply reducing power to reductase enzymes
which are responsible for the detoxification of lipid hydroperoxides or the repair of
oxidized proteins [82]. Excess accumulation of ROS will always result in the
oxidation of proteins which may lead to their inactivation and accumulation in cells.
For example, Trxs play a critical role in reactivation of thiol-containing enzymes
including those of the Calvin cycle such as glyceraldehyde 3-phosphate dehydro-
genase (GAPDH), fructose 1,6-bisphosphatase (FBP), sedoheptulose
1,7-bisphosphatase (SBPase) and phosphoribulokinase (PRK) which are inactivated
upon oxidation. In addition, an increased abundance of thioredoxin peroxidase [36,
49, 58] and 2-Cys peroxiredoxin [46], either newly-expressed in response to cold
stress or increased during cold acclimation, was noted in response to low temper-
atures. Interestingly, 2-Cys peroxiredoxin plays a role in detoxification of excess
H2O2, alkyl hydroperoxides, and peroxinitrites [83].

An increased abundance of germin E was also detected in the crown tissues of
winter wheat during cold acclimation [49]. Since meristemic tissues in the crown of
winter cereals play a critical role in regeneration and recovery from freezing
stresses, increased abundance of this protein is thought to contribute to the cold
acclimation process. Germin proteins are known to be involved in plant embryo-
genesis and response to environmental stresses. Some germin proteins show dual
Mn-SOD and oxalate oxidase activities suggesting their possible implication in
oxidative stress response especially in defense against extracellular superoxide
radicals [84]. A significant change in abundance of oxalate oxidase was also
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reported in wheat in response to low temperatures [8, 46]. Oxalate oxidase catalyzes
the conversion of oxalate to CO2 and H2O2 in the presence of O2 and therefore, may
serve as a source of H2O2 especially in certain plant-pathogen interactions.

Nucleoside diphosphate kinase (NDPK) displayed species dependent changes to
low temperatures showing a decreased abundance in wheat [46] and maize [34],
and increased abundance in rice [40, 85] and pea [86]. NDPK is a housekeeping
enzyme responsible for maintaining the intracellular balance between ATP and
other nucleoside triphosphates. Evidences have suggested that NDPK proteins play
regulatory roles in signaling pathways leading to the oxidative stress response
especially by regulating the gene expression of antioxidants [87, 88]. In addition,
oxidative stress-induced overexpression of NDPK2 in potato plants suggested that
NDPK proteins protect plants from oxidative stresses associated with multiple
environmental stressors including high temperatures and salt stress [88].
Accordingly, Hosseini et al. [89] found that NDPK1 was differentially regulated in
rice genotypes with contrasting responses to salt stress; showing an increased
abundance in a salt-tolerant genotype (FL478) and decreased abundance in a
salt-sensitive genotype (IR29) under salinity suggesting a critical role for NDPK1 in
conferring tolerance to salt stress [89].

5.3.4 Photosynthesis Related Proteins

In plants, photosynthesis plays a critical role in energy production by converting
light energy into chemical energy in the form of ATP and reducing power in the
form of NADPH. Maintaining photosynthesis during low temperature conditions is
necessary since cold acclimation is an active process that requires energy provided
by the photosynthesis process. During cold stress, the balance between the capacity
for light harvesting and the capacity for light energy consumption is disrupted
resulting in excess photosystem II (PSII) excitation which leads to irreversible
inactivation of PSII and damages to the D1 reaction center protein [90, 91]. This
process is known as photoinhibition which may lead to the transfer of energy-rich
electrons to molecular oxygen resulting in over production of ROS and occurrence
of oxidative burst. Under cold stress, the activity of enzymes required for the Calvin
cycle is limited which may lead to excess photoinhibition even under relatively low
irradiations [92]. In addition, cold-induced limitation in photosynthetic carbon
fixation will result in decreased NADPH consumption and depletion of the major
electron acceptor of PSI (e.g. NADP+) which ultimately leads to the transfer of
electron to molecular oxygen and generation of ROS and occurrence of oxidative
stress [92]. It is thought that during cold acclimation, plants are also photosyn-
thetically acclimated to excess light and can therefore tolerate photoinhibition [91].
In cold acclimated plants, excess light is eliminated by thermal dissipation during a
process known as nonphotochemical quenching [10]. It should be noted that light
and photosynthetic activities are required for cold acclimation process since full
cold acclimation is not achieved under dark conditions even though that cold
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associated genes are up-regulated [93]. In addition, studies have shown that the
number of cold responsive genes are doubled when plants are cold stressed in the
light compared with that under the same conditions in the dark [94]. Interestingly, it
has been shown that the relative redox status of PSII appears to control the
expression of COR genes as documented in winter rye [95]. Proteomics analyses
significantly improved our understanding about photosynthetic pathways and
reactions affected by low temperatures.

During light reactions of photosynthesis, light is trapped by light-harvesting
complex (LHC) and its energy is utilized by an oxygen evolving complex (OEC) to
split water to oxygen, proton, and electron. Interestingly, proteomics analysis of
wheat plants showed a significant down regulation of components of OEC
including 33 kDa oxygen-evolving complex proteins [47], oxygen-evolving
enhancer protein 1, 2, and 3 [42, 43, 45], and LHC I [45]. In contrast, an
increased abundance of the same proteins was also noted in wheat
(oxygen-evolving enhancer protein 1 and 2, [8, 46]), rice (oxygen-evolving com-
plex proteins [37]), and barley (33 kDa oxygen evolving protein [33]). Similarly in
barley, chlorophyll a-b binding protein showed a decreased abundance in response
to cold acclimation [33], while in cold acclimated wheat and pea, it showed an
increased abundance [42, 86]. Extensive increase and decrease in the abundance of
proteins associated with PSII suggests that it is profoundly affected by cold stress.
These contrasting abundances of proteins in response to the same treatment sug-
gested that the response of these proteins is largely dependent on the species,
genotype, photoperiod, as well as the duration and severity of cold stress treatment.

The electrons released from PSII is subsequently transferred to PSI via cyto-
chrome b6f complex (Cyt b6f complex). Proteomics analyses showed that the
abundance of iron–sulfur subunit of the Cyt b6f complex and plastocyanin sig-
nificantly decreased during cold acclimation [45, 86]. Decreased abundance of
proteins associated with Cyt b6f complex may affect the efficiency of electron
transfer between PSII and PSI and, thereby affecting photosynthetic ATP and
NADPH production. The abundance of proteins related to downstream reactions of
photosynthesis including ferredoxin-NADP(H) oxidoreductase (FNR) also signifi-
cantly changed in response to cold stress in different plant species. More specifi-
cally, it showed an increased abundance in wheat [43, 44] and rice [37] under low
temperature treatments. However, in a study by Rinalducci et al. [46], the abun-
dance of this protein significantly decreased in response to cold acclimation. FNR
catalyzes the reversible transfer of electrons from reduced ferredoxin to NADP+ as
the final step of the photosynthetic electron transfer chain. This reaction is a
rate-limiting step in the photosynthesis that generates NADPH as reducing power
for several biosynthetic pathways including CO2 fixation. FNR plays a critical role
in photosynthesis since transgenic down regulation or knock down of this protein in
tobacco resulted in a significant reduction in growth and net photosynthesis [96] as
well as enhanced susceptibility to photo-oxidative damages and excess accumula-
tion of singlet oxygen when FNR-deficient plants were exposed to moderate irra-
diation [97]. Increased abundance of this protein may lead to an enhanced
photosynthesis and may be part of the cold acclimation process. Proteomics
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analysis also showed a decreased abundance of subunits of chloroplastic ATP
synthase during cold stress [43] which may affect ATP production during
photosynthesis.

Change in abundance of proteins associated with dark reactions of photosyn-
thesis (i.e., the Calvin cycle) has also been reported in proteome analysis of cold
stress responses. Interestingly, a marked change in abundance (mostly decreased) of
RuBisCO small and large subunits was noted in wheat [8, 42–47], rice [38, 39], and
pea [86]. In addition, proteome analyses showed that the subunits of RuBisCO were
subjected to extensive degradation during cold stress treatment and were detected in
multiple spots with varying MW and pI [42, 43, 45]. This degradation is speculated
to be enhanced by ROS which are known to accumulate during cold stress. In fact,
evidence suggests that ROS trigger non-enzymatic degradation of RuBisCO large
subunit [98]. A significant increase/decrease in abundance of RuBisCO activase
was also reported in wheat and rice plants exposed to low temperatures [43, 45, 46,
85]. When plants are subjected to dehydration, the intracellular level of CO2 is
diminished due to stomata closure. Under these conditions, the inhibitory sugar
phosphates such as ribulose-1,5-bisphosphate tightly bind to the active site of
RuBisCO causing its inactivation [99]. The function of RuBisCO activase is to
mediate the release of these inhibitors through its chaperone-like activity. An
increase in abundance of RuBisCO activase may be required to maintain RuBisCO
in an active state under low temperatures when the concentration of CO2 is declined
due to stomata closure and dehydration stress.

5.3.5 Carbohydrate Metabolism Related Proteins

Adaptation to low and freezing temperatures always requires reprogramming gene
expression and reorganizing metabolic and physiologic processes. Carbohydrates
play an important role in freezing tolerance as it has been shown that the accu-
mulation of simple sugars such as trehalose, raffinose and sucrose correlates with
enhanced freezing tolerance. Compared with spring cereals, the ability of winter
cereals to tolerate and survive subzero temperatures largely depends on their ability
to accumulate sugars during cold acclimation [93]. Under cold stress conditions, a
significant deregulation of proteins related to the Calvin cycle and other glycolytic
pathways has been reported suggesting an immense role for photosynthetic carbon
fixation and carbohydrate metabolism in cold acclimation. As noted above, the
abundance and stability of RuBisCO as the first and important enzyme of the Calvin
cycle are significantly affected by low temperatures. Even though they are mainly
involved in the photosynthesis carbon fixation, the remaining enzymes of the
Calvin cycle are discussed under the category of carbohydrate metabolism since
they also participate in the other carbohydrate metabolism related reactions. Among
the Calvin cycle related enzymes, the abundance of carbonic anhydrase
(CA) decreased in cold acclimated wheat [48]. CA catalyzes the conversion of
atmospheric CO2 to bicarbonate and consequently concentrates and facilitates its
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diffusion in the mesophyll. Phosphoglycerate kinase (PGK), the second enzyme of
the Calvin cycle and the seventh enzyme of the glycolysis pathway, showed an
increased abundance in wheat [45, 48] and rice [40] in response to low tempera-
tures. GAPDH, the third enzyme of the pathway and the sixth enzyme of the
glycolysis, showed contrasting responses in wheat under low temperatures [43, 45,
48, 49]. Studies using transgenic down regulation of GAPDH have shown that it
has little control over photosynthetic carbon fixation [100]. Similarly, triose
phosphate isomerase (TPI), another enzyme of the pathway, showed an increased
abundance in maize [34], soybean [57], and wheat [48] in response to low tem-
peratures suggesting it as a candidate cold responsive protein. Fructose bisphos-
phate aldolase (FBA) and transketolase (TK) also showed profound changes in
abundance in response to cold stress. FBA showed contrasting responses by being
increased in wheat [46, 49] and rice [40] and decreased in abundance in wheat [8,
48] and maize [34] in response to low temperatures. TK is a critical enzyme in the
Calvin cycle and pentose phosphate pathway that exerts significant control over
carbon flux in the photosynthetic carbon assimilation [100]. TK showed a marked
down regulation in wheat and rice plants subjected to cold stress [43, 85], sug-
gesting that carbon assimilation has significantly been perturbed under low tem-
peratures. Another enzyme that is also known to play a key regulatory role over
carbon assimilation is sedoheptulose-1,7-bisphosphatase (SBPase) that showed a
significant increase in abundance under low temperatures [44]. Overall, proteomic
analyses showed that photosynthetic carbon assimilation is sensitive to cold stress
as revealed by up/down regulation of proteins associated with the Calvin cycle.

Proteomics results also showed a significant up/down regulation of enzymes
related to other catabolic and anabolic pathways of carbon metabolism.
Interestingly, enzymes associated with the final steps of the glycolysis such as triose
phosphate isomerase (TPI), PGK, and phosphoglycerate mutase (PGM) showed an
increased abundance in wheat [48, 49] and rice [38] in response to low tempera-
tures. Increased abundance of these enzymes may lead to an increased production
of ATP as an immediate energy source for cold acclimation. Enolase (ENO), the
enzyme catalyzing penultimate reaction of glycolysis, displayed contrasting
responses showing an increased abundance in wheat [48], rice [38, 50], and pea
[86], and decreased abundance in maize [34] and rice [40] in response to low
temperatures. In addition to its key role in carbon metabolism, ENO has been
shown to localize in nucleus and functions as transcription regulator controlling
gene expression. In Arabidopsis plants, it has been shown that ENO can localize in
nucleus and serves as negative regulator of the expression of zinc-finger tran-
scription factor STZ/ZAT10 [101], a repressor of cold-inducible CBF regulatory
pathway, and therefore, may be involved in the regulation of cold responsive genes.
In addition, an increased abundance of alcohol dehydrogenase 1 (ADH1), which
catalyzes the last step in the ethanolic fermentation process, was also reported in a
spring wheat and embryonic axes of soybean exposed to low temperatures [49, 57].
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Depending on the species, sucrose synthase (SUS) displayed contrasting
responses to low temperatures. In wheat, it showed a decreased abundance [45, 48,
49], while in maize [34] and rice [37, 38, 50], it showed an increased abundance in
response to low temperatures. Sucrose-binding protein also showed an increased
abundance in embryonic axes of germinating seeds of soybean [57]. SUS catalyzes
the reversible conversion of sucrose to fructose and UDP-glucose. Fructose is
phosphorylated by fructokinases to fructose-6-phosphate. Fructose-6-phosphate is
subsequently utilized as the main substrate for several metabolic processes
including starch biosynthesis, glycolysis, and oxidative pentose phosphate.
Therefore, the reaction catalyzed by fructokinases serves as a gateway for fructose
metabolism [102]. Similar to SUS, fructokinase showed species-dependent changes
in abundance under low temperatures. It showed a decreased abundance in wheat
[45, 48, 49] and increased abundance in maize [34] and barley [33] in response to
low temperatures. Interestingly, decreased abundance of SUS in wheat plant under
low temperatures increases intracellular buildup of sucrose as a cryoprotectant and
consequently improves freezing tolerance. In addition, decreased abundance of
SUS may also lead to depletion of UDP-glucose which is mainly utilized as pre-
cursor for the biosynthesis of cellulose, the dominant polysaccharide of plant cell
walls. In addition, the changes in abundance of enzymes involved in the biosyn-
thesis of UDP-glucose and other precursors of cell wall polysaccharides including
UDP-glucose pyrophosphorylase [37, 38, 40, 48, 57], UDP-glucosyltransferase
[48], and UDP-glucose 6-dehydrogenase [33] were reported under low tempera-
tures. The abundance of beta-glucosidase, an enzyme involved in plant cell wall
degradation, increased in embryonic axes of maize [34] and decreased in crown
tissue of wheat [49] in response to low temperatures. It is now well-documented
that during cold stress, plant growth is largely restricted which is in accordance with
the decreased abundance of enzymes involved in the biosynthesis of cell wall
polysaccharides [48].

Under low temperatures, the protein abundance of enzymes involved in the
pentose phosphate pathway significantly increased including phosphoribulokinase
[37, 44], 6-phosphogluconolactonase [44], and phosphogluconate dehydrogenase
[50]. However, in a study by Rinalducci et al. [45], the abundance of phospho-
ribulokinase decreased under low temperature suggesting that the expression of this
protein fluctuates under different low temperature treatment conditions. Since the
oxidative pentose phosphate pathway is the major source of reducing power (e.g.
NADPH) and metabolic intermediates for other biosynthetic pathways, an increased
abundance of enzymes involved in this pathway may correspond to an increased
demand for reducing power or metabolite intermediates for cold acclimation. In
addition, under low temperatures, enzymes involved in the tricarboxylic acid
(TCA) cycle including malate dehydrogenase (MDH) [34, 44, 45, 57], aconitate
hydratase [37, 50], and NADP-specific isocitrate dehydrogenase [50] showed an
increased abundance. Aconitate hydratase also showed a decreased abundance in
rice in response to low temperatures [38]. Aconitate hydratase is known to be
sensitive to ROS and was shown to be down-regulated by oxidative stress in
Arabidopsis. The TCA cycle plays a profound role in the production of ATP and

116 J. Gharechahi et al.



carbon skeletons for a range of biosynthetic processes. The activation of enzymes
associated with this pathway may be part of the cold acclimation which is an
energy-demanding process. In addition, MDH also plays an important role in
transfer and distribution of reducing powers among different cellular compartments
through malate/oxaloacetate shuttle [103].

An interesting enzyme that showed an increased abundance in rice [35, 37],
wheat [8, 46, 47], and pea [86] in response to low temperatures was thiamine
biosynthetic enzyme. Thiamine (vitamin B1) plays a fundamental role as a cofactor
for several enzymes involved in carbohydrate metabolism including glycolysis, the
pentose phosphate pathway/Calvin cycle, and the TCA cycle. Recent evidence
indicates that Arabidopsis plants subjected to environmental stresses such as cold,
salinity, drought, and high light accumulate excess amount of thiamin and it is
thought that thiamin confers enhanced tolerance to oxidative stresses associated
with these environmental stressors [104]. Increased abundance of thiamine
biosynthetic enzyme is associated with an increased intracellular buildup of thi-
amin, which might be part of the cold acclimation process to protect plants from
oxidative stresses imposed by low temperatures.

5.3.6 Proteins Related to Protein Synthesis and Metabolism

Acclimation to cold stress is an active process that is associated with changes in gene
expression and usually depends on the synthesis of new proteins and removal of old
and damaged proteins. Low temperatures and their associated oxidative stresses
increase risk of damages such as unfolding, misfolding, degradation, and oxidation
to proteins and promote their accumulation in cells. Therefore, increased abundance
of proteins with protective functions against protein damages is thought to be an
important and indispensable part of cold acclimation process. In support of this,
proteomics analyses have shown increased abundance of proteins such as chaper-
ones, chaperonins, and heat shock proteins (Hsps) under low temperatures.
Interestingly, the abundance of general stress responsive protein heat shock protein
70 kDa (Hsp70) significantly increased in wheat [48, 49], rice [37, 50], barley [33],
maize [34], pea [86], and sunflower [58] under low temperatures. In addition, the
abundance of heat shock cognate protein 70 (Hsc70), which is a member of Hsp70
family proteins, was also increased under low temperatures [34, 48]. In cells, Hsp70
along with its cognate protein, Hsc70, assist folding of newly synthesized or
refolding of non-native and misfolded proteins and prevent their aggregation under
both normal and stressful conditions [105]. In addition, they are also involved in
protein translocation across membranes, and in targeting misfolded or unstable
proteins to lysosomes or proteasomes for degradation. Members of Hsp60 chaper-
onin family proteins are also increased in rice [37], barley [33], and wheat [48, 49] in
response to low temperatures. Hsp60s are largely localized in the chloroplast where
they assist newly synthesized or newly translocated proteins to fold or assemble
correctly [105]. Interestingly, the assembly of RuBisCO holoenzyme is mediated by
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chaperonin functions of chloroplast Hsp60 (cpn60), Hsp21 (cpn21), and an
ATP-dependent chloroplast protein with chaperonin function named RuBisCO
binding protein (RBP) [106, 107]. The abundance of both cpn21 and RBP was
increased under low temperatures in wheat [45, 48, 49] but in case of RBP, it showed
a decreased abundance in sunflower [58], suggesting a key role for these proteins in
maintaining chloroplastic proteins in an active state under low temperatures.

Hsp90 showed a decreased abundance in wheat under low temperatures [48].
Although, Hsp90 family proteins are constitutively expressed and are responsive to
stress conditions but their abundance in Arabidopsis might be developmentally
regulated [108]. Hsp82, a member of Hsp90 family of molecular chaperones,
showed an increased abundance in maize and sunflower under low temperatures
[34, 58]. Small heat shock proteins including Hsp20 also showed increased
abundance under low temperatures [37, 47]. Members of this family of proteins
have the capacity to bind non-native proteins through hydrophobic interactions and
prevent their aggregation but do not have the capacity to refold them by themselves
[105]. Thereby, they facilitate refolding of non-native and/or misfolded proteins and
maintain them in a competent conformation for folding by other chaperone proteins
such as Hsp70/Hsp100 complexes [109]. An increased abundance of luminal
binding protein (BiP) was also reported in wheat plants subjected to cold stress
[49]. BiP is an ER-resident molecular chaperone that facilitates folding of newly
synthesized proteins and also involves in ER quality control which is responsible
for recognizing misfolded or abnormally-folded proteins and targeting them out of
the ER for proteasome-dependent degradation [110]. Increased abundance of BiP
under low temperature nominates it as candidate cold responsive protein that might
be directly involved in alleviating cells from stress conditions by preventing
accumulation of misfolded and cold stress damaged proteins. Protein disulfide
isomerase (PDI) also showed an increased [48] and decreased [42, 57] abundance in
wheat and soybean plants exposed to low temperatures, respectively. PDIs are ER
resident molecular chaperones containing thioredoxin domains which aid protein
folding through catalyzing the formation of proper disulfide bonds [111]. A change
in abundance of cyclophilin was also reported in wheat and pea plants exposed to
prolonged cold stress treatment [45, 46, 86]. Cyclophilins are conserved proteins
belonging to immunophilin super family of proteins, which have peptidyl-prolyl
cis-trans isomerase activity and are involved in protein folding.

Misfolded or damaged proteins that could not be refolded or restored and
reactivated by the action of chaperone proteins need to be eliminated, since the
accumulation and aggregation of unfolded proteins have detrimental consequences
for cells. This is in accordance with changes in abundance of proteins that are
involved in protein degradation during cold stress. Interestingly, an increased
abundance of Clp protease, aspartic protease, and subunits of proteasome was noted
in cold stressed rice [37] and wheat [48], suggesting that misfolded or unfolded
proteins are actively degraded during cold stress and the removal of damaged or
unnecessary proteins is thought to be part of cold acclimation process.
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Proteins synthesis or translation is a fundamental step in gene expression and is
mainly fine-tuned at the initiation step. The initiation of translation involves the
recruitment of the 5′-untranslated region (UTR) of the mRNA to the small subunit
(40S) of the ribosome, a reaction that is catalyzed by the eukaryotic translation
initiation factors 4 (eIF4) [112]. The main function of eIF4 families of translation
initiation factors is to promote binding of ribosome to the target mRNA and to
facilitate scanning by 40S ribosome for the start codon. In cold-exposed wheat [48]
and rice [37, 39], an increased abundance of eIF4A was reported suggesting an
important cold-regulated role for it. eIF4A is an ATP-dependent RNA helicase that
unwinds secondary structures in the 5′-UTR of the target mRNA to facilitate scan
for the initiation codon by 40S ribosomal subunit [112]. An increased abundance of
eIF5A1 and A2 [42, 49] as well as eIF3 [49] was also reported in wheat plants
under low temperatures. In addition, the abundance of translational elongation
factor P (EF-P) decreased in wheat under cold stress [46]. The eIF5A and its
bacterial homologue, EF-P, are small conserved proteins and are the only cellular
proteins that are subjected to hypusination and lysinylation, respectively [113]. In
contrast to its name, eIF5A is thought to be involved in translation elongation by
enhancing peptide bond formation between two poorly-reactive prolines in A and P
sites of ribosome and might therefore be involved in translation of proteins con-
taining consecutive prolines in their amino acid sequences [113]. Ectopic overex-
pression of an eIF5A gene from Rosa chinensis in Arabidopsis resulted in enhanced
tolerance to heat, oxidative and osmotic stresses, suggesting a critical role for this
translation factor in acquiring tolerance to environmental stresses [114]. Organelle
and nuclear specific EFs such as EF-Tu [37, 58], EF-G [44], EF2 [34], EF-1 alpha
[47] also showed an increased abundance under low temperatures suggesting an
active protein synthesis during cold stress. Ploy (A)-binding protein which is an
essential protein required for the protein synthesis process showed an increased
abundance in wheat plants subjected to low temperatures [47].

The metabolism of amino acids and certain polyamines is also responsive to low
temperature. Accordingly, changes in abundance of enzymes associated with amino
acid metabolism were reported in proteome analyses of cold stress. Within this
category, enzymes such as phenylalanine ammonia-lyase (PAL), methionine syn-
thase (MTR), S-adenosylmethionine synthetase (SAMS), cysteine synthase
(CYSL), and glutamate semialdehyde aminotransferase (GSA) showed an increased
abundance in rice, wheat, and sunflower in response to low temperatures [37, 38,
42, 43, 45, 85, 111]. Methionine synthase catalyzes the formation of methionine
while SAMS catalyzes the conversion of methionine to S-adenosylmethionine
(AdoMet). AdoMet serves as universal methyl donor for most methylation reactions
including DNA methylation and as precursor for the production of stress related
metabolites such as polyamines and glycine betaine and also for the production of
plant growth regulator ethylene. Polyamines including glycine betaine accumulates
during cold acclimation and thought to increase plasma membrane stability during
cold stress and therefore, to increase tolerance to low temperatures. Cysteine syn-
thase catalyzes the final step of cysteine biosynthesis which is a rate-limiting step in
the production of GSH, a thiol containing tripeptide involved in resistance to biotic
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and abiotic stresses. Therefore, increased cysteine synthase may lead to an
increased abundance of GSH which is required for detoxifying byproducts of ox-
idative stress associated with cold stress. An increased abundance of glutamine
synthetase (GS) was also reported in cold-acclimated plants [36, 38, 42, 43] sug-
gesting it as a candidate cold responsive protein. GS catalyzes the ATP-dependent
condensation reaction of inorganic ammonium with glutamate to yield glutamine
which is subsequently utilized as nitrogen source for other metabolic processes. GS
is also implicated in the biosynthesis of precursors of proline, an osmolyte involved
in adaptation to cellular dehydration associated with environmental stressors such
as drought, salt, and cold.

5.3.7 Proteins Related to Energy Metabolisms

Cold acclimation is an active adaptive process that is associated with broad mor-
phological, physiological, and molecular changes that demand sustained energy
production as indicated by profound changes in energy metabolism related proteins.
In plants, energy metabolism is usually adjusted with the rate of photosynthesis and
growth. Interestingly, proteomics analysis showed that the abundance of subunits of
mitochondria electron transport chain complexes and ATP synthesizing complex
F0F1 was changed with most of them being significantly decreased during cold
stress treatment [37, 38, 40, 45, 47, 49, 57, 58, 86]. This suggests that energy
production was significantly perturbed which was in agreement with reduced
photosynthesis and growth under such conditions.

5.3.8 Signaling and Gene Regulatory Proteins

In plants, cold stress signal is mainly sensed at the cell membrane through low
temperature induced changes in membrane fluidity and/or rigidity (Fig. 5.2) [2].
However, changes in abundance and conformation of proteins and nucleic acid
and/or metabolites may also serve as signals for sensing cold stress. Changes in
physical properties of cell membrane lead to an increase in cytoplasmic Ca2+

concentration which is thought to be mediated by membrane rigidification-activated
mechano-sensitive or ligand-activated Ca2+ channels [2, 3]. Transient increase in
cytosolic Ca2+ triggers cascades of signaling pathways that lead to changes in gene
expression and is usually followed by synthesis and accumulation of LEA/COR
proteins. Therefore, the abundance of proteins involved in signaling pathways is
expected to change in plants in response to low temperature. In support of this,
proteomics analyses showed changes in abundance of proteins with possible
implication in cold stress signaling. Interestingly, the abundance of 14-3-3 protein
was decreased in wheat and rice plants exposed to low temperature [40, 41, 48].
14-3-3 proteins comprise a large group of highly conserved proteins whose

120 J. Gharechahi et al.



members are responsive to various environmental stresses including cold, salinity,
and drought, but their exact role in plant response to such stresses are largely
unknown. Evidence suggest that 14-3-3 proteins are involved in the regulation of
gene expression and modulation of signaling pathways through physical
protein-protein interactions with transcription factors and signaling proteins [115].
Recent evidences suggest that Arabidopsis RCI1A gene which encodes a 14-3-3 psi
isoform is a negative regulator of constitutive freezing tolerance and cold accli-
mation by controlling the gene expression of COR genes [116]. C2H2-type zinc
finger protein showed an increased abundance in wheat plants subjected to
short-term freezing stress (1 and 3 days at −5 °C) [42]. C2H2-type zinc finger
proteins constitute a large family of transcription factors whose members are known
to be involved in defense and acclimation to different environmental stressors
including cold stress [117]. For example, constitutive overexpression of soybean
C2H2-type zinc finger protein SCOF1, which is induced by low temperature and
ABA but not by dehydration and salinity, elicited the expression of COR genes and
increased tolerance to low temperature in non-acclimated Arabidopsis and tobacco
plants [118].

5.4 Conclusion and Future Perspectives

Exposure to cold stress elicits profound changes in the proteome of plants.
Proteomics studies have shown that the abundance of proteins associated with
critical metabolic and biosynthetic pathways including photosynthesis, carbohy-
drate metabolism, energy metabolism, protein synthesis and processing, and ROS
scavenging change to adjust to cold stress conditions. In particular, proteomic
analyses have clearly demonstrated the accumulation of proteins with protective
role against cold stress including dehydrins, WCS proteins, COR proteins, and LEA
proteins in various crop species. Studying plant proteome in response to cold stress
has greatly improved our understanding about the molecular mechanisms of cold
acclimation. Despite its current limitations in the detection of low abundant proteins
and PTMs, proteomics will continue to expand our knowledge regarding the
molecular basis of cold acclimation. In-depth characterization of plant proteome in
response to cold stress could lead to the identification of proteins that play critical
roles in cold stress tolerance. Proteomics findings can therefore be used for the
improvement of crop tolerance to cold stress through molecular breeding approa-
ches. However, there is a large gap between the proteomics findings and their
application for improving crop tolerance to low temperature that needs to be filled
in the future.
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Chapter 6
How Proteomics Contributes to Our
Understanding of Drought Tolerance

Mehdi Mirzaei, Yunqi Wu, Paul Worden, Ante Jerkovic
and Brian J. Atwell

Abstract Drought is a ubiquitous threat to plant performance, whether in crops or
natural ecosystems. Acclimation responses to drought have been loosely cate-
gorised as escape, avoidance or tolerance, with a gradual reversal of these events
once water is re-supplied. Many analytical disciplines have been brought to bear on
plant organs and tissues experiencing water deficit, including biophysics, physiol-
ogy and the various -omics technologies. One such technique, proteomics, is
supported by an ever-expanding array of technologies that have evolved from
two-dimensional gel electrophoresis and sequencing to various label and label-free
techniques that yield progressively deeper insights into gene expression. These
experiments reveal major changes in abundance of ABA-responsive proteins, heat
shock proteins and proteins involved in defence against oxidative damage. More
surprising is the commonly reported changes in proteins participating in energy
metabolism and down-regulation of photosynthetic proteins. Such experiments
have been greatly enabled by the exploitation of known genetic variation in
‘drought tolerance’ in cereals, with the acknowledgement that yet more drought
resistance mechanisms are certain to exist in unrelated arid-zone species. The next
step will be to interrogate large-scale data sets and construct gene networks
(interactomes) for a more meaningful understanding of the drought phenotype.
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6.1 Introduction

An adequate water supply is essential for cell expansion and all stages of plant
development. Increasing oscillations in climatic conditions and rising demand for
food call for a deeper understanding of the mechanisms of drought tolerance in the
dominant world food crops [1]. While crop plants have a finite capacity to acclimate
to water deficits without manifesting substantial yield reductions, there is abundant
evidence for ecotypes adapted to arid regions surviving during long-term drought.
This raises the question of whether the genes expressed in drought-tolerant geno-
types are targets for yield improvement during transient exposure to drought. Plants
have evolved multiple mechanisms at the morphological, physiological, cell and
molecular levels that all contribute to reduced drought stress. The drought-response
mechanism in crop species can notionally be divided into four basic strategies.
These are neither mutually exclusive nor easily defined conceptually. However,
even though they have fallen from common usage in ecophysiology, these terms
might form a useful framework for design and analysis of proteomics experiments.
They are: drought escape (DE), drought avoidance (DA), drought tolerance (DT),
and drought recovery (DR) [2–6] and will be more carefully defined below (see
Fig. 6.1).

How plants survive and resist drought is governed by a vast array of traits. The
specific suite of traits in any plant community will depend upon the drought regime
(e.g. time courses, intensity, soil type) and thus the precise nature of the selective
pressure on the plant population. For instance, plants from extremely arid places
might have ‘sophisticated’ mechanisms to survive sustained and extreme drought

Fig. 6.1 Some common plant responses to drought and recovery after re-watering
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but these traits might not be operative in a crop species subjected to transient drying
regimes. Further complexity comes from key drought-responsive traits being
expressed in either shoots or roots, thus necessitating tissue-specific sampling for
proteomics experiments. Common traits that play a vital role in survival and growth
during droughts are: osmotic adjustment and generation of organic osmotic agents,
hydraulics, rate of ABA accumulation and ABA responsiveness, stomatal beha-
viour, leaf orientation and reflectance, root response to drought and root-to-shoot
signalling, and biomass partitioning. The wealth of physiological data on drought
responses in many ecosystems and taxa should allow us to target traits of interest
and identify the gene expression changes that characterise trait changes under
drought. This requires a systematic alignment of physiological observations with
gene expression analysis. This chapter is aimed at highlighting some key proteomic
observations in three major cereal species (rice, wheat and barley), with a view to
linking them to physiological drought responses.

Drought escape: the ecological strategy by which plants modify their life cycle
to evade times of most severe water shortage. Plants employ drought escape to cope
with restricted and unpredictable water availability. For such species, high meta-
bolic activity and rapid growth and earlier onset of flowering are hypothesized to
confer a fitness advantage, enabling plants to complete their life cycle before the
most intense period of drought [7]. Raorane et al. [8] studied the effects of drought
stress on two contrasting genotypes of rice-qDTY12.1 481-B (drought tolerant) and
Vandana. They found that in general, the total number of proteins was greater in
tissues from 481-B than in Vandana under drought stress. This may be related to
481-B having more vigorous growth, more lateral root branching and more
meristematic tissue than Vandana. Accordingly, cytoskeleton proteins including
actins, tubulins and expansins, which are highly expressed in actively growing roots
and root hairs, were more abundant in 481-B. Key proteins identified in carbohy-
drate metabolism, such as adenylyltransferase and sucrose synthase, were found to
be more severely down-regulated in Vandana than in 481-B. This suggests that
481-B has stronger source and sink activity, which may result in earlier completion
of its life cycle before severe drought takes effect.

Drought avoidance: the capacity of plants to evade the direct impact of
physiological drought by morphological or metabolic acclimation. A prime
example is increased depth of rooting, morphological and physiological changes in
leaves, and adjustments to photosynthetic pathways, such as a shift to C4 or CAM
metabolism. Rooting depth, volume and density are mainly influenced by the
distribution of soil moisture and fertility through the profile. In the case of soil water
deficit, plants dynamically adapt and modify their root system by changing their
root growth in different manners [9–11]. Mirzaei et al. [12] used proteomics to infer
that drought signal(s) can be transported remotely from part of a root system under
drought stress to the other half of the root system that is well-watered. Such
long-distance drought signals resulted in down regulation of tubulins, while chiti-
nases, which have been reported to play a role in altering root system architecture in
response to various environmental conditions, were up-regulated. Another drought
avoidance strategy is morphological and physiological changes to leaves, reducing
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water loss and enhancing water use efficiency. Shorter-term responses to leaf water
deficit include the partial closure of stomata to reduce transpiration. Events leading
to stomatal closure might also be registered through the proteome but this remains
less clear than the changes that lead to longer-term acclimation. The proteomic
profile of isolated guard cells and analysis of xylem sap might provide clues to the
gene expression responses under sustained drought. For example, a protein similar
to coronatine-insensitive 1 (COI1), which was thought to be involved in stomatal
closure, was found to be up-regulated in a drought-adapted rice cultivar NSG19
after osmotic stress treatment. In addition, expression of a potassium transporter
also increased in response to osmotic stress [13]. Further interacting protein partners
that play a role is regulation of stomatal behaviour are likely to be discovered when
highly reproducible proteomic techniques (protein–protein interaction) can be
applied to ever smaller sample sizes.

Drought tolerance: the acclimation of plants to drought through changes in
gene or protein expression that enable metabolism to proceed in tissues with low
water potentials. Osmotic adjustment and antioxidant defence systems are the most
common mechanisms associated with drought tolerance in plants. Plants accumu-
late a variety of organic and inorganic substances (such as sugars, polyols, amino
acids, alkaloids, and inorganic ions) to increase the concentration of solutes and
thereby reduce the osmotic potential to maintain the gradient of cell water potential
during water stress. This phenomenon is defined as osmotic adjustment [14] but is
generally at the cost of carbon skeletons, therefore imposing a growth penalty in
higher plants. Proteomic analysis of rice leaves indicates indirectly that rice also
utilizes osmotic adjustment to adapt to drought environments. Mirzaei et al. [15]
identified nine aquaporins by imposing different drought stress regimes to rice.
Aquaporins are selective water transport channels in plant cells and regulate the
rapid transmembrane transport of water during the processes of seed germination,
cell elongation, stomatal movements and abiotic stress responses [16, 17]. In
addition to aquaporins, late embryogenesis abundant (LEA) proteins were identified
by proteomics during drought. This family of proteins is usually associated with
developing seeds but was found in droughted leaves under dry conditions. Ke et al.
[18] also reported that LEA proteins were up-regulated in leaves when rice seed-
lings were exposed to drought. LEAs are hyperhydrophilic proteins with extremely
high thermal stability and they can remain in the aqueous state even under boiling
conditions. LEA proteins can protect biological macromolecules, redirect intra-
cellular water distribution and bind to inorganic ions to avoid the damage attributed
to the accumulation of high concentrations of ions under drought stress conditions.
This ultimately prevents excessive dehydration of plant tissues, and controls the
expression of other genes by binding to nucleic acids [19]. Thus their expansive
roles in plants is likely to be elucidated by tissue-specific proteomic experiments,
allowing tissue function to be assigned more accurately to the ‘dehydration
response’.

Oxidative stress commonly occurs along with drought stress. Antioxidant
defence systems are one of the tolerance mechanisms in plants to counter dry
conditions. Not surprisingly, rice has evolved an antioxidant defence system to
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protect itself from polymer damage during drought stress. By using proteomics, Liu
et al. [20] discovered that rice plants express different peroxidases during drought
stress. Peroxidases are the protective enzymes that can protect cells against damage
from excessive reactive oxygen species (ROS) which if left unchecked is a large
part of plant abiotic stress impact. Thus, through proteomics, we have seen that rice
tissues can mount an antioxidant defence to enhance drought tolerance.

Drought recovery: the capacity of plants to resume normal metabolism, growth
and development after an episode of drought stress. Reversing the effects of
drought, even when plants have acclimated to it by avoidance or tolerance, is
critically important to the drought-affected plant and therefore an important field of
proteomic study. The resulting data hopefully provide bona fide evidence that the
genes postulated to acclimate the plant to drought are a direct response to the stress
event if they are equally down-regulated during re-watering. Many proteomic
studies have shown that rice can resume normal metabolism when re-watered after
moderate but non-lethal drought. Mirzaei et al. [15] noticed that proteins induced by
drought stress, like stress-responsive proteins, signalling and transport proteins,
were repressed by re-watering. In a different study, Salekdeh et al. [21] found that
all proteins, differentially expressed in rice during water deficit could completely or
largely recover to the abundance of the well-watered control by 10 days after
re-watering, whether the rice was a lowland or upland variety.

Drought resistance in plants is highly polygenic. By using proteomics, we can
identify novel elements of the physiological response to drought when careful
sampling is combined with tightly controlled drought treatments. However, our
understanding of the regulatory networks and the crosstalk between the signalling
pathways under drought-prone conditions is still fragmentary. We have a long way
to go to comprehensively and intensively understand the biological functions
related to drought response, and draw a clear picture of the complete regulatory
network.

6.2 Rice and Water Deficits

Rice is one of the most widely consumed staple foods with around half of the
world’s population dependent on it for survival. As a model plant, it is also a
surprisingly powerful experimental tool because of its vast and well-documented
genetic diversity, including a degree of drought tolerance in some upland landraces
and hybrids. In recent years, scientists have identified numerous proteins involved
in drought response of rice, and have made substantial progress in the genetic
improvement of drought resistance. Drought and rising temperatures are a major
concern for rice crops in particular, as they are sensitive to drought [22]. These
abiotic events are among the most significant environmental factors affecting rice
yield worldwide. Despite improved technology in forecasting drought, it is an
unavoidable feature of our global climate and thus mitigation through breeding and
biotechnology is a high priority. The small genome, well documented biodiversity
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and gene synteny between rice and other important cereals makes it an ideal model
for crop research. There is now substantial literature on quantitative proteomic
analysis of drought stress in rice, pointing to effects on metabolic and regulatory
networks that link defence against stress to development, growth, and reproduction.
The following paragraphs describe recent experimental methods, proteomic
approaches and findings related to drought stress in rice.

6.2.1 Panicle Exsertion and Spikelet Sterility

Intermittent drought causes the failure of panicle exsertion and increases spikelet
sterility in rice [23]. The rice cultivar IR64 was grown to maturity in liberally
watered 3-kg pots of fine-textured soil until three days before heading, when
drought stress was imposed by removing standing water and withholding water for
another three days, followed by re-watering. Protein was extracted from the
peduncle, followed by separation using 2-DE (2-dimensional gel electrophoresis).
This approach reproducibly resolved over 500 protein spots with 31 spots showing
significant differential expression under the simulated drought conditions. These
drought-induced proteins were identified by MALDI-TOF mass spectrometry.
Among the drought-responsive proteins, six of them were ABA-responsive, such as
group 6 LEA, LEA type 1 protein and ABA/WDS-induced protein. Induction of
LEA proteins is associated with a rise in the level of ABA and growth retardation.
This may be connected with the observation that peduncle growth arrests during
drought. Another protein putatively connected with cell elongation and cell wall
biosynthesis is xyloglucan endotransglycosylase (XET), and it was down-regulated
by drought cycles. In addition to ABA-responsive proteins and xyloglucan endo-
transglycosylase, S-adenosylmethionine (SAM) synthetases were found to be an
essential group affecting peduncle growth. Vascular tissues are highly lignified and
the biosynthesis of lignin consumes SAM. As a result of the down-regulation of
SAM synthetases under water deficit, the availability of SAM for lignin biosyn-
thesis is constrained and consequently impairment of peduncle growth is seen.

To further investigate the proteomic response to abiotic stress in spikelets,
Jagadish et al. [24] imposed a combination of water-deficit with high temperature
stress on an indica rice (cv. Nagina N22). Total soluble protein extracted from
spikelets were analysed by 2-DE and then identified by MALDI-TOF mass spec-
trometry. Approximately 500 protein spots were revealed by 2-DE, of which 29
spots showed differential expression to water deficit, heat, and/or combined stress.
Mass spectrometry identified pollen allergens, low-molecular-weight heat shock
proteins (HSPs), beta expansin, soluble inorganic pyrophosphatase, putative fruc-
tokinase and two unknown proteins. The expression levels of these proteins was
characteristic of water deficit, heat stress and/or combined stress. However, heat
shock proteins had much higher expression levels under combined stress than with
independent water deficit and heat stress. Further proteomic studies are essential to
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consolidate the conclusions drawn from the 2-DE expression data, which are
complex and require cautious interpretation.

Crop yield is most sensitive to water deficits during the reproductive stage and
the most sensitive yield component is spikelet fertility. To discover the mechanism
by which rice responds to drought during the reproductive stage, Liu and Bennet
[20] examined the effect of drought on the anther proteome of two contrasting rice
genotypes to water stress. Fresh anthers from the top of four rachis branches at
various stages in IR64 (drought sensitive) and Moroberekan (tolerant), or mature
pollen grains at anthesis after drought/re-watering in IR64 were collected. Protein
from these tissues were extracted and separated by 2-DE. Ninety-three proteins
were observed to change in abundance in the drought stressed plants across two rice
genotypes. Upon re-watering, expression levels of 24 of these protein spots were
unchanged in both genotypes. Illustrating the cultivar contrast, sixty protein spots
were unchanged in IR64 but returned to control levels in Moroberekan after
re-watering, while only nine protein spots maintained their abundance in
Moroberekan when the homologous proteins in IR64 returned to control levels. The
most interesting candidates are the 14 drought-induced proteins that were novel in
IR64 and did not change on re-watering. By contrast, of the 13 drought-induced
proteins in Moroberekan, ten returned to control levels on re-watering, including six
drought-induced protein spots that were not reversed by re-watering in IR64. Such a
proteomic analysis provides some insights into drought responses, specifically
showing that the drought-tolerant genotype, Moroberekan, recovered better fol-
lowing re-watering at the anther proteome level than the drought-sensitive genotype
IR64.

6.2.2 Panicle Proteome

The panicle proteomes of two upland rice varieties exposed to hyperosmotic stress
were investigated by Huang et al. [25]. Seedlings of the two varieties, Zhonghan 3
and IR29 were grown to the sixth stage of panicle primordial differentiation. They
were then treated with 15 % PEG 6000 for 10 days followed by cultivation in
Kimura B solution until harvest. Proteins were extracted from panicle tissue fol-
lowed by 2-DE separation. Over 800 protein spots were reproducibly detected. Of
these spots, 38 showed significant changes in abundance under drought stress. The
proteins were analysed by MALDI-TOF mass spectrometry, which identified 22 out
of the 38 differentially expressed proteins. The identified proteins were categorised
into four functional groups. They include (1) energy production, (2) metabolism,
(3) stress defence and (4) protein transport. Five of the identified proteins were
related to energy production. Among them, three were involved in glycolysis and
the other two were involved in photosynthesis. Proteins involved in metabolism
include mitochondrial glycine decarboxylase, arginase, UDP-glucose-6-
dehydrogenase (UGDH) and UDP-D-glucuronic acid decarboxylase (UXS).
Stress defence proteins were the major group of differentially expressed proteins

6 How Proteomics Contributes to Our Understanding of Drought Tolerance 135



under osmotic stress. These identified proteins were HSP70, a glyoxalase 1 and five
ascorbate peroxidases (APX’s), three APX1s and two APX2s. Importin was the
only protein identified in the protein transport category. While the proteins iden-
tified are functionally disparate, this study highlights the importance in maintaining
the energy supply and removing ROS under hyperosmotic stress conditions.

6.2.3 Grain Filling and Inferior Spikelets

The mechanism of rice grain filling and the response of inferior spikelets to drought
stress was investigated by Dong et al. [26]. Rice seedlings were exposed to severe
drought. Panicles were harvested 7 and 14 days after anthesis then iTRAQ labelling
was performed followed by LC-MS/MS analysis. Proteins involved in starch
biosynthesis showed impaired activity under drought stress. The low activities of
ADP-glucose pyrophosphorylase, granule-bound starch synthase, sucrose synthase
(SuSase) and other starch biosynthesis-related proteins in inferior spikelets were the
likely cause of the slow grain filling rate under drought stress. Impaired grain-filling
is ascribed to inefficient starch biosynthesis, possibly enhancing the concentration
of soluble carbohydrates. In contrast to starch biosynthesis, various stress responses
were enhanced under excessive water stresses.

6.2.4 Yield

Raorane et al. [8] studied the effects of drought stress on rice yield of two different
genotypes, qDTY12.1 481-B (drought tolerant) and Vandana. Seedlings were
exposed to simulated drought by an automated field rainout shelter, where irrigation
was stopped at 35 days after sowing. Developing spikelets, flag leaves and root
crowns were sampled after 71 days of growth. Samples were labelled with six
different Tandem Mass Tags (TMT’s) and analysed by nano-LC/MS/MS. In gen-
eral, the total number of proteins was greater in tissues from 481-B than in Vandana
under drought stress. This may be related to 481-B having more vigorous growth,
more lateral root branching and more meristematic tissue than Vandana.
Accordingly, proteins including actins, tubulins and expansins, which are highly
expressed in actively growing roots and root hairs, were more abundant in 481-B.
On the other hand, a lower photosynthetic rate in the flag leaves of 481-B was
found under drought conditions, consistent with a lower abundance of proteins
involved in photosynthesis. Proteins like the membrane extrinsic subunit of
Photosystem II (PsbP) and oxygen-evolving enhancer protein, which take part in
the light-dependent photosystem reactions, were less abundant in 481-B than in
Vandana. Enzymes involved in the photorespiratory pathway such as glycolate
oxidase, glycine dehydrogenase and serine hydroxymethyltransferase were higher
in abundance in 481-B. As mentioned, antioxidant enzymes play an important role
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in neutralizing ROS under stress conditions. Also, increased amount of ascorbate
peroxidase and glutathione peroxidase were reported in 481-B under drought.
These proteins help support ROS detoxification and signalling process to maintain
cellular homeostasis. Maintenance of carbohydrate metabolism under drought
conditions is important for grain yield. Key proteins identified in carbohydrate
metabolism, such as adenylyltransferase and sucrose synthase, were found to be
more severely down-regulated in Vandana than in 481-B. This suggests that 481-B
has stronger source and sink activity, which results in the better carbohydrate
delivery to grain and improved yield under drought conditions when compared with
Vandana.

6.2.5 Flag Leaf Proteome

To explore the biochemical response to water deficits in the field during the
reproductive stage in rice, Ji et al. [27] compared the proteomes of a drought sus-
ceptible (Zhenshan97B) and a drought tolerant (IRAT109) cultivar. Seedlings of
both cultivars were grown for 30 days then drought stress was applied by draining
water slowly at the booting stage. Flag leaves were collected for 2-DE separation
followed by MALDI-TOF-MS analysis. Orthophosphate dikinase, glycine dehy-
drogenase, ribulose bisphosphate carboxylase (Rubisco), glycine hydroxylmethyl-
transferase and ATP synthase were all down-regulated for Zhenshan97B in response
to drought stress. This implies that there was a reduction in the capacity of carbon
assimilation in this rice cultivar, either as a direct or downstream effect of drought. In
the drought-stressed IRAT109, transketolase and rubisco were down-regulated;
however, rubisco activase and peptidyl-prolyl cis-trans isomerase—which might
enhance the activity of rubisco by drought stress—were both up-regulated. The
increase in abundance of chloroplastic superoxide dismutase [Cu–Zn] and dehy-
droascorbate reductase indicate antioxidant protection for IRAT109 during
dehydration.

6.2.6 Leaf Sheath Proteome

The mechanisms of how rice sheaths respond to different osmotic stresses were
investigated by Zang et al. [28]. They monitored protein expression in the basal part
of rice leaf sheaths under various osmotic stresses. Rice cultivars Nipponbare and
Zhonghua were grown for two weeks and were then transferred to containers with
mannitol solution (0.5–2.5 MPa osmotic pressure) for 24–120 h. Similarly, seed-
ling pots were transferred to plastic containers containing the solutions of 150 mM
NaCl or 50 lM ABA. In the drought experiment, water was withheld at two weeks
after sowing and the samples were collected when plants had lost 50 % fresh
weight. Protein extracted from leaf sheath was separated by 2-DE, followed by
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MALDI-TOF MS analysis. The expression pattern of 15 proteins had significantly
changed under osmotic stress induced by mannitol, where at least six proteins were
identified as important components in the glyoxalase, lipid accumulation and
proteasome regulatory pathways through endoplasmic reticulum stress. Similar
changes in protein expression patterns were seen in rice that was exposed to NaCl,
ABA or drought stress, in spite of the dramatically different time frames over which
stresses were applied. The similarity in response for the different stress treatments,
different tissues and different cultivars, underscores the likelihood that the proposed
pathways are involved in plant response to osmotic stress.

6.2.7 Leaf Proteome

Salekdeh et al. [21] examined two contrasting genotypes-IR62266-42-6-2 (lowland
indica) and CT9993-5-10-1-M (upland japonica) to determine the identities of
differentially expressed proteins and whether expression is reversed on rewatering.
The contrast of drought-sensitive and drought-tolerant accessions was intended to
add insights to drought tolerance. Drought was initiated by withholding water at
20 days after sowing (DAS). At 43 DAS, stressed plants were rewatered. Leaf
samples were collected from both stressed and rewatered plants. Proteins were
extracted from leaf samples and separated by 2-DE followed by MALDI-MS
analysis. Forty-two spots out of more than 1000 protein spots showed significant
differential expression under stress, with 27 of them exhibiting a different response
pattern between the two cultivars. Reassuringly, only one protein (chloroplast
Cu–355 Zn superoxide dismutase) changed in both the cultivars when grown under
drought stress, increasing in one cultivar while decreasing in the other. The
up-regulated proteins seen in the droughted CT9993 were not affected in IR62266.
Similarly, proteins were down-regulated in IR62266 remained unchanged in
CT9993. At 10 days after rewatering, all protein levels had returned to normal, as
seen in the well-watered control. Mass spectrometry enabled the identification of 16
drought-responsive proteins, including an actin depolymerizing factor, which was
one of three proteins detectable under stress in both cultivars but undetected in
well-watered plants or in plants 10 days after rewatering.

Protein phosphorylation has been recognized as an important mechanism for
stress signalling. To identify the differential expression of proteins and phospho-
proteins induced by drought, Ke et al. [18] imposed drought stress on two-week-old
rice seedlings. Total protein extract were separated by 2-DE and probed by
immunoblotting using a phosphor-amino acid-specific antibody followed by mass
spectrometry analysis. Three drought-responsive proteins were identified: late
embryogenesis abundant (LEA)-like protein and chloroplast Cu–Zn superoxide
dismutase (SOD) were up-regulated, whereas Rieske Fe–S precursor protein was
down-regulated. In addition, ten drought-responsive phosphoproteins were identi-
fied: NAD-malate dehydrogenase, OSJNBa0084K20.14 protein, abscisic acid (and
stress-inducible protein), ribosomal protein, drought-induced S-like ribonuclease,
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ethylene-inducible protein, guanine nucleotide-binding protein beta subunit-like
protein, r40c1 protein, OSJNBb0039L24.13 protein and germin-like protein 1.
Despite the identification of these drought-responsive proteins, their function in the
drought stress response remains to be determined. Post-translational modifications
are likely to play a major role in short-term stress responses and deserve close
attention in future studies of the basis of drought tolerance.

The patterns of gene expression in Oryza sativa cv. Nipponbare leaf under water
deficit were investigated by Mirzaei et al. [15]. Thirty-five-day-old plants were
subjected to gradual drought by withholding water for 14 days. Proteins extracted
from the youngest fully expanded leaf samples were separated on 10 % Bis-Tris
polyacrylamide gels before being analysed by nanoflow LC-MS/MS using an
LTQ-XL ion-trap mass spectrometer. A total of 1548 proteins were reproducibly
identified across all treatments. Three major groups of protein including aquaporins,
small G-proteins, small heat-shock proteins (HSPs) and V-ATPases, appeared to be
responding to drought and re-watering. Aquaporins, which include six isoforms of
plasma membrane intrinsic proteins (PIP1-1, PIP1-2, PIP2-1, PIP2-2, PIP2-6 and
PIP2-7) and three isoforms of tonoplast intrinsic protein (TIP1-1, TIP1-2 and
TIP2-2), were all differentially expressed. These proteins were lower in abundance
in response to moderate drought stress: however, they had considerably increased
as the drought became more severe. Nine small GTP-binding proteins were iden-
tified, of which six were abundant and unique to the extreme drought conditions.
Also, nine signal transduction proteins (small G-proteins) showed increased
expression levels in drought conditions. Only six of these proteins were identified in
drought, while the other three proteins were identified in all conditions. The
abundance of these proteins was higher in the extreme drought conditions.
Furthermore, this study identified four HSPs, three of which were expressed con-
sistently across all treatments, while heat-shock cognate 70 kDa protein was
down-regulated in extreme drought. V-ATPases, which are known as enzymes that
play a role in stress response and undergo stress-related modifications, were also
identified in this study. Among these, vacuolar proton pump subunit d protein was
detected only in extreme drought, while the other four proteins were found in all
treatments, predominantly in extreme drought conditions. In short, changes
observed in multiple isoforms within individual protein families are interesting and
important as a clue to the functional roles that proteins such as aquaporins play in
drought response.

The shoot proteome was also studied by Mirzaei et al. [29] when part of the root
system experienced water deficit while the other parts had sufficient access to soil
water. The roots of rice seedling were separated into two compartments of a pot for
split-root culture. After 14 days of growth, watering was stopped in one-half of
each pot, producing a root system that is partially wet and partially dry. Shoot
proteins were extracted and then separated on SDS-PAGE. Extracted gel tryptic
digests were analysed by nanoLC-MS/MS and resulted in identification of 1383
reproducible proteins across all conditions. The patterns observed were interesting
in that in categories such as protein metabolism and oxidation-reduction, substantial
numbers of proteins were greatest when leaves were receiving signals from “wet”
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and “dry” roots. In other categories such as transport, several key transporters were
surprisingly abundant in leaves supported by partially or completely droughted root
systems, especially plasma membrane and vascular transporters. Stress-related
proteins behaved very consistently by increasing in stressed plants but notably some
proteins were most abundant when roots of the same plants were grown in both wet
and dry soils. Changes in carbohydrate-processing proteins were consistent with the
passive accumulation of soluble sugars in shoots under drought, with hydrolysis of
sucrose and starch synthesis both enhanced. This study suggests a complex of
drought signals interacting in the leaf and shows the power of classical physio-
logical techniques such as split-root systems to elucidate novel proteins and the
signals that induce them.

To illustrate a comprehensive network of rice in response to drought, Shu et al.
[30] applied genetic, proteomic and metabolic approaches to study rice seedlings
exposed to drought stress. IRAT109, an upland rice cultivar, was used in the study.
Thirty days after sowing, drought was initiated by withholding water for period of
up to nine days. Leaf samples were collected and extracted before SDS-PAGE
separation. Protein spots were then analysed by MALDI-TOF/TOF. Genetic and
metabolic analyses were performed using the same sample tissue. Results indicated
that 71 protein spots were significantly altered, with 60 spots successfully identi-
fied. The greatest down-regulation protein functional category was translation,
presumably compromising the acclimation to stress. The major up-regulated pro-
teins were related to protein folding and assembly. In addition, many proteins
involved in metabolism showed change in level of expression. cDNA microarray
and GC-MS analysis showed 4756 differentially expressed mRNAs and 37 dif-
ferentially expressed metabolites. This study suggests that increased energy con-
sumption from storage substances occurred during drought. In addition, increased
expression of the enzymes involved in anabolic pathways accorded with an increase
in the content of six amino acids. Analysis of these basic metabolic networks
provides an opportunity to understand how rice plants acclimate to drought
conditions.

6.2.8 Root Proteome

In a separate study to the leaf proteome study, analysis of long-distance drought
signalling in rice roots was also performed by Mirzaei et al. [12]. Rice (Oryza sativa
L. cv. IR64) was grown in split-root systems to analyse long-distance drought
signalling within root systems. Thirteen-day-old seedlings were transplanted into
pots for split-root culture. An internal wall divided each pot into two equal parts
allowing for equal distribution of soil and water between the parts. Equal propor-
tions of the root system of each seedling were distributed between the compart-
ments. Water was withheld in one compartment and the other compartment was
well-watered for 14 days. Protein extracted from roots were separated by 1-DE and
the protein bands were analysed by nano LC-MS/MS. There were 1487
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non-redundant proteins identified in the root tissues. By comparing proteins in
well-watered root tissue and adjacent droughted roots, 126 proteins were
down-regulated and 90 proteins were up-regulated. Surprisingly, there was a large
change in the proportion of total gene expression between the well-watered roots
with and without a vascular connection to droughted roots. This leads to the con-
clusion that water supply can alter gene expression remotely, either by inhibiting
exported signals or eliciting drought response by long-distance signalling.

Rabello et al. [31] analysed the roots of rice using both genomic and proteomic
approaches. Two contrasting genotypes, Prata Ligeiro (drought tolerant) and
IRAT20 (drought sensitive) were selected for the study. Drought stress was applied
for 21 days from anthesis. Total protein was extracted from roots of both genotypes
before separation by 2-DE. Protein spots were then analysed by MALDI-TOF. The
proteomic approach allowed the identification of 307 overlapping spots from both
genotypes, with 156 proteins exclusive to the tolerant genotype and 215 proteins
exclusive to the susceptible genotype. In general, the tolerant genotype produced
higher abundance of proteins associated with cell protection against oxidative
damage. On the other hand, the susceptible genotype showed a higher diversity in
the protein profile, surprisingly revealing more unique proteins than the tolerant
one. This reinforces the importance of detailed functional analysis, including pro-
tein interactivity in understanding tolerance mechanisms, rather than simple counts
of proteins or peptides.

Recently, Paul et al. [32] looked at the protein abundance changes in roots from
transgenic rice cultivars under drought stress. Rice cultivar BRs 29 and an
Arabidopsis DREB1A-overexpressing homozygous transgenic BR-29 was used as
a wild-type drought-sensitive control and transgenic drought-tolerant line respec-
tively. Drought stress was imposed by withholding water for seven days. Proteins
extracted from root tissue were separated by 2-DE and then analysed by
MALDI TOF MS/MS. The majority of identified proteins that changed in abun-
dance belonged to carbohydrate and energy metabolism. Stress and defence-related
proteins including peroxidase 2, L-ascorbate peroxidase 1 and chitinase were
especially up-regulated under drought stress in both wild-type and the transgenic
plants. In addition, a novel protein, R40C1 was observed to be up-regulated in roots
of the transgenic plant, which may play an essential role in acquisition of drought
tolerance.

6.2.9 Nuclear Proteome

The nucleus is the regulatory hub of the eukaryotic cell, with the resident DNA
under continual modulation by signal molecules which control transcription,
nucleotide modifications and thus, the transcriptome. To reveal molecular mecha-
nisms of drought-responsive adaptation in rice, Choudhary et al. [33] published the
first comprehensive nuclear proteome of rice. Seeds of eight rice varieties
(Azucena, Anjali, Buddha, IR-64, IR-20, Moroberekan, Rasi and Vandana) were
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grown in well-watered soil then gradually dehydrated for four weeks by with-
drawing water: tissues were harvested up to 120 h later. Nuclear protein extracts
were separated by 2-DE and then analysed by electrospray ionization LC/MS/TOF.
The differential display of nuclear proteins in the tolerant variety under drought
stress revealed 150 spots that showed alteration in their intensities by more than
2.5-fold. Proteomics analysis led to the identification of 109 differentially expressed
proteins because of drought, putatively involved in a variety of functions such as
transcriptional regulation and chromatin remodelling, signalling and gene regula-
tion, cell defence and rescue, and protein degradation. The dehydration-responsive
nuclear proteome displayed a coordinated response, including both regulatory and
functional proteins, revealing some of the molecular mechanisms of acclimation to
dehydration. However, shock-induced responses are always a risk in such
short-term stress treatments.

Jaiswal et al. [34] found a functional link between dehydration-responsive
pathways in the nucleus by investigating the rice nucleus proteome under drought
stress. Rice seedlings of both the rice cultivars (Oryza sativa L.; cv. IR-64 and Rasi)
were grown in mixture of soil and soilrite. Dehydration stress was imposed on
four-week-old seedlings by withdrawing water, and the aerial parts were harvested
sequentially up to 120 h. Nuclear proteins were then prepared for 2-DE separation
followed by mass spectrometric analysis. The comparative analysis of
dehydration-responsive nuclear proteome revealed relatively lower abundance of
dehydration-responsive proteins (DRPs) in cv. IR-64 compared with Rasi. Among
the identified proteins, 78 were predicted to be targeted to the nucleus. The total
number of protein spots detected in cv. IR64 was higher when compared with that
of Rasi, while the number of DRPs was found to be smaller in the intolerant rice
cultivar. Forty-three percent of the DRPs were found to be different between the
two cultivars, indicating distinctive nuclear proteomes. In addition, a functional
association network of the DRPs of cv. IR-64 was constructed to show that a
significant number of the proteins are capable of interacting with each other.

6.2.10 Summary

In this section, we have shown a wide range of proteomic studies focusing on rice
under drought stress, mainly using classical 2-DE. The opportunities afforded by
accessions and cultivars of rice with contrasting tolerance to drought have been
heavily exploited, yet more remain. Improved proteomic platforms will enable
multiple genotype comparisons and more confidence in the identification of key
markers and/or pathways. Similarly, the march of technologies and ever-improved
databases are reducing the uncertainties about protein identity and expanding the
range of tissues that can plausibly be sampled. For example, a primary target has to
be pollen, a vulnerable tissue in plant development. Patterns of gene expression
response to drought from these disparate studies are emerging, with the most
common stress responses being oxidation-reduction, metabolism, and less so,
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change to carbohydrate turnover, cytoskleletal changes, transport, and energy
metabolism. One hopes that this will lead to markers for drought tolerance. While
the number of genes that appears to be altered in activity during drought might be
small when compared with the entire proteome, indications are that the use of
multiple markers will still be required to make gains in drought resistance in rice.

6.3 Wheat and Water Deficits

More wheat is harvested worldwide than any other grain. As a dryland crop that
extends into low rainfall zones, there has been much focus in recent years into the
effects of drought stress [35–37]. Drought stress is especially detrimental to the
reproductive and grain-filling stages, resulting in depressed yields [38]. It is likely
that further oscillations in climatic conditions could lead to catastrophic food supply
shortages through periodic failure of dryland cereal crops.

6.3.1 Wheat Grain

Proteomic analysis of wheat and barley was first performed as early as 2001 and
2002 [39, 40] but the first proteomic study specifically into the effect of drought on
wheat was performed in 2007 by Hajheidari et al. [41]. In this study, two
drought-susceptible genotypes (Arvand and Kelk Afghani) and one
drought-tolerant genotype (Khazar-1) were investigated. Mature seeds were har-
vested after drought treatment and protein extract from the seeds were separated
using 2-DE. There were 121 distinct protein spots detected, with 57 of them being
identified by MALDI-TOF/TOF. The largest functional class of the differentially
expressed proteins (27 out of 57 total) were involved in abiotic defence. While most
of these proteins were up-regulated in all cultivars, the expression levels were
highest in the drought-tolerant cultivar. The majority of these proteins are involved
in ROS scavenging. There was also a number of isoforms of a-amylase inhibitors
that were up-regulated in the tolerant and down-regulated in the susceptible
genotypes. Protein synthesis and assembly (thirteen proteins) and metabolism (ten
proteins) were the next largest functional groups detected.

Jiang et al. [42] investigated the proteome of developing wheat grain exposed to
drought. One drought-tolerant (Kauz) and one susceptible (Janz) wheat cultivar
were subjected to drought. To simulate drought after heading, soil water content
was maintained at one-third of the water content in the control pots. Grain samples
from the middle spike were collected at 10, 15, 20 and 25 days post-anthesis.
Protein extract from grain samples were separated by linear and non-linear 2-DE.
There were 153 differentially expressed protein spots observed, which were iden-
tified by MALDI-TOF and MALDI-TOF/TOF. The results showed that detoxifi-
cation and defence proteins (ROS scavengers, peptidase inhibitors and
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salt-stress-responsive proteins), proteins involved in carbohydrate metabolism
(ADP-glucose pyrophosphorylase, sucrose synthase, and aldose reductase), and
proteins involved in signal transduction (WD40 and G-beta like protein), were all
more abundant in the tolerant cultivar under drought simulation. The photosynthetic
oxygen evolving enhancer proteins were up-regulated in both cultivars at the first
two sampling stages, while the expression of oxygen evolving enhancer protein
subunit 1 was lower in the susceptible cultivar in the last two stages. These dif-
ferentially expressed proteins could be related to the biochemical pathways for
stronger drought resistance of Kauz.

In another time point study, Ge et al. [43] investigated the effects of drought on
the wheat grain proteome over time in order to understand proteomic changes in
developing wheat kernels. Ningchun 4 (tolerant) and Chinese Spring (susceptible)
were subjected to a watering regime of one-third the level of the control, starting
12 days prior to heading. Samples were collected 10, 14, 18, and 26 days after
flowering (DAF). One hundred and fifty-two significant protein spots were
observed by 2-DE, with 96 identified with MALDI-TOF. From these, the three
largest functional protein classes seen were carbohydrate metabolism,
stress/defence, and photosynthesis (39, 18, and 13 %, respectively). Common stress
defence proteins were detected in both cultivars (SOD, CAT, APX), while the
growth regulator translationally controlled tumor protein was generally
up-regulated only over time and only in the tolerant cultivar. In the early stages of
grain development, HSP70 was increased, while LEA increased at later stages—
more so for stressed samples than controls. Enzymes involved in glycolysis and
tricarboxylic acid cycle (TCA) were also upregulated under drought, such as
GAPDH, cytosylic 3-phosphoglycerate kinase, and malate dehydrogenase.
b-amylase was up-regulated in both cultivars, while sucrose synthases were
up-regulated more in the tolerant cultivar, the latter potentially giving the tolerant
cultivar more energy for stress responses. Moreover, higher expression of
triosephosphate isomerase in drought-tolerant wheat, which may act in Ningchuan 4
to enhance energy generation and promote water potential via the sucrose
biosynthesis pathway, indicates that this cultivar also has a greater tolerance to
water stress. Homeostasis of photosynthesis also appears more effective in the
tolerant cultivar, with general up-regulation of the RuBisCO large subunit and an
early up-regulation of the oxygen evolving complex (OEC), followed by a gradual
decrease over time.

6.3.2 Wheat Leaf

In addition to the drought-affected wheat grain proteomic studies, Caruso et al. [44]
performed an experiment looking at the proteome of leaves in drought-affected
wheat. In this study, durum wheat seedlings (T. durum cv. Ofanto) were subjected
to seven days severe drought in order to identify proteins involved in drought-stress
response. Leaf protein extract was separated by 2-DE. Thirty-six proteins were
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identified as being differentially expressed, all of which were identified by
MALDI-TOF. The 36 proteins identified belonged to six different functional
classes; Calvin cycle (9 %), glycolysis and gluconeogenesis (18 %), amino acid
biosynthesis (12 %), ROS scavenging (15 %), defence (6 %) and
post-transcriptional regulation (3 %). In the drought-affected wheat seedlings,
proteins involved in photosynthetic mechanisms, such as photosystem II, were
up-regulated, possibly as part of the shift in the light/dark reaction activity.
RuBisCO subunits and other associated proteins were generally down-regulated,
possibly to reduce ROS production. In contrast, ROS scavenging proteins were all
up-regulated, as were most proteins involved in amino acid and amine biosynthesis
(S-adenosylmethionine synthetase, glutamine synthetase). Amino acid and amine
biosynthesis is important to provide substrates for protein production, osmoregu-
lation and ROS scavenging.

Ford et al. [44] investigated the response to drought over time in three Australian
wheat cultivars, Kukri (drought susceptible) and Excalibur and RAC875 (both
drought tolerant). All three were placed under increasing drought stress after
emergence of the first flag leaf. Samples of mature leaves were taken on day 5, 14
and 24 and after re-watering on day 25. One hundred and fifty-nine proteins were
identified by 8-plex iTRAQ, and LC-MS/MS. Proteins involved in photosynthesis
were slightly down-regulated in the tolerant cultivars. Upon re-watering, the most
drought-tolerant cultivars displayed the least number of differentially expressed
photosynthesis-related proteins. This indicated that it had the fastest response in
returning to normal state. Proteins involved in ROS scavenging (CAT, SODs,
chloroplastic and cytosolic Cu/Zn-SOD) were detected in all of the treated cultivars.
In the tolerant cultivars, ALDH and geranylgeranyl reductase increased only under
drought. Glycolysis and gluconeogenesis, protein folding, transport, and defence,
were up-regulated in all cultivars during drought, where the proteomes in the tol-
erant varieties recovered the fastest. RAC875 (tolerant) showed the highest number
of Calvin cycle related proteins at the first time-point; Kukri (susceptible) had the
highest at the second time-point; and Excalibur (tolerant) had the highest at the third
time-point. This result suggests that RAC875 (tolerant) has strategies to respond to
drought quickly through increased Dark Reaction activity. Kukri (susceptible) is
slightly slower to respond, whereas Excalibur (tolerant) might have other physio-
logical factors that allow it to resist early drought effects for longer.

To investigate drought response in leaves, as well as to identify candidate genes
for breeding programs, Budak et al. [45] compared the proteomes of two wild
emmer wheats (TR39477 and TTD22) and durum wheat (Kiziltan) under drought
conditions. In their experiment, plants were grown for four weeks under normal
conditions, followed by nine days without watering after which the leaves were
harvested. Seventy-five differentially expressed protein spots were observed in the
2-DE gels, of which, 66 were identified using nanoLC-ESI-MS/MS. The major
functional class of proteins that were up-regulated during drought were those
involved in carbohydrate transport and metabolism. Other proteins that were
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up-regulated were proteins involved in photosynthetic processes. Proteins such
RuBisCO isoforms were at higher levels in all cultivars, especially in the wild
emmer wheats. The next largest class was those involved in energy production and
conversion, with ion transporter proteins up-regulated in wild emmer, which con-
versely appeared to down-regulate parts of its photosynthetic machinery. Amino
acid transport and metabolism made up another large functional class. The more
susceptible variety had higher methionine synthase levels, possibly because
selection favoured processes involving growth over stress tolerance in durum
wheat. Polyamine oxidase levels were higher in the tolerant variety, despite being a
source of H2O2. These results suggest that the wild tolerant variety may have an
ancient alternative line of defence against abiotic stress.

In understanding the importance of phosphorylation in response to drought,
Zhang et al. [46] investigated the phosphoproteome in the leaves of two drought
tolerant wheat cultivars (Hanxuan 10 and Ningchun 47). Wheat was grown nor-
mally until the three-leaf stage and then exposed to drought conditions (20 % PEG)
for 48 h. At the end of the drought period, the second leaf was harvested and
proteins were extracted. Phosphorylated peptides were endoproteinase-digested and
the subsequent peptides were enriched using TiO2 beads. Quantification and
identification of the phosphopeptides was by LC-MS/MS. It was found that both
tolerant cultivars had similar numbers of significantly expressed phosphorylated
proteins: 173 for Hanxuan-10 and 227 for Ningchun-47. Approximately 96–97 %
of the proteins detected were class I phosphorylated, so class II and III were ignored
in this study. Of class I, the most numerous were related to signal perception and
transduction, which include kinases and phosphatases that respond to ABA as well
as the Ca2+ second messenger (phosphorylated SnRK homolog, PP2C, kinases,
calcium responsive proteins, transcription factors, basic helix-loop-helix and CCCH
domain-containing). Phosphorylated transcription factors were another class of
proteins often detected and included a number of proteins with zinc finger CCCH
motifs, which are speculated to be involved in RNA processing (TaABI5-1,
MYB1R1, bHLH, and zinc finger containing CCCH domain). Another common set
of phosphoproteins observed were those involved in the transport of water, sugar
and hydrogen ions (aquaporins, NOD26-like membrane integral proteins,
monosaccharide sensing protein 2, H+-ATPase and CCCH containing proteins).
Lastly, phosphoproteins involved in stress defence, osmotic protection and ROS
scavenging, were also detected (stress-associated protein, Aspergillus giganteus
antifungal protein, three E3 ubiquitin ligases, hydrophilic osmoprotectants, WCOR
and LEA proteins, glutamate decarboxylase 1 and glutathione peroxidase 4). From
these results, it appears that ABA and Ca2+ cause a phosphorylation cascade to
signal perception and transduction proteins, which in turn phosphorylate a number
of transcription factors. The latter induce or suppress the production of another set
of proteins involved in the drought stress response, with a subset of these proteins
being themselves phosphorylated.
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6.3.3 Wheat Roots

The proteome of wheat roots exposed to simulated drought stress was investigated
by Alvarez et al. [47]. In their experiment, the plant hormone abscisic acid
(ABA) was used to initiate a simulated drought response in the drought-tolerant
(Nesser) and drought-sensitive (Opata) wheat varieties. Wheat was grown for
ten days under normal conditions, followed by exposure to ABA (100 lM) for 6 h.
The roots were harvested after the treatment period. Root proteins were extracted
and trypsin digested, followed by 4-plex iTRAQ labelling and LC-MS/MS detec-
tion. Eight-hundred-and-five differentially expressed proteins were detected after
ABA treatment. While 151 of these were common to both cultivars, 421 were
cultivar-independent and ABA responsive. The tolerant cultivar had 131 differen-
tially expressed proteins, which represented the following functional classes:
defence, heat shock proteins and signal transduction pathways (kinases, phos-
phatases, GTP-binding proteins, and 14-3-3 protein homologs). Proteins in both
cultivars that showed differential expression (cultivar-specific and non-specific) had
much more significant expression levels in the tolerant cultivar (166) than in the
susceptible (67). The tolerant cultivar had more types of heat shock protein, pro-
teins involved in secondary metabolism, and cell wall biogenesis proteins. These
observations may suggest that Nesser has a greater number of pathways providing a
stronger ability to respond to drought stress.

6.3.4 Wheat Root and Leaf

The effects of drought on the root and leaf proteomes of a drought-tolerant hybrid
wheat cultivar (Shanrong No. 3) and its drought-susceptible wheat parent (Jinan
177) were investigated by Peng et al. [22]. Because the second parent of the hybrid
was the wheatgrass Thinopyrum ponticum, the authors believed that the genetic
diversity between the hybrid and its wheat parent would help them understand the
effect of drought on the root and leaf proteome of both cultivars. Shanrong
No. 3 and Jinan 177 were both exposed to 24 h of osmotic drought (18 % poly-
ethylene glycol) followed by harvesting of the roots and leaves. This period is too
short to allow for most acclimation events to be registered in the proteome.
Ninety-three root and 65 leaf differentially expressed protein spots were revealed by
2-DE. The protein spots were identified using MALDI-TOF-TOF. The results
showed that the majority of differentially expressed proteins were shared by the two
cultivars, with the major protein classes being signal transduction, transport,
detoxification, and carbon and nitrogen metabolism. However, the tolerant cultivar
had a generally higher induction of differentially expressed proteins. Specifically,
proteins involved in ROS scavenging (including antioxidant production), were
higher in the tolerant cultivar, as were enzymes such as V-ATPases, which are
important in maintaining ion and water balance. In contrast, the susceptible cultivar
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displayed a more fragmented set of RuBisCO subunit isoforms, while the tolerant
had an increase in a number of chlorophyll protector proteins. This indicates that the
susceptible cultivar was less likely to maintain normal photosynthetic function in
drought, while the tolerant cultivar was better able to protect these mechanisms.
Lastly, higher levels of proteins involved in the gibberellin pathway and lower
levels for proteins involved in the ethylene synthesis pathway in the tolerant cul-
tivar (compared with susceptible), implied the promotion of growth in the tolerant
cultivar and senescence in the susceptible.

6.3.5 Wheat Stem

With the aim of identifying molecular mechanisms of reserve mobilisation in wheat
stems, Bazargani et al. [48] subjected two cultivars of wheat with differing capacity
to remobilise reserves form stems under drought conditions. After anthesis, drought
susceptible (N14) and tolerant (N49) wheat were exposed to drought by main-
taining their soil at 50 % field capacity. The tillers were harvested at 10, 20, and
30 days after drought exposure. One hundred and thirty-six differentially expressed
protein spots were observed by 2-DE, 82 of which were identified by
MALDI-TOF-TOF MS/MS. Overall, the tolerant cultivar (N49) showed a higher
level of differently expressed proteins, with the peak for both cultivars being at
twenty days after anthesis (DAA). The tolerant cultivar had 18, 74 and 23 differ-
entially expressed proteins at 10, 20 and 30 DAA, while for the same time series the
susceptible cultivar had 25, 38, and 21 differentially expressed proteins.
Interestingly, although the tolerant cultivar had a greater number of differentially
expressed proteins overall, most of these were down-regulated, with up-regulation
in the tolerant cultivar only more prevalent for proteins involved in energy meta-
bolism and ROS removal. RuBisCO (large and small subunit), RuBisCO activase
and oxygen evolving proteins, were all less abundant in the tolerant variety, while
SAM synthase (ethylene production and senescence) was up-regulated. Also, the
tolerant variety showed an up-regulation of nine proteins involved in ROS removal
as opposed to two for the susceptible cultivar, with both cultivars showing differ-
ential expression of signalling proteins, including 14-3-3, MFP-1, and MAF1. From
these results the authors suggest that the tolerant cultivar senesces faster and is more
efficient at protecting cells within the stem, while the stem reserves for the tolerant
cultivar are more effectively transported from the stem to the developing grain.

6.4 Barley and Water Deficits

A study by Wendelboe-Nelson et al. [49] marked the first investigation into the
effects of drought on barley. Their aims were to compare how the proteomes of a
drought-tolerant (Basrah) and susceptible cultivar (Golden Promise) adapted to
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drought. Seeds were germinated and grown for seven days. They were then sub-
jected to drought (watering withheld) for another seven days, followed by har-
vesting of the roots and shoots. Sixty-six differentially expressed protein spots were
detected in the leaves and 77 in the roots using 2-DE-DIGE. The protein spots were
identified by MALDI-TOF. The results showed a number of proteins constitutively
expressed at higher levels by the tolerant variety. The proteins identified were
70 kDa heat shock protein, RuBisCO large subunit binding protein and cyclophilin
A. Proteins associated with ROS scavenging, cellular defence or osmoregulation
were generally up-regulated in the tolerant cultivar, while photosynthesis and
carbohydrate metabolism were down-regulated in the susceptible cultivar. Also, the
susceptible cultivar proteome displayed a down-regulation in enzymes involved in
the Yang cycle (ethylene synthesis and senescence).

Similar to the investigation by Wendelboe-Nelson et al., another study of the
barley proteome under drought was performed by Ashoub et al. [50]. In this study,
the authors used the drought-tolerant barley landrace 15141 and the drought-
sensitive barley landrace 15163 to examine the potential for genetic adaption to
drought stress within Egyptian barley landraces. The plants were maintained at
70 % field capacity until four extended leaves developed. Watering was then
stopped for two days until 10 % field capacity had been reached, which was
maintained for another five days. The samples were harvested and physiological
tests confirmed that landrace 15141 was the more drought-tolerant cultivar.
Thirty-six protein spots were observed by 2D-DIGE, with the protein spots of
interest identified with MALDI-TOF-MS. The results showed proteins involved in
protective functions, such as methionine synthase, lypoxygenase, NADP-ME,
sucrose synthase and betaine aldehyde, were more abundant in the tolerant geno-
type. Also more abundant were proteins with chaperone and disaggregation func-
tions, such as heat shock proteins, ATP dependent Clp protease, zinc
metalloprotease, HsP90 and HsP100. The importance of mobilising nutrients from
senescing leaves to fresh growth was seen in the up-regulation of energy meta-
bolism for both tolerant and sensitive landraces. The tolerant variety also displayed
greater differential expression patterns for proteins involved in the photosynthetic
mechanism (RuBisCO large subunit, transketolase, PPDK). Lastly, the more tol-
erant landrace had a lower induction of proteins involved in osmoregulation (be-
taine aldehyde dehydrogenase), thus implying it regulated water relations more
tightly.

Rollins et al. [51] applied proteomic analysis to two drought-tolerant barley
cultivars from different geographical origins to examine the biomolecular (genetic)
diversity of abiotic stress responses. The plants were exposed to drought at heading
(15 % field capacity), which was maintained until maturity, with a subset exposed
to 36 °C/32 °C light/dark heat stress for one week. The harvested leaf proteins were
analysed by 2D-DIGE and protein spots of interest were identified by
MALDI-TOF/TOF. The results for this study showed no significant difference in
the proteomes of either of the two tolerant cultivars under drought stress. However,
there were substantial physical differences in biomass and spike number between
the control and drought-affected plants. In contrast the application of heat to plants
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that had already been stressed by drought did elicit protein expression differences.
The functional classes of proteins identified were photosynthesis, detoxification,
energy metabolism and protein biosynthesis. RuBisCO B was up-regulated under
heat stress (possibly to replace damaged protein), while RuBisCO activase A—
known to be heat labile—was down-regulated.

Ashoub et al. [50] looked at the proteome of wild barley (Hordeum spontaneum)
to investigate protein expression level changes when exposed to drought. At the
two-leaf stage, drought conditions were imposed for three weeks, after which the
third leaves were then harvested. Differentially expressed protein spots were
observed by 2D-DIGE. Sixty-three protein spots had an expression level difference
equal to or greater than 1.5-fold between control and treated, with forty-five of these
identified by MS/MS. This showed proteins that were up-regulated were involved
in cell detoxification, water homeostasis, amino acid synthesis, lipid metabolism,
heat shock and chaperone functions. Proteins that were down-regulated were related
to nitrogen metabolism.

6.5 Summary

Although it is widely recognized that drought stress is probably the greatest con-
straint for crop growth, knowledge about the mechanisms by which plants avoid or
tolerate drought is still evolving. The congruence of approaches to drought—
physiology, genetics, transcriptomics, proteomics, genomic and metabolomics—
reveal some basic phenomena engaged by plants to evade or tolerate water deficits
(Fig. 6.1). Proteomics, as one of the high-throughput technologies, has played an
important role in identifying the underlying mechanisms for stress response. In
particular, in the past two decades proteomics has made a major contribution to
identification of the main families of drought-responsive proteins, including
ABA-responsive proteins, heat shock proteins, detoxification and defence proteins.
This chapter shows that proteomic studies also implicate energy metabolism and
down-regulation of photosynthesis as drought-tolerance mechanisms. Such exper-
iments have been enhanced by the exploitation of known genetic variation in
‘drought tolerance’ in cereals, with the acknowledgement that yet more drought
resistance mechanisms are certain to exist in unrelated arid-zone species. As we see
the emergence of whole-genome sequence data, large collections of publicly
available transcriptomic data sets (including microarray and RNA-seq) and sub-
stantial proteomic data sets, the possibilities of integrating the findings of disparate
studies grows ever greater. The next step will be to interrogate large-scale data sets
and construct gene networks (interactomes) for a deeper analysis of drought
response. Gene networks, along with functional assays, should greatly facilitate our
understanding of gene function and provide a path for development of biomarkers
for drought stress. This in turn is hoped to lead to yield enhancement in commercial
crops.
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Chapter 7
The Impact of Heat Stress on the Proteome
of Crop Species

Andrew P. Scafaro and Owen K. Atkin

Abstract Heat stress impairs plant growth and reproduction. A future climate
where more extreme heating events are accompanied by drought and higher
atmospheric CO2 concentrations will exacerbate heat stress considering such factors
will reduce stomatal conductance, reducing transpiration-dependent evaporative
cooling, leading to even higher leaf temperatures. Understanding the impact of heat
on crops is therefore of paramount importance when factoring in future climate
scenarios. The use of proteomic techniques will enable the mechanisms by which
crops can withstand the detrimental impacts of heat to be further elucidated. The
proteomic literature tells us that a wide range of physiological processes will be
affected by heat, including photosynthesis, respiration and energy metabolism.
Certain proteins are particularly responsive to heat including Rubisco and its
chaperone partner Rubisco activase, ATP synthase, oxygen-evolving enhancer
proteins and many heat shock proteins (HSPs). In particular, small heat shock
proteins (sHSPs), HSP70 and Cpn60 increase in abundance with heat. Many of
these most responsive proteins to heat interact with one another and understanding
the nature of this interaction remains a priority of future research. Including more
staggered application of heat over longer periods to account for acclimation pro-
cesses and expanding studies to include more reproductive tissues will improve our
ability to heat-proof crops in a warmer world.
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7.1 The Importance of Understanding Heat Stress

The implications of a warming atmosphere on crop production are already beginning
to be realised. An increase in global atmospheric temperatures have reduced global
crop yields, more so than changes in precipitation, by an estimated 5.5 and 3.8 %
from 1980 to 2008 for wheat (Triticum aestivum) and maize (Zea mays), respectively
[1]. Two forms of heat-stress can be considered: (1) a small but persistent increase in
the average daily minimum and maximum temperature; and, (2) more frequent and
extreme heat waves. The different forms of heat exposure will have different
implications on crop yield. Further complexity arises as an increase in minimum and
maximum daily temperatures may impact on yield in separate, even apposing ways.
For example, rice (Oryza sativa) production is falling with increased minimum daily
temperatures but rising with increased maximum daily temperature, presumably due
to heat-induced respiratory loss of carbon at night and increased carbon assimilation
during the day [2, 3]. More frequent and extreme heat waves are likely to impact
negatively on yield. With exposure to extreme heat, many physiological processes,
including photosynthesis, respiration and cellular components (e.g. membrane and
protein structures) will be irreversibly damaged, leading to cell, tissue and in extreme
cases, plant death. This susceptibility to extreme heat occurs despite
high-temperature adaptation, with species such as the desert shrub Larrea having
reduced physiological function above 45 °C [4, 5]. Similarly, another desert species,
‘Living Rock Cactus’ (Ariocarpus fissuratus) has 50 % cell death by 57 °C [6]. The
inhibition of yield as a result of heat will be dependent on the developmental stage of
the crop and its adaptation and acclimation potential to heat, with heat-dependent
inhibition of growth and reproduction varying as widely as 25–45 °C between crop
species [7]. Developmental inhibition at the vegetative stage will include heat-stress
inhibition of photosynthesis, in conjunction with increased rates of respiratory CO2

release [8]. Impacts at the reproductive stage will include impairment of anther and
pollen development [9]. Importantly, not all crops will be affected by heat equally,
reflecting the fact that many of the physiological processes susceptible to heat show
adaptation to the environment in which the plant species has evolved. Variation in
heat tolerance can arise from plasticity to the prevailing growth temperature [10, 11].
Considering the above factors, if we are to successfully improve the heat-stress
tolerance of crops it will be necessary to: (1) understand both long-term incremental
increases in the minimum and maximum temperature and periodical extreme heating
events on crops; (2) determine susceptibility throughout all life-stages of the crop;
(3) understand the basis of acclimated heat-stress tolerance; and, (4) in what geno-
types, both intra and inter-specifically, heat-tolerance is found. This will enable
modification of crops to maintain yield under supra-optimal temperatures. Given the
multifaceted dimensions of heat-stress implications on crop yield, proteomics is, and
will continue to be, instrumental in identifying the biochemical basis of
heat-tolerance.
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7.2 Interactions Between Heat and Other Abiotic Factors

Depending on the severity, most abiotic stresses will directly inhibit protein
functionality and membrane stability and cause secondary damage to cellular
processes through osmotic and oxidative stress [12]. Despite similar effects, com-
bined stress such as heat and drought will reduce crop production more so than each
stress individually and heat is frequently coupled with drought due to the preva-
lence of water limitations during times of heat [13]. Increasing temperature also
leads to reduced plant water relations by drying the air and leading to a higher
vapour pressure deficit between the leaf surfaces and surrounding air. This will
drive higher rates of transpiration, increasing the loss of water from leaves and
speed up the uptake of water by roots. There are predictions of severely reduced
yield in major crops like corn due to the affect of increased air temperature on
vapour pressure deficit and subsequent water limitations [14]. Reduced access to
water by the roots will promote abscisic acid production, leading to stomatal closure
and limiting transpiration. This will amplify thermal stress, as leaf temperatures will
rise with reduced latent heat transfer as transpiration is reduced. This has been
demonstrated in Arabidopsis (Arabidopsis thaliana), where a modification of an
ABA receptor (PYR1), made it responsive to an agrochemical that, when applied,
allowed for drought tolerance through closer of stomata, but at the same time
significantly raised leaf temperature due to reduced transpiration [15].

As with water limitations, increased atmospheric CO2 at a given air temperature
reduces stomatal conductance and transpiration, subsequently leading to increases
in leaf temperature [16]. Increasing atmospheric CO2 may therefore raise the heat
load experienced by leaves during heat waves. Paradoxically, increased leaf tem-
perature due to increased atmospheric CO2 and reduced transpiration leads to
greater freezing damage as plants become less acclimated to lower temperatures,
reducing protective measures during frosts [17]. Cold stress initiates many of the
same protein response pathways as heat due to the similar affects of cold on cellular
processes such as inhibition of photosynthesis and subsequent oxidative damage
and membrane instability. Similarities between heat and cold stress extend to
dehydration as ice formation resulting from chilling leads to cell dehydration and
subsequent damage to cell membranes, cell solute concentration and protein sta-
bility [18], mirroring cellular dehydration damage caused by heat and drought. It is
perhaps not surprising that many of the same protective proteins are induced in
response to drought, chilling and heat stress. Protective proteins including the Heat
Shock Proteins (HSPs) HSP70, HSP90 and Cpn60 respond to heat, drought and
cold stress, as does the membrane bound protein complex ATP synthase [19, 20].
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7.3 Quantitative Proteomic Profiling of Heat-Stress

Quantitative proteomic techniques for analysis of temperature stress are now rou-
tinely employed across both model and crop species, using a myriad of proteomic
techniques [19]. What does an analysis of the proteomic literature on heat stress in
plants demonstrate? Considered as a whole, short-term (less than 48 h) heat
exposure of vegetative leaf tissue is highly represented in the literature (Fig. 7.1).
Longer-term heat exposure over days to weeks is mostly limited to analysis of
grains during filling. Almost all heat stress reports fall within a heat stress range of
10–20 °C above control temperatures. The vast majority of reports profile leaf and
grain tissue rather than reproductive organs and root tissue.

Limited longer-term studies (e.g. >48 h) at a wider range of temperatures (above
or below the 10–20 °C heating above control temperatures commonly used in
proteomic studies) for vegetative tissue is a major gap in the heat-stress proteome
literature. A longer exposure time is relevant considering the knowledge that many
physiological processes, such as photosynthesis [21] and respiration [11] acclimate
in response to the temperature at which a plant is grown. Such acclimation are likely
to lead to different gene expression and protein changes than short-term heat-shock
treatments, with the later more representative of a general stress response and the
former providing insight into specific physiological adjustments to sustained heat.
Acclimation over short time frames (such as pre-conditioning to an initially milder
temperature) can prime plants to respond in a timely manner to more extreme
subsequent temperature. For example, in Arabidopsis, one and a half hours at 38 °C
prior to 2 h at 45 °C enables growth to continue when returned to the 22 °C control
temperature, while growth is totally suppressed without the 38 °C pre-heating [22].

Fig. 7.1 The severity and duration of temperature treatments across heat stress proteomic studies.
The magnitude of temperature increase (+°C) from the standard (control) growth temperature is
given on the y-axis. The duration of time in days (d) that the plant was exposed to the heat
treatment is given on the x-axis. Open and filled symbols represent studies of vegetative and
reproductive tissue, respectively. Each symbol shape represents the species type provided in the
key. The shaded areas demonstrate the temperature and duration of most reported treatments. The
graph was generated analysing reports listed in Table 7.1
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The acclimation is attributed to induction of HSP101 during 38 °C, which subse-
quently provides protection at 45 °C [23]. A progressive rather than rapid increase in
temperature may enable better understanding of the acclimation process. This
method of heat-application may be more reflective of certain heating events in
nature, where temperatures increase incrementally over many days.

Functional characterisation of proteins responding to heat stress, pooled across
the literature, is provided in Fig. 7.2. Proteins directly related to the stress response
pathway, the majority of which are heat shock proteins, are a highly respondent

Fig. 7.2 The functional proportion, given as a percentage, of proteins differentially regulated by
heat stress in leaf and grain tissue reported in the proteome literature. Metabolism, photosynthesis,
respiration and stress response proteins are further segmented to show major categories of proteins
within the functional group
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functional group to heat in grain and leaves. In leaves, proteins related to photo-
synthesis respond to heat to the greatest extent, and combined with respiration make
up 44 % of the proteome profile. Considering the well-established susceptibility of
photosynthesis to heat and enhancement of respiration rates in response to increased
temperature, it is unsurprising that many proteins relating to these two important
physiological leaf functions change. With well-designed treatments, future pro-
teomic studies may be an important tool in determining the biochemical basis of
differences in heat shock and acclimation to photosynthesis and respiration.

7.4 Heat-Responsive Proteins

The information gained from profiling of differentially regulated proteins provides
an initial indication of which proteins are responsive to heat and what marker
proteins breeders can use to identify genotypes that are heat tolerant. It is therefore
interesting to look at individually identified protein homologues that change in
abundance with heat most frequently throughout the literature (Table 7.1). Most of
the commonly identified proteins both increase and decrease in abundance with
exposure to heat. In many cases proteins increase and decrease in abundance under
the same treatment conditions within the same experiment. For example, in wheat
grain endosperm 11 isoforms of HSP16.9 are identified [24], five isoforms each of
Rubisco and Rubisco activase in wheat leaves [25] and seven isoforms of HSP70 in
rice leaves [26]. Much of this may be due to post-translational modifications.
Despite proteomic profiling not providing any information on the individual
functionality of differentially regulated proteins, such top-down approaches can
provide the basis for subsequent, more focused studies on the particular role of
identified targets. Importantly, any change in abundance of the individual protein in
response to heat does imply a relationship between that protein and heat stress.
Thus, for the purposes of identifying target proteins, the directional change of a
particular protein is a secondary consideration. Below is a characterisation of some
of the most commonly reported proteins that respond to heat across multiple species
and studies as listed in Table 7.1.

7.4.1 Heat Shock Proteins (HSPs)

Not surprisingly, four of the 21 most responsive proteins to heat stress are heat
shock proteins (HSPs), including the most commonly reported protein that changes
in response to heat, small heat shock proteins (sHSPs). Rather than being a single
protein, sHSPs are actually a family of HSPs with molecular mass ranging from
16.9 to 42 kDa; however, for expediency HSPs are grouped as a single protein in
Table 7.1. The common features of sHSPs are a conserved carboxyl-terminal
domain (a-crystallin domain) and formation of 200–350 kDa holo-oligomers [27].
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sHSPs can interact directly with denatured proteins and improve thermal stability
and functionality by preventing aggregation [28, 29]. The diverse functionality of
sHSP during heat stress is evident in that sHSPs are responsive to heat in leaf, root,
anther, carpel and seed tissue [30–33]. Apart from heat stabilisation of proteins,
sHSPs work in tandem with larger HSPs, particularly HSP70 to facilitate protein
folding and prevent protein aggregation. An example is seen in pea (Pisum sati-
vum), where heat-denatured proteins that initially interact with sHSP18.1 have
dramatically improved subsequent refolding by HSP70 [34].

Cpn60 in plants, known as HSP60 in animals and groEL in bacteria, is another
highly represented heat-responsive protein and member of the chaperonin/heat
shock protein (HSP) family. Cpn60 provides a hydrophilic cavity conducive to
correct folding of polypeptides, limiting interference from components of the cel-
lular environment and usually interacts with polypeptides subsequent to HSP70
interaction [35, 36]. Increased abundance of both HSP70 and Cpn60 indicates an
overall upregulation of the protein folding and stabilisation pathway with heat
stress.

Direct evidence of HSP requirement for heat stress tolerance and survival is
surprisingly limited. One example is HSP101 in Arabidopsis, required for accli-
mated and basal thermal tolerance and when substantially suppressed leads to death
of all plants within 6 days post heat exposure [23]. Expression of Arabidopsis
HSP101 in rice provides thermal protection, with recovery of growth in seedling
after 47 and 50 °C heat exposure only in plants expressing the transgenic HSP101
[37]. Homologues of the HSP101 family increase in abundance endogenously in rice
exposed to 42 °C [26, 38]. In terms of sHSPs, rice seedlings exposed to 50 °C for
2 h and overexpressing sHSP17.7 survive, as determined by resumption of growth
or maintained ion gradients of leaf cells, while seedlings not overexpressing
sHSP17.7 do not [39]. Arabidopsis overexpressing wheat HSP26 have greater
germination rates and superior growth rates than wild type plants when exposed to
35 °C [33]. The improved thermal tolerance was correlated with maintained effi-
ciency of photosystem II. This is intriguing considering a recent study has shown
heat induced sHSP26 interacts with oxygen-evolving enhancer proteins of PSII [40].

The regulation of HSPs is complex. There are interactions between variants of
heat stress transcription factors, transcription factors and HSPs and interactions
among HSPs, all influenced by genotype and environmental conditions [41]. The
complexity in HSP expression is understandable considering the functional diver-
sity of HSPs in maintaining active proteins through providing correct folding,
inter-membrane transport and oligomer assembly of proteins [42]. This occurs
irrespective of heat stress with heat stabilisation of proteins somewhat of a sec-
ondary role, at least for the larger HSPs. This complexity makes for a difficult
holistic interpretation of heat stress response and makes it difficult to determine
what genetic modifications to crops will be beneficial, both during exposure to heat
stress and during homeostatic growth conditions (i.e. an improvement in heat tol-
erance through altered HSP expression may impede physiological function under
non-stressed conditions). Proteomic analysis will be required to tease apart this
complex yet subtle interplay of HSP adjustment to heat.
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7.4.2 Rubisco and Rubisco Activase

Rubulose-1,5-bisphosphate carboxylase oxygnease (Rubisco) and its regulatory
chaperone Rubisco activase (RCA) are two photosynthesis proteins identified in
multiple proteomic studies. While Rubisco is thermally stable, there is a large body
of work since its discovery documenting the heat-labile nature of Rubisco activase,
even at moderately high temperature, below 40 °C [43–45]. RCA is the regulatory
partner of Rubisco keeping it in an active state through ATP-driven remodelling of
the conformation of Rubisco, clearing the active site of sugar-phosphate inhibitors
[46]. In many species including the major crop species rice, wheat and maize, there
are two isoforms of Rubisco activase [47]. The larger mass isoform (often denoted
as the a isoform) is redox regulated by thioredoxin-f [48] and is preferentially
expressed during heat stress [49–51]. Heat dependent changes in the redox state of
the chloroplast may therefore explain the increased up-regulation of the a isoform
of RCA. The susceptibility and heat-dependent regulation of RCA would account
for the reoccurring identification of RCA in proteomic heat studies. It is becoming
increasingly apparent that improving photosynthesis and subsequent crop yield will
undoubtable involve improvements to RCA thermal stability [47, 52]. More
in-depth proteomic analysis specifically targeting the response of RCA and its
isoforms to heat is one method by which this may be achieved, especially con-
sidering the exact mechanism by which RCA reactivates the active site of Rubisco
is not known.

Although temperature limitations in photosynthesis are usually attributed to
heat-labile RCA and not the thermally stable Rubisco, abundance changes of both
the small and large subunits of Rubisco indicate a dynamic regulation of Rubisco in
response to heat. Indeed, Yamori et al. [53] found that spinach (Spinacia oleracea)
grown at 30 and 15 °C had changes in Rubisco kinetics that enabled in vitro
Rubisco activity from 30 °C plants to be more thermostable, although Rubisco
activity from either growth temperature did not decline until above 40 °C, well
above the temperature where net photosynthesis inhibition occurred. Moving the
plants from heat stressed conditions to lower growth temperature for 2 weeks
reversed the Rubisco kinetic changes. This demonstrates that although Rubisco,
independent of its activation, is intrinsically thermostable and does not limit pho-
tosynthesis, the kinetic properties of the protein can change in response to tem-
perature. This may explain the regulation of Rubisco isoforms in response to heat
stress reported in the proteomic literature. A possible mechanism for this regulation
may be phosphorylation, as the Rubisco of rice is phosphorylated in response to
heat [54]. In many reports Rubisco falls in abundance, particularly the small sub-
unit. In rice, temperatures of 45–50 °C reduces Rubisco content of leaves within
hours, especially the small subunit [55]. Reduced Rubisco content in response to
heat may be a general response to heat stress in many crop species and should be
further explored.

166 A.P. Scafaro and O.K. Atkin



7.4.3 ATP Synthase

The ATP synthase complex is driven by proton translocation and responsible for
inorganic phosphate (Pi) phosphorylation of ADP to ATP, the essential
electro-chemical energy currency of all cells [56]. Proteomic analysis shows the a, b,
c, and d subunits of ATP synthase, from chloroplasts, mitochondria and vacuoles,
change in abundance across many species and heat applications. It is likely pro-
teomic adjustments in ATP synthase indicate changes to turnover rate of the protein
due to susceptibility to heat degradation. The reactive oxygen species singlet oxygen
and hydrogen peroxide, commonly induced under stress, inhibit ATP synthase
activity and promote degradation of the complex [57, 58]. A loss of ATP synthase
activity will have major impacts on the ability of a plant to photosynthesise and
respire. For example, a drought-induced reduction in photosynthesis in sunflower
(Helianthus annuus) was directly attributed to a reduction in ATP synthase, reducing
ATP leaf content and inhibiting RuBP regeneration, more so than the commonly
attributed limitations in CO2 uptake or Rubisco activity [59]. In terms of heat, yeast
(Saccharomyces cerevisiae) require a specific protein to facilitate the assembly and
stability of ATP synthase during heat exposure [60]. Furthermore, a chloroplast
26-kDa sHSP interacts with ATP synthase subunits under heat stress in maize,
presumably to protect against thermal damage [40]. When the sHSP26 was reduced
in expression through RNAi, there was also a greater reduction in ATP synthase
subunits with heat. This implies that ATP synthase is susceptible to high temperature
and a reduced spot abundance correlates to thermal damage. Collectively, these
observations suggest that ATP synthase is susceptible to heat and abundance
changes in ATP synthase recorded in the proteome literature indicate a general
susceptibility across species. Identifying heat-induced ATP synthase isoforms that
are thermally stable will provide a mechanism for improving heat tolerance and
should be a priority in future proteomic studies.

7.4.4 Oxygen-Evolving Enhancer Protein

Oxygen evolving enhancer proteins (OEE) found in the oxygen-evolving complex
of PSII are another highly represented protein group in the heat proteome.
Susceptibility of photosystem II to heat stress is well known [61]. Damage by stress
leads to loss of Mn ions from the oxygen-evolving complex, followed by an
overexcited chlorophyll reaction centre electron state and subsequent free radical
production, with particular damage to the PSII reaction centre [62]. The suscepti-
bility of PSII to stress is evident in the continual requirement to replace impaired DI
protein of the PSII reaction centre under such conditions [63]. OEE inhibits loss of
Mn ions from the oxygen-evolving complex, and when OEE is absent O2 evolution
is severely impaired [64, 65]. Loss of OEE from the PSII in direct consequence of
heating to 50 °C results in a reduction in oxygen evolution [66]. Therefore, the
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representation of OEE in the proteome literature implies a particular susceptibility
of the Mn cluster of the oxygen-evolving complex to heat and the potential to
protect against this susceptibility through OEE regulation. OEE proteins have been
shown in Arabidopsis to interact with a kinase and phosphorylation of OEE
increased with pathogen stress [67]. Regulation of OEE through phosphorylation in
response to stress may further explain the multiple identifications of this protein
family in response to heat.

7.4.5 Thiamine

Intriguingly, a protein (thiamine biosynthesis protein or Thi1) involved in the
synthesis of thiamine (an important metabolic co-factor), increases in abundance
with heat application. The importance and function of Thi1 and thiamine in the
heat-stress response of plants is currently tenuous. Independent of thiamine
biosynthesis, Thi1 seems to have a secondary function of limiting DNA damage,
particularly in mitochondria [68]. Increased thiamine in response to biotic [69, 70]
and abiotic stress is associated with stress tolerance and is purportedly linked to the
oxidative stress response pathway [71, 72]. Interestingly, a 15N proteome turnover
study of barley (Hordeum vulgare) identified Thi1 as the most turned over protein
during the light period in leaves [73]. Characterising the function of Thi1 and
thiamine in heat-stress should be a prioritised area of future research considering the
frequency in which it is identified in heat stress proteome studies and the limited
knowledge about its exact role in mitigating heat stress. A good starting point
would be to separating the importance of Thi1 independent of thiamine biosynthesis
and quantifying thiamine levels in heat stressed tissue.

7.5 Protein-Protein Interactions

There is growing evidence that many of the proteins most responsive to heat are
associated with one another (Fig. 7.3). For example, it is intriguing that sHSP18.1
prevents thermal aggregation at temperatures ranging from 34 to 45 °C of the heat
sensitive malate dehydrogenase (MDH) and glyceraldehyde phosphate dehydro-
genase (GADPH) [29]. The prevention of aggregation of MDH and GADPH is
particularly interesting considering they are two of the other commonly reported
proteins that differ in abundance in response to heat, as reported in Table 7.1.
Oxygen evolving enhancer protein and ATP synthase are two proteins most
commonly affected by heat, and as previously mentioned; sHSP26 from Maize is
shown to interact with these two proteins during heat exposure. Furthermore, a pull
down experiment of rice sHSP16.9 identified interaction with ATP synthase and
GADPH [38]. HSP70 and Cpn60 are complementary to one another and highly
represented in the heat-stress literature. Both HSP70 and Cpn60 interact with

168 A.P. Scafaro and O.K. Atkin



sHSP. Moreover, Cpn60 facilitates the folding of the Rubisco large subunit [74].
There may also be an association between Cpn60 and Rubisco activase during heat
stress based on co-elution of the proteins during affinity chromatography [75].
Induction of sHSP, HSP70 and Cpn60 across species and tissue indicates that the
HSP response system is critical for crop heat tolerance. This is not surprising
considering aggregation of proteins are particularly detrimental to the functioning
of the cell, not only because the aggregating protein is rendered non-functional, but
also due to interference of other proteins and cellular processes coming into contact
with protein aggregates [76].

Piecing together how these core heat-responsive proteins and pathways directly
interact in the context of heat stress should be a priority of proteomic studies over
the coming years and could dramatically increase our knowledge of how plants
respond and ultimately are able to tolerate thermal stress.

7.6 Reproductive Heat Susceptibility

Heat can have a detrimental impact on crop yield at both the vegetative and
reproductive life stages. Inhibition of vegetative growth due to heat stress can lead
to reduced biomass at anthesis and subsequent reduction in yield as grain filling is
reliant on mobilisation of photoassimilates acquired by vegetative tissue. For
example, wheat stem reserves of non-structural carbohydrates correlate with grain
filling, irrespective of high temperature, so increased stem reserves acquired during
vegetative growth lead to greater yield when wheat is heat stressed during grain
filling [77]. Heat-stress during the reproductive phase can reduce yield directly
through inhibition of fruit or grain development. The reproductive tissue of ovaries,
anthers and pollen in many species including the cereals wheat, barley and rice, are
susceptible to high temperature [9]. The uninucleate stage of pollen development is

Fig. 7.3 A schematic diagram with connecting lines showing the established interactions between
the most commonly reported proteins that respond to heat in crops: small heat shock proteins
(sHSPs), heat shock protein 70 (HSP70), chaperonin 60 (Cpn60), ATP synthase, oxygen-evolving
enhancer proteins (OEE), malate dehydrogenase (MDH), glyceraldehyde-3-phosphate dehydro-
genase (GADPH), Rubisco large subunit (RbcL) and Rubisco activase (RCA). The core HSPs of
the heat stress response are outlined with thicker text boxes and connecting lines. The dashed line
represents a circumspect interaction
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particularly susceptible to high temperature [78]. Pollen susceptibility is evident in
that increasing day temperatures from 28 to 36 °C resulted in pollen abortion of
between 70 and 100 % across a diverse range of eight species, despite all the
species being endemic to hot environments [79]. In rice, a temperature of 36 °C
relative to 5 °C cooler ambient temperature (i.e. 30 °C) caused 48 % spikelet
sterility averaged across 10 cultivars [80]. Putting this in perspective, the temper-
ature optimum of net photosynthesis of rice, where assimilation of carbohydrates is
at a maximum, occurs at 30 °C and has minimal decline until temperature is greater
than 40 °C [81, 82]. Clearly, from a food security perspective, reproductive rather
than vegetative susceptibility to heat is more important, when one considers that the
threshold for thermal damage is lower and reproductive success equates directly to
yield. A qualification may be that the most susceptible reproductive processes such
as anther development and pollen microspore biosynthesis occurs over days to
weeks while vegetative growth occurs over a longer period of months, increasing
the probability of more frequent exposure to heat of the latter, although for many
crops reproduction occurs at a warmer part of the year. Nevertheless, it is surprising
that there are limited proteomic studies focusing on heat exposure of reproductive
organs like anthers and pollen grains. One such study by Jagadish et al. [30] looked
at the anther proteome comparing rice cultivars differing in spikelet fertility. Two
cultivars, N22 and IR64, with superior fertility rates to a third highly susceptible
cultivar, Moroberekan, had a significant increase in only two identified proteins, a
24 kDa sHSP and another 19 kDa stress-responsive protein. The susceptible
Moroberekan had a significant increase in an iron deficiency protein with heat.
Reduced pollen development for this cultivar was therefore attributed to a lack of
iron, which is needed for pollen development. Notably, six of the 13 proteins
responding to heat had unknown function [30] and therefore improved character-
isation of plant reproductive genes is required to supplement future proteomic
studies of reproductive tissue.

Yield is not only dependent on fertilisation rates but fruit or seed mass, which is
susceptible to heat. Indeed, there is a positive correlation between starch synthesis
and starch synthase activity in wheat grain and activity of starch synthase is severely
reduced above 30 °C [83]. Starch synthase in the endosperm and water-soluble
fraction of wheat grain increases in abundance with exposure to 34 °C during
grain filling [31, 84]. The heat dependent reduction in starch synthase activity may
therefore be compensated for by heat dependent induction of starch synthase.

Further exploration of the differences and similarities in the proteome response
to heat between developmental stages and tissues will provide insight into what
proteins are essential for a systemic response to heat stress and what proteins are
localised to a certain life-stage or tissue.
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7.7 Future Perspectives

The proteomic study of crops to heat stress is enabling an understanding of the
biochemical mechanisms of heat tolerance. The most notable discovery so far is the
ubiquity of small chaperone proteins in the heat-stress response. sHSP increase in
abundance in leaf, grain and reproductive organs of many crop species and across
many temperature treatments. Understanding the exact mechanism and interaction
partners of sHSP should be a priority of future proteomic research. Other proteins
responsive to heat include HSP70 and Cpn60, Rubisco and Rubisco activase, ATP
synthase and oxygen-evolving enhancer protein. Elucidating the temperature-
dependent function of these commonly occurring heat responsive proteins and how
they interact with one another is needed. Identifying post-translational modification
and thermally stable homologues of these heat-responsive proteins may provide a
mechanism for improving the tolerance of crop species to heat by introgressing
desirable germplasm either through conventional breeding or transgenic modifica-
tion. One observation of the heat stress proteome literature is that experimental
treatments sit within a narrow band of temperature and exposure times. This should
be expanded to cover progressive heat application, sustained over longer time
frames, providing greater coverage of the natural temperature regimes crops
experience. This will enable temperature acclimation and identification of proteins
responsible for acclimation. Finally, a narrow focus on vegetative leaf tissue and
cereal grain should be expanded to cover other important tissue types, particularly
anthers, ovaries and pollen gametes, considering the overt heat-susceptibility of
these reproductive tissues to high temperature.
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Chapter 8
Proteomics Approach for Identification
of Nutrient Deficiency Related Proteins
in Crop Plants
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Hamid Sobhanian and Mohammad-Reza Hajirezaei

Abstract Nutrients play an essential role in growth and development of plants and
their deficiencies trigger diverse responses from architecture to genes and proteins
expression. Deficiency of macro and micronutrients significantly alters uptake and
transport in plant cells. Proteins are main player in compensation of the deficiency
and according to the plant type, a wide range of proteins are recognized as nutrient
deficiency responsive proteins. In this chapter, proteins involve in nutrients uptake
and transport are classified and their roles in homeostasis, signaling and interactions
under nutrients deficiency described in plant cells. Further, a comprehensive review
of proteome studies in various plants under macro and micronutrients deficiency
and protein overexpression to improve nutrient use efficiency are summarized.
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8.1 Introduction

Plant growth is determined by accumulating of biomass, which is the result of the
ultimate expression of metabolism, cell proliferation with a concomitant accumu-
lation of biomaterials mainly through polymer biosynthesis and cell expansion
driven by water, micro and macronutrient uptake [1, 2]. Plants need at least 14
well-established mineral elements for their physiological functions and productiv-
ity. The macronutrients nitrogen (N), phosphorus (P), potassium (K), calcium (Ca),
magnesium (Mg) and sulphur (S) constitute between 1000 and 15,000 μg g−1 plant
dry weight. However, the micronutrients chlorine (Cl), boron (B), iron (Fe),
manganese (Mn), copper (Cu), zinc (Zn), nickel (Ni) and molybdenum (Mo) are
found in relatively small amounts in plants [3].

The nutrients C, N, H, and S, the constituents of amino acids, proteins, enzymes
and nucleic acids, are taken up from the soil or atmosphere as CO2, HCO3

−, H2O,
O2, NO3

−, NH4
+, N2, SO4

2+, and SO2
− ions and play major roles in enzymatic or

assimilation by oxidation-reduction reactions. However, the nutrients K, Na, Ca,
Mg, Mn and Cl play a role in maintaining the osmotic potential, the optimal
conformation of enzymes (enzyme activation), bridging of reaction partners, bal-
ancing anions, controlling membrane permeability and electrochemical potentials.
Furthermore, Fe, Cu, Zn and Mo as ion or chelates enable electron transport by
valence change. The nutrients P, B, Si in form of inorganic chemical are generally
obtained from the soil and maintain electrochemical potential, electron transport
and energy transfer reactions [4].

The first step of nutrient accumulation in plants is their uptake by roots which is
principally dependent on plant demand, environmental factors such as water content,
pH, redox potential, abundance of organic matter, and microorganisms in soils.
Besides, chemical and physical properties of the soil have a major effect on the
availability of the micronutrients [5]. For instance, nutrient mobility of Fe and P is
restricted within roots by the water conditions [6]. Furthermore, acquisition of Fe, as
one of the most generous metal in the earth’s crust, is very limited under well-aerated
calcareous or alkaline soils and the availability of Zn is markedly reduced in cal-
careous soils, particularly under arid or semi-arid conditions [5, 7]. There are two
different andmore efficient strategies for nutrient uptakemodulated by the root system
architecture comprising of primary roots, lateral roots and root hair development and
modulation of transport activity [8]. It has been reported that while primary root
elongation was inhibited under phosphorus starvation, lateral roots formation was
enhanced in Arabidopsis (Arabidopsis thaliana L.) [9]. Such changes in root mor-
phology cause an increase in root surface area and alleviate P stress in plants.

Any morphological changes in plant architecture and cellular alterations to
improve nutrient uptake is directly controlled by the expression of related genes and
proteins. Once plants encounter a specific nutrient deficiency, coordinated gene
activation for an efficient uptake, transport and nutrient usage is activated.
Depending on the source of the nutrient, mechanism of uptake and subsequently
type of the regulated genes and proteins can be different. In addition, nutrients may
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have synergistic or antagonistic interactions which not only affects the level of
uptake, but also alters gene expression and protein function [10]. Besides genomic
approaches for gene identification, proteomics is a valuable approach to identify the
proteins crucial for nutrient uptake in plants. In this chapter, nutrient metabolism,
homeostasis and signaling in plants are described. Further, a summary for identified
proteins responding to nutrient deficiency in various plants is presented.

8.2 Metabolism of Macronutrients in Plants Under
Deficient Conditions

Nutritional status in plant is strongly impaired by environmental factors. Any
reduction in availability, uptake, transport and utilization of micro and macroele-
ments leads to a significant reduction in the quantity and quality of crop yield due to
scarcity of resources. In the following section, metabolism and importance of
macronutrients will be described.

8.2.1 Nitrogen Metabolism in Plants Under Deficient
Conditions

Nitrogen is one of the most important macronutrient that functions as a signal to
regulate many biological processes, from metabolism to resource allocation,
growth, and development [11]. The plant systems cope with the heterogeneity and
dynamic variations of nitrate and ammonium concentrations ranging from lower
than 100 μM to higher than 10 mM in soil solutions with their high and low affinity
transporters to produce 1 kg of dry plant biomass per 20–50 g of N taken in most
non-legume plants [12]. Besides, the N-containing compounds of amino acids,
peptides in forms of di- and tri-peptides, and proteins are other major nitrogenous
resources [13]. Nitrate as a key source of nitrogen is taken up by membrane bound
transporters like nitrate transporter 1/peptide transporter (NRT1/PTR), NRT2,
chloride channel (CLC), and slow anion channel-associated 1 homolog 3
(SLAC1/SLAH) [14]. These proteins are profoundly involved in nitrate uptake,
allocation, and storage in most wild and crop species or adaptably act in nitrate
sensing, plant development, pathogen defense, and/or stress response [14].

Ammonium in turn, which stimulates root growth, root branching and lateral
root elongation is taken up by ammonium transporters. It further assimilated into
amino acids via the GS/glutamine-2-oxoglutarate aminotransferase cycle and acts
as central precursor of nucleic acids, proteins and other organic molecules, as well
as a product of their catabolism and localized nitrogen supply. During N-deficiency,
plants phenotypically develop more extensive root and lateral root growth while
shoot growth is restricted because of leaf senescence [15, 16]. It also results in the
accumulation of primary metabolites in the leaf, particularly starch and secondary
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metabolites such as phenylpropanoids, anthocyanins and flavonoids (e.g. rutin and
ferulic acid) [17].

While growth is limited by N deficiency with the channeling of available N into
essential metabolic processes and defense compounds, plants show a range of
adaptive responses by maintaining a broader range of metabolic C:N ratio com-
position. At the early stages of N limitation, the adaptation mechanism is more
systematic than selective to triage constituents. For instance, the levels of many
minor amino acids and major amino acids Gln, Glu and Ser are even higher in
plants grown on low N than on high N while Asp, Asn and Ala are lower in low-N
conditions, indicating a restricted transfer of amino groups from Glu to Asp and
Ala, and from Ser to other amino acids. In the same way, there is depletion in
organic acid pools in plants grown on low N, reflecting a low rate of nitrate
assimilation in the low-N grown plants. Furthermore, there are evidences that a few
hours after nitrate resupply respiration rises, levels of amino acids of Gln, Glu, Asp,
Ala, Asn, Arg and His increase, and the TCA cycle intermediates malate and
fumarate accumulate [18]. Further nitrate resupply strongly induced the genes
involved in nitrogen assimilation like nitrate reductase and production of reducing
equivalents [18]. These evidences indicate that many of the metabolic changes
observed in nutrient-deficient plants are stress-related symptoms that can be avoi-
ded if the plant adjusts its growth rate to the nutrient assimilation rate.

8.2.2 Metabolism of Phosphorus in Plants Under Deficient
Conditions

Phosphorus is an essential macronutrient that is required for making up of inherited
material, nucleic acids, and biosynthesis of cell membrane phospholipids. It also
takes part in cellular signaling cascades by acting as mediator of signal transduction
or serving as a reservoir of energy in cells. Phosphorus is also required for pho-
tosynthesis and respiration processes [19]. Plant takes Pi up by low-Pi-inducible
high-affinity and constitutive low-affinity Pi phosphate transporters. These trans-
porters are expressed mainly in the epidermal cells and root hair systems when the
plant is exposed to Pi limitation. Phosphate transporters are not only involved in Pi
uptake, but also in delivering Pi to leaves, stems, cotyledons, pollen grains, seeds,
flowers, and potato tubers [20].

Plants exhibit several physiological characteristics to Pi deficiency including
primary root growth restriction, massive lateral and hairy root production, increase
in root to shoot ratio, inhibition of meristem and cell elongation activity [21].
Accumulation of anthocyanin pigment is a biochemical response to P deficiency
which commonly appears in leaf to protect chloroplasts and nucleic acids from the
intense or ultraviolet light [22]. There are strong evidences that organic acids
exudation increases in response to Pi deficiency [23]. This is a major trait in
breeding crops with improved phosphate acquisition efficiency which contributes to
high-phosphate utilization efficiency.
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Phytohormones play important role in root system architecture under Pi deficiency.
Upon Pi starvation, auxin and the associated polar auxin transport mechanism trigger
lateral root formation and modulation of root system. However, cytokinin, which is
involved in regulation of root architecture modulation seems to negatively regulates Pi
starvation responsive genes [24]. Furthermore, ethylene is involved in primary root
elongation and root hair formation in seedlings grown in Pi-limited medium. Detailed
omics analyses have recently shown that Pi significantly decreases the metabolic levels
of carbohydrate metabolism like glucose, pyruvate and chlorophyll, and genes related
to carbon metabolism in rice (Oryza sativa L.) [25].

When the availability of Pi is limited in soil, plant systems can undergo a range
of adaptive biochemical responses. It includes the acquisition of more Pi from the
environment, which is improved by exudation of organic acids and phosphatases
into the soil or mobilization of Pi within the body of the plant. The physiological
responses are also changing in root systems, morphology and architecture and
establishment of a symbiotic association with arbuscular mycorrhizal fungi to gain
Pi through a mutualistic interaction.

8.2.3 Potassium Metabolism in Plants Under Deficient
Conditions

Potassium in the form of free ion (K+) is one of the most important mineral nutrient
elements, which plays a crucial role in many plant physiological processes like
maintenance of cytoplasmic pH homeostasis, maintenance of electrochemical gradi-
ents across membranes, inorganic anions and metabolites transport and signal trans-
duction [26]. It activates numerous enzymes of central metabolism involved in energy
metabolism, protein synthesis, and solute transport. Pyruvate kinase, which catalyzes
the transfer of a phosphate group from phosphoenolpyruvate to ADP, yielding one
molecule of pyruvate and one molecule of ATP is particularly sensitive to cytoplasmic
K and its activity in root cells can be rapidly inhibited under K deficiency [18].

Potassium is absorbed from the soil against the K+ concentration gradient and its
translocation from roots to shoots or from source to sink is also mediated by K+

transporters and channels [27]. Early investigations revealed a dual affinity of high
and low K+ mechanisms of which high-affinity K+ uptake mechanism is mediated
primarily by K+ transporters at low external K+ (below 0.2 mM). However, in high
external K+ (above 0.3 mM) the primary mechanism is mediated by K+ channels.
K+ deficient plants phenotypically show a decrease in lateral root and shoot for-
mation at seedling stage in rice [28]. Plants also show a root-hair elongated phe-
notype with a decreased lateral root length and lateral root number in Arabidopsis
[29]. To adapt to K+ deficiency, plants activate a complex series of signaling and
network adaptive events at both physiological and morphological levels.
Phosphorylation and dephosphorylation of K+ channel proteins at the posttransla-
tional level is one adaptive mechanism to enhance K+ uptake from the environment
and translocation in plant cells along with mobilization of K+ ions from vacuoles.
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Upon K+ deficiency, plant cells exhibit long and short physiological and bio-
chemical responses of several signal components, including membrane potential,
reactive oxygen species (ROS), phytohormones (ethylene and auxin) and metabolic
changes [30]. Regarding metabolites, K+ deficient plants accumulate more basic or
neutral amino acids and slightly increase total amino acid and protein content in their
roots and shoots. However, a strong decrease of pyruvate and organic acids,
specifically is occurring in the roots [18]. Changes in the activity of enzyme involved
in sugar metabolism like acid invertase, glucokinase and fructokinase and of enzymes
of glycolysis and TCA cycle like glycerol aldehyde phosphate dehydrogenase
(GAPDH) and malic dehydrogenase and of enzymes involved in nitrogen assimila-
tion such as nitrate reductase, glutamine synthase (GS), glutamine dehydrogenase
(GDH) and ferredoxin-dependent glutamine:2-oxoglutarate aminotransferase
(Fd-GOGAT) in roots are known as an adaptive mechanism against K+ deficiency.

8.3 Macronutrient Homeostasis and Signaling in Plants

Sessile and terrestrial plants must directly encounter changes of environment,
therefore, they developed complex strategies to survive and to cope with different
stresses [31]. These are the integration of local and systemic sensing and signaling
for maintenance of cellular nutrient homeostasis at different stages of growth. Upon
nutrient fluctuations, roots perceive the signal in extracellular nutrient levels and
transfer it to the shoot via the xylem. The signal subsequently transmits to the shoot
apices and roots via the phloem to adjust developmental processes and nutrient
uptake [21]. Furthermore, long-distance transport signals in the phloem from source
leaves in the shoot to sink tissues in the root including root apices and lateral root
primordium comes into play upon nutrient deficiency. At the cellular level, a range
of signals including changes in cytosolic Ca2+, pH and potential of membrane,
ROS, nitric oxide and different hormones including auxin, gibberellins (GA),
cytokinins (CKs), absicic acid (ABA), ethylene, strigolactones (SLs) and brassi-
nosteroids are involved in development and changing root architecture to improve
the efficiency of nutrient uptake [31] (Fig. 8.1).

8.3.1 Nitrate Sensing and Signaling in Plants

Plants sense nitrate fluctuations quickly through several possible scenarios. While
the external nitrate may be sensed most probably by a membrane-bound protein, the
intracellular nitrate level senses either in the cytosol or in other cellular compart-
ments such as vacuole. Furthermore, nitrate-transporting/metabolizing proteins, are
known as a nitrate flux sensors [32]. It is hypothesized that nitrate sensing is
mediated by membrane nitrate transporters [33]. At least two transporters, NRT1.1
and NRT2.1, are involved in nitrate sensing in Arabidopsis [34]. There is a tight
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connection between NO3
− and CKs signaling in plants in which NO3

− induces both
CKs biosynthesis in roots and translocation to the shoot [35]. A significant
induction of adenosine phosphate-isopentenyltransferase3, a CKs biosynthesis
gene, by NO3

− is reported in the roots. [11].

8.3.2 Sensing and Signaling of Phosphorus in Plants

Plants have evolved complex strategies and adaptive mechanisms for uptake,
remobilization and recycling of Pi to sustain Pi homeostasis. Local Pi sensing and
signaling triggers adjustments in root system architecture for increasing of Pi
absorption, while the systemic, or long-distance signaling pathways act to adjust Pi
uptake, mobilization and redistribution [36]. Pi deficiency senses locally through
roots where phytohormones are important signaling components. Auxin, ethylene,
CKs, ABA, GA, SLs, along with sugars, miRNAs and Ca2+ have all been shown to

Fig. 8.1 Schematic presentation of the processes occurring upon macronutrient deficiency from
sensing to protein regulation in plants. Deficiency of nutrients is sensed by specific sensors (a),
which activates mechanisms to improve uptake and transport (b). Regulation of proteins in
response to nutrient deficiency (c) is an adaptive mechanism to adjust plants with the stress
conditions
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be involved in Pi local and systemic sensing and signaling pathways. There are two
ways by which plants are supposed to sense Pi status around rhizosphere: (i) external
Pi concentration changes is sensed by a root cell membrane-localized sensor,
(ii) internal nutrient levels is sensed by an intracellular sensor [37–39]. Under Pi
deficiency, an initial signal or stimulus (most likely Pi concentration in the apoplasm
of the root tip) perceives by a plasma-membrane-localized sensor or by internal
sensors in root tip cells. To date, none of external or internal Pi-stress sensors have
been identified. Investigations on the induction of phosphate starvation responsive
genes improved our knowledge about Pi deficiency sensing in the root system.
Phosphate starvation responsive genes are mainly triggered by the internal Pi
amount, rather than by external (apoplasmic) Pi level. Perception of Pi deficiency
signal by the root sensing system causes the activation of downstream adaptive
signaling pathways to generate both cell-autonomous and systemic signals [39, 40].

Ca2+, ROS and inositol polyphosphates as universal secondary messengers play
a major role in Pi sensing and signaling. Some morphological characteristics such
as leaf development, time regulation of flowering, and shoot meristem activity are
also under the control of systemic Pi deficiency signaling [40, 41]. In the case of
primary and lateral root architecture under P deprivation, auxin signalling is sup-
posed as an adaptive mechanism [42].

8.3.3 Potassium Sensing and Signaling in Plants

At cellular level, cytosolic K+ concentrations are maintained about 100 mmol L−1,
whereas vacuolar K+ concentrations are variable depending on the external K+

concentrations and plant situation. K+ influx into the vacuole and efflux from it controls
cytosolic K+ homeostasis. This cation is transported actively or passively from the soil
to the plant cell and under K+-deficiency, ROS, Ca2+ and phytohormones are involved
as regulatory signals [27]. Transport of external K+ through the plasma membrane, and
its compartmentation within the plant are mediated by diverse K+ channels and
transporters. Sensing of K+ is a main step for regulation of K+ homeostasis. AKT1, a
Shaker-type inward-rectifying K+ channel as the most putative candidate K+ sensor,
plays a crucial role in K+ efflux under starvation conditions. Some other channels, such
as high-affinity K+ transporter 5 (HAK5), guard cell outwardly-rectifying K+ channel,
and K+ uptake permease 4, have also been suggested as K+ sensors but their sensor
activities have not been confirmed in plants [43].

Plant roots steadily monitor exogenous K+ concentrations in soil and sense K+

availability. When plants sense K+ deficiency, a short-term deficiency response is
switched on and the high-affinity K+ uptake system is activated within a few hours
[27]. The high-affinity K+ uptake mechanism in plants is mediated by the
high-affinity channels such as HAK5 and AKT1 in Arabidopsis. ROS can activate
these channels within 6 h from deficiency detection [44]. Calcium is another player
in K+-deficiency signaling cascade and has a major role in K+/Na+ homeostasis.
Cytoplasmic Ca2+ is a secondary signal and mediates the downstream transcriptional
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and post-translational response to the external K+ availability [27]. By activation of
AKT1 via phosphorylation through CIPK23, the cytosolic Ca2+ amounts are
immediately elevated under K+ deficiency [45, 46].

8.4 Interactions Among Nutrients in Plant Cells

Interactions between essential nutrients, both in soil and within plant cells, lead to
deficiency or toxicity of some minerals and consequently slow down the plant
growth and crop yield. Fluctuations of a nutrient affect plant processes and uptake
of other nutrients. Therefore, maximum biomass and nutrient accumulation is
associated with optimal uptake of both macro and micronutrients. On the other
hand, individual pair of nutrients can have temporal and specific synergistic or
antagonistic interactions [10]. Investigations of antagonistic or synergistic interac-
tions proved the ability of one particular nutrient to decrease or to increase the
uptake of other nutrients.

Not only nutrient deficiency, but also excessive concentration of nutrients may
negatively affect growth and productivity of crops. The negative effect of P, Cu, Zn
and Mn toxicity could be considerably eliminated by increasing of Ca, Mg and Fe,
as well as N, K, Mo, Co and B in substrate [47]. Increase in a nutrient such as Zn,
may inhibit uptake of other nutrients, i.e. Pi. In wheat, when efficiency of Pi uptake
is high, Zn uptake may decrease resulting in a reduction of Zn levels in grains
grown in soils with low Pi. It was reported that Pi mobilization to reproduction
system is blocked, because of the antagonistic effect of Zn triggered in roots [48]. In
general, foliar application of Zn singular or in combination with its soil application
decreases the Pi uptake in shoots at booting stage and in grains [49]. The evidence
of coordination of homeostasis among different nutrients showed that Pi starvation
down regulates the expression of an N recycling protein, RING-type ubiquitin E3
ligase and nitrogen limitation adaptation in Arabidopsis [50].

8.5 Molecular Approaches to Improve Nutrient Uptake
in Crops

Plants adopt complex mechanisms for an efficient uptake of nutrients from the soil.
To enhance nutrient acquisition, plants activate developmental programs to alter the
root system architecture. This is an adaptive mechanism when the distribution of
nutrients in the soil is not homogenous [51]. Lateral root development under N
starvation is one of the adaptive mechanisms. Root N uptake relies at the molecular
level on transporters. Three forms of N including NO3

−, NH4
+, and urea are taken

up by members of the nitrate transporter, ammonium transporter and urea trans-
porter, respectively [52]. High and Low affinity transport systems (HATS and
LATS) are involved in the process of N uptake. These systems are predominant for

8 Proteomics Approach for Identification of Nutrient Deficiency … 185



soil nitrate concentration below and higher than 1 mM, respectively. Plant uses the
mechanism of N remobilization to improve N efficiency. This mechanism is under
the control of four proteases including FtsH, a chloroplastic protease, aspartic
protease, proteasome β subunit A1 and SAG12 (cysteine protease) which are
strongly induced during leaf senescence [53].

Upon P starvation, plants alter root growth and architecture by development of
lateral roots and by increasing root hair number and length. In this respect, plants
secrete APase, RNase and organic acids into the rhizosphere to improve Pi avail-
ability in the soil [54]. APase as a marker gene improves mobilization of immobile
phosphate present in the soil or inside plant cells [55]. The mechanisms of plant
response to P starvation are highly dependent on the plant type and on the tolerance
to low-P conditions. It was reported that maize low-P-tolerant mutant 99038 could
accumulate and secrete more citrate and higher proportion of sucrose in the total
soluble sugars as well as higher proliferation in the root meristem [56]. Bucher
(2007) reviewed the molecular and biochemical mechanisms involved in Pi
transport, emphasizing on the role of root hair cells and mycorrhizal cortical cells.
He showed that the Pi uptake kinetics in plants is not similar at low Pi concen-
trations compared to high Pi concentrations [57].

Because of complex soil dynamics, the availability of potassium in the plant is
highly variable. Potassium deficiency not only triggers developmental responses in
roots, but also activates various types of channels and transporters for potassium
acquisition [58]. Two main transport components, including high- and low-affinity
transport system are involved in K+ uptake. Transcriptome analysis of Arabidopsis
root transporters under K+ deficiency indicated the majority of K+ transporters is
regulated post transcriptionally rather than at the transcript level [59].

8.5.1 Macronutrient Deficiency Related Proteins
and Metabolic Changes in Crops

Once plants encounter deficiencies in the macronutrients such as N, P and K, a
considerable change occurs in primary metabolism, carbohydrate concentrations,
biomass allocation between shoot and root and subsequently plant morphology [60].
According to current knowledge, sugars and starch are accumulated in the leaves
under N deficiency and this may cause a reduction of photosynthesis. Reduction of
Pi and triose phosphate, which are crucial for the regulation of photosynthesis and
starch metabolism can be considered as the reason in photosynthesis inhibition under
P starvation [61]. Expression of genes and proteins related to photosynthesis and
sucrose synthesis is also highly affected by macronutrient starvation [16, 60].
Deficiency of P can restrict ATP synthesis, which subsequently causes deactivation
of Ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) and accumulation
of ribulose-1,5-bisphosphate [62]. Taken together, photosynthesis and carbon
metabolism are the main part of a plant cell mechanism that is highly affected by
macronutrient deficiency.
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Transcriptome and metabolite data have indicated that N deficiency stimulates
the expression of genes involved in amino acid catabolism, protein degradation,
autophagy and ubiquitin-proteasome. However, the genes encoding phenyl-
propanoid metabolism pathways or those involved in photosynthetic proteins and
biosynthetic pathways that require N-containing metabolites tend to be
down-regulated [63, 64]. While deprivation of N in Arabidopsis repressed the genes
involved in photosynthesis apparatus and chlorophyll synthesis, it induced the
expression of genes involved in the biosynthesis of anthocyanin and phenyl-
propanoid pathways as well as protein degradation [16, 65]. At the proteome level,
down regulation of RuBisCO large subunit, RuBisCO activase and ferredoxin
NADP reductase in ramie (Boehmeria nivea) leaf; changes in the expression of
ATP synthase in rice root [66] and oxygen-evolving enhancer protein 1 and
RuBisCO LSU in the wheat shoot have been reported [67].

In response to P starvation, a coordinated change in the expression of
auxin-inducible genes [42]; genes involved in the remodeling of membrane lipids,
Pi acquisition and carbohydrate flux [68], P uptake related genes [69] and P
transport and recycling-related genes were already reported in different plants [70].
Gene expression analysis of potato leaves identified proteins involved in lipid,
protein, and carbohydrate metabolism like novel patatin like protein under Pi
deficiency [71]. At the proteome level, down regulation of the proteins involved in
Calvin cycle and the electron transport system and CO2 enrichment [72], down
regulation of energy production, photorespiration, ROS scavengers and defense
related proteins [54] and proteins involved in phytohormone biosynthesis, and
signal transduction were already reported in plants in response to P deficiency [73].

Despite the importance of K in plant physiological and developmental processes,
few studies have been performed to analyze the regulated genes and proteins under
K deficiency compared to other macronutrients. Transcriptome analysis of rice roots
under K starvation revealed that high affinity K+ transporters have been changed
compared to P or N deficiency. Proteome analysis in Arabidopsis under
K-deficiency indicated that different proteins involved in signal transduction and
transport processes were regulated [58, 74].

A summary of already identified proteins responding to N, P and K deficiencies
is illustrated in Table 8.1. Rice and Arabidopsis were the most studied plants and
two-dimensional polyacrylamide gel electrophoresis (2-DE) for protein separation
followed by MALDI TOF-TOF MS for protein identification was the major pro-
teomics technique. Although there were no correlations among the plant and sample
type as well as the type of the nutrient deficiency, the identified proteins were
functionally similar. Metabolism related proteins were mostly common in the
regulated proteins under macronutrient deficiency in various plants. Proteins related
to photosynthesis can be classified as the second group of the regulated proteins.
Defense/stress, signal transduction and transporter proteins are also highly affected
by nutrient deficiency (Table 8.1). In general, macronutrient starvation impairs
plant metabolism as well as photosynthesis apparatus which usually lead to a
dramatic reduction in the yield of crop plants.
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8.5.2 Microelement Deficiency Related Proteins in Crops

A survey of the plant proteome analyses under nutrient deficiency indicates that
most studies are focused on the identification of proteins involved in N, P, and Fe
deficiency and information about the responsive proteins to other essential nutrient
deficiency remains scarce [75]. Several novel microelement deficiency-responsive
proteins are illustrated in Table 8.2. In crop plants, especially those grown on
calcareous soils, Fe deficiency is a major nutritional disorder causes a decrease in
growth, yield and quality. In Arabidopsis roots, 4454 proteins were identified and
2882 were reliably quantified under Fe deficiency. Out of all identified proteins,
101 were related to stress defense, C metabolism and N metabolism [46]. Further,
oxidative stress related proteins were differentially expressed under Fe deficiency
due to a change of redox homeostasis and the induction of ROS formation via
Fenton reactions. Many proteins involved in oxidative stress, such as peroxidases
and catalase are Fe-containing proteins. An increase in the expression of superoxide
dismutases (CuZnSOD and MnSOD), monodehydro ascorbate reductase, peroxi-
dase and a decrease in the expression of catalase was reported [76].

Germin-Like-Protein, a defense related protein localized in the plasmodesmata,
was up regulated under Fe2+ deficiency. This protein has a role in regulating pri-
mary root growth via controlling phloem-mediated distribution of resources
between primary and lateral root meristems [77]. Carbon metabolism, especially
glycolysis related proteins shows the most consistent changes in Fe2+ deficiency.
Several proteins belonging to this pathway were up-regulated in different plant
species, showing the fact that controlling of carbon metabolism that occurs under
Fe2+ deficiency is strongly conserved among plant species. Proteomic results are in
agreement with transcriptomic and biochemical studies in which up-regulation in
glycolysis and TCA cycle enzymes upon Fe2+ deficiency was reported [78].

Fe2+ deficiency has also an impact on N metabolism by upregulation of glu-
tamine synthetase and S-adenosylmethionine synthase1 (SAM1) and down regu-
lation of SAM2. Enzymes involved in ammonia release (urease and
dihydrolipoamide dehydrogenase), assimilation (GLN1 and GLN2), and amino
group transfer (alanine aminotransferase and aspartate aminotransferase) were up
regulated. Fe2+ deficiency decreased photosynthesis rate by the reduction of granal
number and stromal lamellae, down regulation of thylakoid membrane components
like proteins, electron carriers and lipids, electron transfer proteins, including light
harvesting components and the core of the PSI and PSII complexes and cytochrome
b6/f as well as RuBisCO as leaf C fixation protein [76, 79].

Boron (B), a member of the metalloid group, is an essential micronutrient for all
vascular plants. Deficiency of B negatively affects various biochemical and physi-
ological processes [80]. Proteome analysis of rape seed (Brassica napus L.) under B
deficiency resulted in the identification of proteins related to carbohydrate and
energy metabolism, cell wall, stress response, signaling and regulation, protein
process, fatty acid, amino acid and nucleic acid metabolism [75]. Further, glycolysis
and TCA cycle are impaired in rape seed under B deficiency. Down regulation of
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malate dehydrogenase involved in aerobic metabolism and up regulation of pyruvate
decarboxylase, the main enzyme in the fermentation process, 6-phosphogluconate
dehydrogenase, a rate-limiting enzyme of the pentose phosphate pathway, SAMS3,
lignin biosynthesis related proteins were reported to respond to B deficiency [81].
Annexin-like protein was down-regulated sharply under B deficiency and then
increased during the recovery stage, suggesting that this protein has a role in pro-
tection of plant from oxidative damage [82–84].

8.6 Root Nodules and Nutrient Deficiency

Nitrogen and ammonium obtained from the soil solution are a major nitrogen
resource for most leguminous and non-leguminous plants. However, leguminous
have obtained an added option to fix N2 by symbiotic bacterial called rhizobia in
their root nodules. Nodule formation is the most key event for the establishment of
a mutualistic interaction in which atmospheric dinitrogen is fixed by bacteria inside
of nodules to produce ammonia and dicarboxylic acids. The initiation of root
nodule formation is started by differentiation in root cortical cells resetting by
rhizobial infection to produce pre-nodule whose function is an obligatory step of
intracellular infection. Nodule primordium occurring in dividing cells in the peri-
cycle and in front of the xylem pole will grow and develop into the true nodule [85,
86]. There are two morphologically distinct types of nodules comprising of inde-
terminate and determinate nodules. In indeterminate type, the nodules zones such as
nodule meristem, the rhizobial infection zone, and the nitrogen fixation zone are
well established like those in Medicago truncatula and Pisum sativum. However in
Lotus japonicus and Glycine max the nodule type is determinate nodule in which
the nodule zone is not clearly distinguished [87]. Besides, nodules commonly have
been improved with more peripheral vascular bundles to exchange nutrients
between roots and nodules.

Thought in plants relying on dinitrogen fixation, P has more impact on nodu-
lation and N2 fixation than its function on plant growth and development. Nutrient
deficiency may limit N2 fixation through its direct effects on nodule and mass
number of rhizobia and symbiosome formation [88, 89]. For instance, under Pi
limitation, the mass number of nodule was restricted and led to a lower symbiotic
dinitrogen fixation capacity or specific nitrogenase activity of nodules in common
bean (Phaseolus vulgaris L.) and Alnus incana [89, 90].

In the process of rhizobial symbioses, Pi is an essential nutrient to convert N2

into NH4 usable for N nutrition in legumes. Low-P availability in the soil reduces
N2 fixation and subsequently slows down the growth of legumes. Addition of P
fertilizer increased N content in shoots and roots [91, 92]. Phytases are a group of
enzymes that are able to hydrolyze a variety of inositol phosphates and have some
functions in nodule of legume. Effect of phytase in the nodule of common bean
using two contrasting recombinant inbred lines for N2 fixation under P deficiency
has been studied. Under P deficiency, phytase transcripts were significantly
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increased in the P-efficient line leading to improve the efficiency in the use of the
rhizobial symbiosis by 34 % [93]. A study on common bean inoculated with
Rhizobium tropici CIAT899 grown under P-deficient and P-sufficient conditions
indicated that nodulation and nitrogenase activity were significantly reduced in
plants grown in P-deficient conditions [94].

Proteome analysis of soybean nodules was performed under phosphate starva-
tion in which 44 phosphate-starvation responsive proteins were identified
(Table 8.1). Since N fixation is an energy-consuming process, reduction in P
availability inhibited nodule growth, number and mass as well as nodule nitroge-
nase activity. It clearly indicates that P has a major role not only in morphology, but
also in the activity of nodules. Interestingly, almost 40 % of the identified
Pi-starvation responsive proteins in nodules were from bacteroids. Down regulation
of proteins involved in carbon metabolism and transport indicated that metabolism
of carbon and exchange of nutrient was inhibited in bacterial cells [95].

8.7 Overexpression of Proteins to Improve Nutrient Use
Efficiency

In recent decades, application of synthetic N significantly increased and it caused
considerable negative impacts on the environment. Therefore, demand for an effi-
cient use of N in crop plants is increasing [96]. Attempts at improving N use
efficiency in crop plants using transgenic approaches are mainly focused on altering
N uptake and assimilation as well as N remobilization and regulation [52]. A review
on the engineering N use efficient crops indicated that the predicted proteins did not
improve N use efficiency in a specific crop. For instance, overexpression of nitrate
reductase in cereal crops and glutamine synthetase in maize did not affect plant N
use efficiency. However, overexpression of genes involved in primary N metabo-
lism, amino acid biosynthesis, carbon-nitrogen balance, photosynthesis, carbon
metabolism and transcription factors could improve N use efficiency in crops [96].

Genetic engineering assists in the breeding of crops to improve P acquisition
efficiency and thus reduces inputs of P fertilizer for optimal growth [57]. Use of P
transporter proteins and expression of PHT1 gene to improve P uptake was already
reported. Mitsukawa et al. [97] isolated a high-affinity phosphate transporter gene
from Arabidopsis. Overexpression of this gene at high levels in tobacco-cultured
cells improved the rate of P uptake. Biomass production of the transgenic cells
increased when the supply of phosphate was limited [97]. By contrast, overex-
pression of the same gene in barley did not improve the rate of P uptake [98].
Therefore, other mechanisms such as post-translational modifications, Pi availability
and plant type may affect the Pi transport activity. Protein phosphatases were also
cloned and characterized for the ability to improve P efficiency. Overexpression of
two protein phosphatase genes, PvPS2:1 and PvP2:2 in bean improved root growth
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and P accumulation [50]. The target for production of transgenic plants tolerant to
low P conditions has mainly focused on the genes encoding transcription factors,
PAPs, Pi transporters, protein kinases and the genes involved in organic acid pro-
duction [69]. Improvement in P efficiency and uptake in several transgenic crops
indicates the potential of this technique to produce plants with more efficiency in P
acquisition.

8.8 Conclusions

Plants represent a diverse response to nutrient deficiency from changes in root
architecture to expression of responsible genes and proteins to improve nutrient
uptake and transportation. Because of synergistic or antagonistic interactions
among nutrients, a complex network of protein regulation is involved in plant cell
to adjust uptake and to balance nutrient content (Fig. 8.1). This chapter represented
an overview of the mechanisms of homeostasis, signaling, uptake and transport of
macro and micronutrients in plant cells. Responsible proteins to deficiency of macro
and micronutrients were also classified.

Deficiency of macronutrients highly affects photosynthesis and carbon meta-
bolism. Therefore, it is reasonable that most of the regulated proteins in response to
macronutrient deficiency are metabolism and photosynthesis related proteins.
According to the review of literatures, most of the proteome analysis to identify
nutrient deficiency related proteins is performed using 2-DE for protein separation
followed by MALDI TOF-TOF MS for protein identification in the model plants of
rice and Arabidopsis. The main challenge after the identification of the nutrient
starvation responsive proteins is how to use this information in the improvement of
nutrient uptake in plants. Although generation of plants with the overexpressed
proteins to improve nutrient use efficiency is widely reported, however, more efforts
should be made to have crops with the improved nutrient use efficiency in com-
mercial levels.
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Chapter 9
Plant Response to Bacterial Pathogens:
A Proteomics View

Sheldon Lawrence II, Jennifer Parker and Sixue Chen

Abstract Plants rely on their innate immunity comprised of pattern-triggered
immunity (PTI) and effector-triggered immunity (ETI) for defense against patho-
gens. The evolution of this immune response has resulted in a highly effective
system of defense that is able to resist potential attack by pathogens. Bacterial
pathogens are major threats to crop production and result in vast losses in revenue
each year. Thus, better understanding of the interactions between plants and
pathogenic bacteria is a promising avenue for the improvement of crop productivity
and agriculture sustainability. Proteomic technologies provide a unique angle to
study the intricate interactions between plants and pathogens. Approaches for
proteomic analysis can not only lead to the identification of proteins, but also
provide quantification and characterization of post-translational modification
(PTM). Here we highlight the current knowledge of plant innate immunity in
response to bacterial pathogens. We also discuss interesting plant proteomic
responses, as well as address the exciting areas of secretome and PTM proteomics
as they closely relate to plant-bacteria interactions.
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9.1 Introduction

Plants are in constant interaction with microbes. Most interactions are not harmful,
however, those with pathogenic microbes can lead to diseases that affect plants
ability to thrive and reproduce. The diseases caused by the phytopathogens are
widespread and often results in a significant decrease in crop yield and economic
loss, thus threatening the global food security. It is estimated that over 10 % of the
world’s agriculture crops are lost to plant-pathogens annually with much greater
losses occur during times of epidemics [1]. As the world’s population continues to
grow, land available for farming decreases and pathogens continue to evolve
resistance to plant defenses, better understanding of plant-pathogen interactions is
critical to the development of more useful strategies of plant protection against
pathogens and increase crop productivity and global food security [2]. Among the
many types of phytopathogens, which include fungi, viruses and oomycetes, dis-
ease causing bacteria are major threats to crop production [3] and will be the focus
of this review.

Bacteria are single-celled prokaryotic organisms found in vast numbers in nearly
every place on Earth. They are classified into two major groups, Gram negative and
gram positive, based on their chemical composition and cell wall structure [4]. The
interactions between bacteria and plants are often beneficial for the plants and/or the
bacteria. Such is the case for nitrogen-fixing bacteria in the roots of certain legumes
and other plant growth-promoting bacteria as well as those involved in the
decomposition of plant remains [5]. Beneficial interactions are common and pose
agronomic importance, and plant microbiome research has started to gain a lot of
attraction [6]. However, in many cases bacteria can be harmful to plants causing
disease and result in major economic loss and increase famine due to decrease in
crop production [1]. Most disease causing plant bacterial pathogens belong to the
following genera: Pantoea, Burkholderia, Acidovorax, Clavibacter, Streptomyces,
Spiroplasma, and Phytoplasma, Pseudomonas, Ralstonia, Xanthomona,
Pectobacterium, Agrobacterium, Xylella, Erwinia, Dickeya [7]. The top ten sci-
entific and economically important bacterial pathogens fall in the genera of the
latter eight and cause diseases such as bacterial speck of tomato, potato brown rot,
leaf blight of rice, and fire blight of apple and others that lead to significant eco-
nomic loss of agriculture crops [8]. These pathogens often use sophisticated
molecular strategies to cause plant disease, and plants must overcome them in a
biological race to compete and survive.

Currently, an environmental friendly method of battling diseases of agriculture
crops involves the development of crop cultivars with enhanced resistance to those
pathogenic bacteria that normally cause disease [9]. This requires knowledge of
molecular interactions involved in promoting or suppressing disease. Given that
proteins play a large role in the interactions between plant and pathogen, proteomics
is a logical tool for investigating and elucidating molecular mechanisms that lead to
disease. In recent years there has been significant progress made to better under-
standing plant-bacterial interactions with the use of proteomics technologies and

204 S. Lawrence II et al.



approaches. The use of these approaches has enabled the identification of and
changes in proteins involved in plant-bacteria communication during infection. Here
we first highlight the current knowledge of plant innate immunity in response to
bacterial challenge. Next, we discuss plant proteomic responses to bacteria patho-
gens with special attention to agriculture crops. Lastly, we address the expanding
areas of secretome and post-translational modification (PTM) proteomics as they
closely relate to plant-pathogen interactions.

9.2 Current Knowledge of Plant Innate Immune Response
to Bacteria

9.2.1 Pathogen Associated Molecular Patterns (PAMPs)

The interaction between plant and bacterial pathogens involves a multifaceted
process mediated by both plant and pathogen derived molecules that included
proteins, sugars and lipopolysaccharides [10]. To cause disease, pathogens must
successfully enter and colonize inside the host. The cell wall and cuticle of plants act
as natural physical barriers to prevent the invasion of pathogens. However, these
natural defenses are not always effective at preventing invading pathogens.
Successful resistance comes from the plants dual level innate immune system of
active defense responses [11]. The first level of plant active defense involves the
recognition of microbial molecules or elicitors by the plant. These molecules or
elicitors are known as pathogen-associated molecular patterns (PAMPs) and are
evolutionarily conserved components of microbes/pathogens [12]. Research
throughout the years has generated a list of known PAMPs from various bacteria and
their induced responses. Common examples of PAMPs include flagellin, elongation
factor Tu (EF-Tu), cold shock proteins (CPS), and lipopolysaccharides (LPS) and
are all characteristic of gram negative bacteria [13]. Although not all PAMPs are
identical across bacteria, conserved protein regions have been shown to provide an
avenue for studying PAMP response mechanisms in plants. The most extensively
studied PAMP is the small peptide flg22 derived from bacterial flagellin. Flagellin is
a protein component of flagella, the structure that provides mobility to certain cells
including many gram negative bacteria. Both the N and C terminal regions of this
protein are evolutionarily conserved across a number of bacterial species [14],
making flagellin useful when studying plant defense against bacterial pathogens. In
an early study, purified flagella from P. tabaci was shown to initiate downstream
responses to the bacterial PAMP in both tomato and Arabidopsis [15]. Early work
provided multiple examples of pathogens capable of evading the plant recognition
system due to mutations within flg22 epitope, which further demonstrated the
importance of flagellin in plant-bacterial interactions [15–17]. In addition to flag-
ellin, several other PAMPs (e.g., EF-Tu and LPS) have been identified and shown to
induce downstream responses to bacterial PAMPs in different systems [18–22].
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9.2.2 PAMP Triggered Immunity (PTI)

In response to PAMPs, plants have evolved mechanisms to detect conserved bac-
teria components. In plants, PAMPs are recognized by pattern recognition receptors
(PRRs). These receptors are localized on the plant cell membrane and are either
leucine-rich receptor-like kinases (LRR-RLK) or receptor-like proteins (RLP) [23].
Like PAMPs, several PPRs have been characterized and include Flagellin Sensitive
2 (FLS2), the flagellin receptor and EF-Tu receptor (EFR), the bacterial elongation
factor EF-Tu receptor. Recognition of PAMPs by plant PRRs leads to the activation
of the first level of plant innate immune response (Fig. 9.1). This PAMP activated
immune response and subsequent changes within the plant are often referred to as
basal defense response, general elicitor response and PAMP triggered immunity
(PTI), each describing the same level of response that PAMP recognition induces
within the plant. This form of immunity is characterized by an assortment of
molecular and genetic changes, which include alkalinization, changes in ion flux,
increase in reactive oxygen species (ROS), and activation of mitogen-activated
protein kinase (MAPK) cascades (Fig. 9.1) [24–26]. PTI can be considered a

Fig. 9.1 Diagram showing interaction between plants and pathogen infection. Plants respond to
PAMPs such as flg22 through PRRs and induce PTI mechanisms including alkylation, Ca2+

elevation, ROS production, MAPK, and CDPKs activation. These response mechanisms are
inhibited by T3Es such as AvrPto, AvrPtoB, and Hops. ETI response mechanisms are activated
through identification of T3Es and production of ROS, HR, PCD, and activation of MAPKs. ETI is
also regulated through T3Es such as AvrPtoB and Hops. Both early and late response mechanisms
have been shown to initiate changes in gene transcription, translation and PTMs such as disulfide
bond formation, S-nitrosylation and phosphorylation
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“priming” mechanism of plants defense response to bacteria, so that if a plant is
challenged by a secondary infection after initial PTI has been allowed to develop,
bacterial growth is often restricted in host plants and eliminated in non-host plants
[27]. Over the last decade, there has been much research that has led to our
understanding of PTI signaling cascades. Research here has involved mutations of
known receptors such as FLS2 and EFR in order to examine phenotype of PRR
mutants as well as elucidate signaling components of PAMP induced PTI and
pathogen development [19, 27–29].

9.2.3 Effector Triggered Immunity (ETI)

As previously described, PTI is a basal defense response utilized by the plant to
prevent bacterial growth. In order to successfully infiltrate the apoplast and thrive,
bacteria must bypass this basal defense. Bacteria have therefore evolved mecha-
nisms to overcome different components of PTI by delivering ‘effector’ proteins
into the plant. A mechanism in which many pathogenic bacteria such as certain
species from the genera Pseudomonas, Ralstonia, Xanthomona, Erwinia accom-
plish delivery of effectors is through the use of a type III secretion system (TTSS).
Utilizing this system, bacteria are able to bypass the plant cell wall and plasma
membrane to inject effectors directly into the cell (Fig. 9.1) and successfully sup-
press PTI. Plants are often able to perceive this and mount a subsequent response.
The second level of plant innate immune response involves the recognition and
interaction of these specific effectors known as avirulence (Avr) proteins or type
three effectors (T3E) by resistance proteins (R proteins) within the plant and is
referred to as effector-triggered immunity (ETI). An adaptive zig-zag model has
been proposed and is representative of the changes in the infection and defense
processes [11]. Successful recognition of avr proteins, like AvrPto, AvrPtoB, and
Hops from Pseudomonas syringae by plant R proteins leads to a localized cell death
(hypersensitive response), the expression of pathogenesis related (PR) genes,
changes in the proteome and systemic acquired resistance (SAR) in order to kill the
pathogen, pathogen infected cells and help prevent later infections [30, 31].
A number of studies have highlighted the role and provided support to the
importance of several factors involved in ETI [32–35]. Although ETI response is
described as being faster and more robust when compared to PTI, both PTI and ETI
act together to effectively defend plants against pathogens and common to them
both is an increase in reactive oxygen species (ROS), production of nitric oxide
(NO), and changes in PTM events in order to prevent pathogen infection or inhi-
bition of its growth.
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9.3 Proteomic Responses to Bacterial Pathogens

Despite the knowledge of plant innate immunity, many components of PTI and ETI
in response to bacteria pathogens remain largely unknown. As previously stated,
proteins play an undeniable role in plant-pathogen interactions, and proteomics has
become a valuable resource for better understanding these interactions. It is known
that information obtained from genomics and transcriptomics does not always
correlate to protein changes [36]. Providing insights to protein localization, enzy-
matic complexes, protein-protein interactions and PTMs, proteomics allow a more
direct view of cellular processes and activities that occur during specific
plant-pathogen interactions. Advances in proteomic technologies such as
two-dimensional gel electrophoresis (2-DE), two-dimensional difference gel elec-
trophoresis (2D-DIGE), and gel free methods such as isotope-coded affinity tag
(ICAT), isobaric tags for relative and absolute quantitation (iTRAQ), cysteine
reactive tandem mass tags (cysTMT), and stable isotope labeling by amino acids in
cell culture (SILAC) in tandem with liquid chromatography (LC)-mass spectrom-
etry (MS) have made it possible for the large scale analysis of proteomic changes
during plant-pathogen interactions under various treatment conditions and times
(Fig. 9.2). Results of proteomic work aid in filling knowledge gaps that arose
during the genomic and transcriptomic area. With the great improvements in these
technologies within the past 20 years there has been an increase in the amount
proteomic literature in the area of plant-bacteria interactions (Table 9.1). Much of
the research here highlights changes in protein modification and expression levels
induced by treatment with bacterial pathogens or elicitors and relies on the use of
MS approaches to provide qualitative and quantitative information. In the area of
plant-bacteria proteomics, the symbiotic interaction between nitrogen fixing bac-
teria and legumes has long been the most well studied [37]. In more recent years,
however, research has been increasingly focused on the proteomes of plant during
their interactions with bacterial pathogens.

9.3.1 General Proteomic Studies

A number of proteomics studies using non-crop model systems have contributed to
what is known regarding plant–pathogen interactions. An important system is that of
the model plant Arabidopsis thaliana, which has been invaluable to the under-
standing of molecular events leading to the progression of disease or successful
pathogen defense in crops [38]. Arabidopsis along with bacterial pathogens and
bacterial elicitors has been used to identify specific proteins that respond to bacterial
pathogens. Using bacterial elicitors rather than the pathogen itself to treat the host
plants or cell suspension cultures simplifies the system, making it easier to study rapid
changing in the proteome. Therefore, some plant defense studies have utilized Flg22,
chitin or other bacterial elicitors to induce defense responses [39, 40]. However, the
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use of bacterial pathogens themselves provides a more complete system and often
reveals more information about the interactions and will be the focus here.

As a lab model system, the pathogenic bacterium Pseudomonas syringae pv.
tomato (Pst) strain DC3000 has often been used to study plant response to bacteria
pathogens. Pst is a gram negative bacterium that causes bacterial speck disease in A.
thaliana and Solanum lycopersicum (tomato). Because of the necrotic lesion that
forms on the plant after infection, plants and their fruits become less valuable. Jones
and colleagues analyzed PAMP, TTSS, and ETI proteomic changes in Arabidopsis
when challenged with different near isogenic lines of (Pst) DC3000 [41, 42]. The
study reported defense-related PR-9 antioxidant proteins and metabolic enzymes.
Two groups of proteins (glutathione S-transferase (GST) and peroxiredoxin
(Prx) changed in response to treatment with Pst and its variants, hrpA DC3000 and
Pst (avrRPM1) [41]. These two groups of antioxidant enzymes are suggested to
play important roles in the regulation of redox conditions during pathogen infec-
tion. Further studies using early time points, protein extracts from the chloroplast,

Fig. 9.2 Analytical approaches used in plant pathogen interaction proteomics. 1D SDS-PAGE,
2-DE, and 2DIGE are gel methods used to identify global protein changes and PTMs. SILAC is a
gel free method that uses the changes in mass due to the metabolic incorporation of amino acid
isotopes to examine quantitative changes between samples. iTRAQ and cysTMT are isobaric tag
labeling systems that are used to label protein extracts when examining global protein changes.
Labeling with cysTMT and biotin-HDPD is used to identify cysteine redox changes due to
different treatment. Spectral counting is a label-free method capable of examining changes in
protein levels and PTMs
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mitochondria, and total soluble protein and 2-DE and MS/MS, 57 proteins with
differences in expression levels were identified [42]. These proteins were deter-
mined to be involved in biological processes such as defense (GST), transcription
(squamosa promoter binding protein-like 14), protein stability (cyclophilin) and
metabolism (glyceraldehydes 3-phosphate dehydrogenase). These results suggest
PAMP responses could be attributed to regulation of glycolysis, tricarboxylic acid
(TCA) cycle, and antioxidation activities. However, these processes were also
altered by the presence of virulent T3E and ETI. PAMP-induced changes at the
protein level were reflected by 2D gel spot density changes between mock and hrpA
DC3000 treatment, a TTSS mutant used to examine PAMP responses and changes
induced by T3Es. This revealed a total of 30 proteins identified as having changes
in spot density in response to PAMPs. Jones et al. [42, 43] additionally analyzed
changes in the phosphoproteome of Arabidopsis during Pst infection.
Phosphoprotein enrichment followed by iTRAQ tagging was employed and pro-
teins that were differentially phosphorylated in soluble A. thaliana leaf extracts
were identified. Phosphoproteome changes of 4 proteins (dehydrin, co-chaperone,
heat shock protein, plastid-associated protein) and ribulose-1,5-bisphosphate
carboxylase/oxygenase large subunit (RuBisCO LSU) was determined [43]. This
first study utilizing iTRAQ to study plant-pathogen interactions highlighted the
reproducibility and utility as well as problems often associated with the quantitative
analysis of changes in a complex phosphoproteome. In an approach to decrease
high abundant proteins in Arabidopsis leaves after Pst infection combinatorial
hexapeptide ligand libraries (CPLL) were used. The high abundant proteins from
infected leaves shown by 2-DE were reduced to a low level and less abundant
protein were enriched. Mass spectrometric analysis then led to the identification of
312 bacterial proteins from the infected leaf tissue [44].

The plasma membrane (PM) is where detection of PAMPs occurs and signal
transduction is initiated during pathogen response. Using transgenic Arabidopsis with
dexamethasone (Dex) inducible AvrRpt2 expression (GVG-AvrRpt2), ETI was
induced and proteomic changes observed. Using SDS-PAGE and MS/MS, a total of
2336 proteins were identified in PM enriched samples, with 423 proteins showing
significant changes in expression [45]. A total of 235 proteins with increased levels
were involved in processes such as camalexin biosynthesis (CYP71B15, CYP71A12,
CYP71A13), membrane trafficking (syntaxin of plants (SYP) 122, soluble
N-ethylmaleimide-sensitive factor adaptor protein 33), protein phosphorylation
(Pep1 receptor 1, wall-associated kinase 1, cysteine-rich receptor kinase), and
methionine metabolism (S-adenosylmethionine synthase, 1-aminocyclopropane-1-
carboxylate oxidase). Proteins with decrease levels, a total of 188, were involved in
biological processes that included glucosinolate metabolism (e.g., CYP83A1 and
CYP83B1), membrane transport (auxin and Ca2+ transporters), and photosynthesis
(thylakoid membrane proteins). This information provided insight into the specific
ETI regulated changes occurring at the PM. Virulent Pst and avirulent Pst (avrRpt2)
treatment of Arabidopsis was used to investigate the function of time in the devel-
opment of the response mechanisms [46]. Utilizing 2-DE and MS/MS, the authors
identified 800 proteins, with 147 showing significant changes. After the virulent
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infection, 794 spots were present at 4 hai, 795 present at 8 hai, and 772 present at 24
hai. Avirulent infection resulted in observation of 808 spots present at 4 hai, 810 at 8
hai, and 739 at 24 hai. Proteins were categorized as being shared between the virulent
and avirulent response mechanism, or unique to one or the other response. A total of
23 proteins that were not previously identified as being involved in defense were
identified, e.g., RAS GTP-binding nuclear protein and NUDIX (nucleoside diphos-
phates linked to moiety X) hydrolase homolog. Results of this study provide infor-
mation on proteomic changes occurring not only between virulent and avirulent
responses, but also provide a snapshot of the proteomic changes occurring at different
time points during the infection.

Although proteomic research using Arabidopsis is extensive and has improved
what is known about plant-pathogen communication (additional studies with the
model plant will be described in other sections), studies using other systems and
various pathogens has been helpful in studying specific plant responses to bacterial
infection. Proteomic work utilizing the wild tomato species L. hirsutum revealed
proteins that are regulated in response to Clavibacter michiganensis subp. michi-
ganensis infection. This bacterial pathogen is responsible for bacterial canker dis-
ease in tomato, leading to leaf necrosis, leaf wilt, cankers on the stem and plant
death. Two partially resistant lines that contained the quantitative trait loci Rcm2.0
and Rcm 5.1 which control resistance to the disease and a susceptible line were
compared using 2-DE and MS [47]. Analysis identified 26 differentially regulated
proteins, of which three superoxide dismutase (SOD) enzymes and nine other
enzymes directly related to plant defense were identified. The identification of these
enzymes indicates the importance of stress related proteins including those related
to oxidative stress in response to pathogenic infection and revealed distinct
mechanisms conferred by two loci: Rcm 2.0 and Rcm 5.1. In a study to detect genes
that control tomato (L. esculentum) bacterial wilt infected with Ralstonia solana-
cearum [48] reported that expression of the caffeoyl coenzyme A
(CoA) 3-O-methyltransferase gene was down-regulated in seedlings of different
susceptible cultivars of tomato that were inoculated with the bacteria. The new
discovery of this down-regulated gene in infected tomato suggests its role in tomato
response to stress such as that caused by bacterial infection. Further, proteomic
research in the tomato system reported the differential levels of proteins in response
to the necrotrophic bacteria Pseudomonas solanacearum [49]. Using 2-DE and
Edman sequencing, the comparison of protein fold changes between bacterial
wit-sensitive and wit-resistant cultivars revealed nine proteins that were highly
expressed in resistant cultivars. The proteins were found to be related to plant
defense, protein storage and protein trafficking. As well, the apical membrane
antigen (AMA) was found to be increased in the susceptible cultivars. This pro-
vided support that a previously unidentified protein has a role in tomato resistance
to this bacteria pathogen. Additionally, Parker and colleagues recently examined
plant pathogen interactions between tomato and Pst DC3000 and identified 2369
proteins amongst two genotypes (PtoR and prf3) and two time points (4 hai and 24
hai) [50]. Of the proteins, 477 showed significant changes in levels. Proteins with
significant changes in PtoR 4 hai (225) included proteins involved in cell wall
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organization and reduction of oxidative stress. PtoR 24 hai had the most proteins
(325) with significant changes when compared amongst genotypes and time points.
Those proteins were identified as being involved in oxidation-reduction, response to
stress, and signaling. When 164 proteins identified in prf3 4 hai were examined, it
was observed that although there were fewer proteins identified in this genotype and
treatment when compared to both time points in PtoR, more proteins were identified
when compared to prf3 24 hai. It was also noted that prf3 4 hai and PtoR 24 hai had
shared biological processes such as immune response, response to biotic stimulus,
and hormone metabolic process, suggesting defense response processes may be
induced early after infection of susceptible genotypes, but repressed in prf3 24 hai.
Biological processes associated with abiotic stress and oxidation-reduction were
observed in prf3 24 hai. This genotype and time point had the fewest number of
proteins (128) with significant changes in levels, but the most proteins with a
decrease in expression that paralleled the decreased defense response and onset of
the diseased phenotype.

Additional proteomic studies employed other plant species as pathosystems to
studying plant response to pathogens. In rice bacterial blight, caused by
Xanthomonas oryzae pv. oryzae (Xoo) is one of the most severe diseases of this
crop, leading to major crop loss during server epidemics. In work by Mahmood and
colleagues [51], the defense-related antioxidants PR-9 and PR-5 in rice were
determined to be induced in response to treatment with Xoo. Analysis revealed four
defense-related proteins PR-5, Probenazole-inducible protein (PBZ1), SOD and Prx
were induced for both compatible and incompatible X. oryzae pv. Rapid induction
and higher expression of PR-5 proteins and PBZ1 were seen in incompatible
interactions and in the presence of the plant hormone jasmonic acid (JA). As well
the work here presented PR-5 (Thaumatin like protein) as a candidate to use in plant
biotechnology against bacterial blight in rice. In an effort to study the early defense
responses involved in the rice receptor kinase Xa21 mediated resistance proteins
from rice, plasma membrane from suspension cell cultures inoculated with both
compatible and incompatible Xoo race strains were analyzed [52]. Twenty proteins
were found differentially regulated in cultures that were induced by the pathogen at
12 and 24 h post-inoculation. Of the twenty proteins that have potential function in
rice defense, eight were plasma membrane associated and two were non plasma
membrane associated.

Li and colleagues identified proteins responsive to X. campestris pv. Oryzicola,
the causative agent of bacterial leaf streak (BLS) another major disease in rice.
Using 2-DE coupled with matrix assisted laser desorption ionization (MALDI)-time
of flight (TOF) MS analysis, 32 increased proteins that are potentially involved in
disease resistance signal transduction, pathogenesis, and regulation of cell meta-
bolism were identified. In addition, seven gene transcripts were shown to be
increased after bacterial infection [53]. This helped to elucidate the molecular
mechanisms underlying BLS disease. Recently in a comparative proteomic analysis
of total foliar protein isolated from infected rice leaves of susceptible Pusa Basmati
1 (PB1) and resistant Oryza longistaminata genotypes, proteins belonging to a large
number of biological and molecular functions potentially involved in Xoo infection
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as well as candidate genes conferring tolerance against bacterial blight were
identified [54]. Using 2-DE coupled with MALDI-TOF MS, 29 protein spots
encoding unique proteins from both the genotypes were identified. Among the
proteins those related to biotic and abiotic stress were induce during infection,
which suggests that both pathways are activated during infection. The identified
candidate genes for tolerance against the disease include putative r40c1,
cyclin-dependent kinase C, Ent-isokaur-15-ene synthase and glutathione-dependent
dehydroascorbate reductase 1 (GSH-DHAR1), which were induced, and the
germin-like protein which was induced only in the resistant genotype.

9.3.2 Secretome Studies

Pathogenesis depends on the ability of the pathogen to manipulate the plant
metabolism and to inhibit plant immunity, which depends to a large degree on the
plant’s capacity to recognize pathogen elicitors. The first interaction between plant
and pathogens occurs in the apoplast, thus analyzing the changes of apoplastic
proteins through a proteomics approach is important to the understanding of the
components of signal perception and signal transduction during pathogen attack.
The extracellular secreted proteins in the apoplast at a given time are known as the
secretome. Despite its importance, the secretome during plant-bacteria interactions
remains poorly characterized compared to the intracellular proteome [38]. The
dearth of literature in this area most likely results from the difficulty involved in
obtaining apoplastic material without damaging the plant cell and the lack of better
methods of preventing contamination of cytoplasmic proteins [55]. In a study of the
root secretomes during the interaction between Medicago sativa (alfalfa) and the
bacterial symbiont Sinorhizobium meliloti and between A. thaliana and the bacterial
pathogen P. syringae, bacteria were shown to change the proteins they secreted
during infection depending on the identity of the host plant [56]. Using a vacuum
infiltration (VIC) method to isolate the apoplastic proteins from the root exudates,
more than 100 proteins were identified as differentially expressed during the dif-
ferent plant-bacteria interactions. Of the identified proteins seven plant proteins,
such as hydrolases, peptidases, and peroxidases were increased in M. sativa-S.
meliloti interaction. In addition, four bacterial proteins increased during S.
meliloti/alfalfa interaction and nine plant defense-related proteins increased during
P. syringae DC3000/Arabidopsis compatible interaction. This study uncovered a
specific, protein level cross-talk between roots and two bacteria pathogens. Several
studies have used suspension cell cultures in secretome research [57–59]. Secreted
proteins can be easily separated from suspended cells in suspension cell cultures
without disrupting the cell, thus preventing potential contamination by cytoplasmic
proteins. In an experiment to examine proteomic changes in the secretome after
pathogen infection, A. thaliana suspension cell cultures were treated with different
strains of Pst. Using sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and iTRAQ, the researchers identified changes in 45 proteins, which
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include glucan endo-1,3-β-glucosidase 7, Prx 53, strictosidine synthase, and EF-2
[60]. Nine proteins, that contained signaling peptides, were observed to be com-
monly suppressed after treatment with each strain, suggesting that their levels may
be regulated by PAMP detection and response mechanisms. Additionally, eight
proteins were identified as regulated specifically by T3Es. Gene for gene resistance
induced by Pst (avrRpm1) caused accumulation of 12 proteins. The role that T3Es
and gene for gene resistance play in the regulation of proteins induced by PAMP
response was also examined. Pst (hrpA−) induced three proteins, and one was
suppressed by T3Es. However, one protein induced by PAMP was suppressed by
T3Es, but the levels increased again after gene for gene resistance was introduced
through Pst (avrRPM1). A total of six proteins without a signaling peptide were
suppressed by PAMP treatment. The same proteins were identified as being induced
after T3E treatment and had reduced levels after gene for gene resistance was
induced. Regulation of protein levels by T3Es suggests a role in successful
pathogen infection.

Apoplastic proteins were also analyzed during bacterial infection of rice [61].
Analysis of Xoo (compatible race K3)-secreted proteins, isolated from its in vitro
culture and in planta infected rice leaves using 2-DE coupled with MS, 109 proteins
were identified. Only six of the identified proteins were secreted from rice, indi-
cating that the percentage of bacterial-secreted proteins is much higher than its host
rice. The identified proteins secreted from X. oryzae in vitro and in planta, belonged
to multiple biological and molecular functions. Proteins involved in metabolic and
nutrient uptake activities were common to both in vitro and in planta secretomes.
However proteins involved in pathogenicity, protease/peptidase, and host defense
were highly enriched in planta, but not detected in vitro. Information obtained from
this work furthers the knowledge of rice bacteria blight disease.

9.3.3 PTM Proteomics

PTMs are known to control many physiological processes by affecting protein
structure, activity, and stability. To date hundreds of PTMs have been described,
however, only a few have been analyzed using large-scale proteomic techniques.
Proteins can undergo different PTMs such as phosphorylation and redox-based
regulation such as nitrosylation. Constitutive activation of defense response
mechanisms often results in reduced plant growth and yield. The ability to turn on
and off a “molecular switch” through PTMs such as phosphorylation and nitrosy-
lation allows plants to respond quickly and efficiently to environmental challenges
(Fig. 9.1). It should be noted that pathogens also have the ability to modify pro-
teins. Modifications to the proteins involved in plant-pathogen interaction often
suppress or initiate their activities [62]. For example, it is known that
AvrPto-induced HR is mediated through autophosphorylation of Pto and that
mutations rendering the protein incapable of autophosphorylation results in
decreased ETI [63]. It is also known that phosphorylation on T199A of Pto P+1
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loop is required for the interaction with Pto and AvrPtoB to occur [30]. In addition,
PTMs can take place on T3Es themselves, thus affecting their ability to modulate
plant defense responses. For example, AvrPto is phosphorylated by a 30-40 kDa
kinase on serine 149 (S149). Treatment of prf3 with the S149A mutant resulted in
decreased bacterial growth. Also, treatment of PtoR with S149A showed a decrease
in bacteria, showing that S149A is important for the avirulence responses initiated
by ETI [64]. HopAI1 is another example of T3E capable of direct T3E-triggered
modifications. In Arabidopsis, this protein interacts with MPK3/MPK6 and through
de-phosphorylation inactivates the kinases involved in PTI and leads to dampening
of PTI activated MAPK signaling cascades [65].

The study of phosphorylation in early response to flg22 and xylanase has been
performed in Arabidopsis [66]. Phosphorylated peptides in the PM of Arabidopsis
cell culture were examined using SILAC and titanium dioxide (TiO2) enrichment
along with LC-MS/MS. Kinase activity was found to be the highest at 5–10 min
after flg22 or xylanase treatment and decreased after 30 min. At 10 min after
treatment, the researchers identified 472 phosphorylated proteins, and a total of 76
of the proteins with 98 peptides were differentially phosphorylated. The phospho-
rylated proteins include CDPKs, RLKs, respiratory burst oxidase homolog D
(RBOHD), and vesicle trafficking associated SYP121 [66]. These phosphorylated
residues and their corresponding proteins provided previously unknown informa-
tion into the membrane phosphorylation events occurring after PAMP treatment. In
a separate study, Nuhse and co-workers utilized iTRAQ along with immobilized
metal ion affinity chromatography (IMAC) enrichment to identify phosphoproteins
involved in flg22 response in Arabidopsis [67]. Identified were 11 peptides with
PTMs and significant fold changes. Known defense response proteins NADPH
oxidase, RBOHD, and an adenosine triphosphate (ATP) binding cassette trans-
porter, pleiotropic drug resistance8, and penetration3 were shown to be phospho-
rylated. Further characterization of the phosphorylation sites of RBOHD, S343, and
S347 revealed that phosphorylation of the residues is necessary for RBOHD
mediated ROS production. Additionally, proteins annotated as being involved in
membrane trafficking and ubiquitination such as dynamin, RING-H2 protein, and
Arabidopsis toxicos en levadura 6 (ATL6) were also identified as being phospho-
rylated. These findings help to elucidate regulatory mechanisms of plant innate
immune responses via PTMs.

Jones and co-workers analyzed changes in the phosphoproteome of Arabidopsis
during Pst infection. Phosphoprotein enrichment followed by iTRAQ tagging was
employed and proteins that were differentially phosphorylated in soluble A. thali-
ana leaf extracts were identified. Examining proteins with changes during PAMPs
response, dehydrin, a protein involved in water stress, and a putative p23
co-chaperone were identified as having a decrease in phosphorylation. Additionally,
a plastid-lipid associated protein associated with transportation, a heat shock pro-
tein, and a proton-dependent oligopeptide transporter were observed to have an
increase in phosphorylation [43]. In addition, a recent study comparing Lotus
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japonicas roots treated with a nodulation factor and a pathogen elicitor flg22
revealed differential phosphorylation of shared and unique proteins during symbi-
otic and defense responses [68].

As previously stated, ROS and NO are involved in the signaling mechanisms that
characterize PTI, HR and PCD. Their actions are usually carried out through the
PTMs of proteins via cysteine residues that act as versatile sulfur switches. The role
of redox-based PTMs in plant-pathogen interaction is currently an area of interest.
Like other PTMs, the formation of molecular disulfide bonds often affects protein
properties. Preliminary redox proteomics was performed to examine pathogen
responsive proteins in Arabidopsis [41]. The researchers observed that GST (F6, F7
and F8) had a shift in protein PI, possibly due to redox modifications. Another study
with Arabidopsis suspension cells treated with 5 mM H2O2 revealed redox induced
modifications using two thiol reactive tags, 5-(iodoacetamido) fluorescein (IAF) a
fluorescent probe used alongside 2D-DIGE as well as N-(biotinoyl)-N′-(iodoacetyl)-
ethylenediamine (BIAM) [69]. A total of 84 potentially redox responsive proteins
were identified and they were involved in processes such as metabolism, antioxi-
dation, translation, and protein folding. Parker and co-workers [70] have shown that
labeling using the isobaric tags can provide multiplex high throughput analysis of
redox responsive cysteines and proteins. When mock treated and Pst treated tomato
samples were compared, a change in the reporter ion spectra can be compared
between labeled samples showing quantitative cysteine PTM changes. This method
allowed researchers to quantify redox changes and map the modified cysteines
across six samples. The recently developed cysTMT tags have been used to examine
potentially redox-regulated proteins [71]. Here cysTMT labeling helped to identify
similarities and differences of protein redox modifications in tomato resistant (PtoR)
and susceptible (prf3) genotypes in response to Pst infection. A total of 4348 pro-
teins were identified by LC-MS/MS, 90 of which were identified to be potentially
redox-regulated. The 90 potential redox-regulated proteins fell into diverse cate-
gories including carbohydrate and energy metabolism, biosynthesis of cysteine,
sucrose and brassinosteroid, cell wall biogenesis, polysaccharide/starch biosynthe-
sis, cuticle development, lipid metabolism, proteolysis, tricarboxylic acid cycle,
protein targeting to vacuole, and oxidation–reduction.

Although several different redox-based PTMs are known to occur in plants
(Fig. 9.3), protein nitrosylation is considered as one of the key mechanism regu-
lating protein function [72]. Nitrosylation is a PTM in which a nitric oxide radical
oxidizes a free thiol group as well as tyrosine, thus NO produced during
plant-pathogen interactions could exert their signaling action through nitrosylation
of specific proteins [73, 74]. To examine potentially S-nitrosylated proteins,
Arabidopsis suspension cells were treated with NO donors S-nitrosoglutathione
(GSNO) and sodium nitroprusside, and leaves were exposed to NO gas [75]. A total
of 63 proteins from the GSNO treatment and 52 proteins from the NO treatment
were identified as being S-nitrosylated. The proteins were found to be involved in
stress, redox regulation, signaling, cytoskeleton structure, metabolism, and photo-
synthesis and included proteins such as SOD (copper (Cu) and zinc (Zn)), a glu-
tathione peroxidase, elongation factor 1α-chain, actin 2 and 7, fructose
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1,6-bisphosphate aldolase, and Rieske Fe-S protein. This study provided informa-
tion on potential targets of S-nitrosylation as well as the sites where the modifi-
cation is likely to occur.

Differential thiol nitrosylation during HR was observed in Arabidopsis after
avirulent Pst (avrB) treatment at 0 hai, 4 hai, and 8 hai [76]. A total of 18 differ-
entially modified proteins were identified. For example, RuBisCO in photosynthesis
was identified along with an allene oxide cyclase involved in JA signaling. The other

Fig. 9.3 PTM proteomics methods used in plant bacterial pathogen interactions. a A reactive
cysteine (SH) with a low pka can readily lose a hydrogen ion leading to the formation of a highly
reactive thiol S0, which can react with reactive nitrogen species (RNS) to become S-nitrosylated
(SNO), Glutathione disulfide (GSSG)/reduced Glutathione (GSH) to become S-Glutathionylated
(SSG) or reactive oxygen species (ROS) to become S-Sulfenylated. These oxidative modifications
are reversible. (Note Further oxidation of sulfenic acid to sulfinic acid (RSO2H) and sulfonic acid
(RSO3H) is thought to be generally irreversible.) b During protein phosphorylation, phosphate
moieties are transferred by protein kinases to serine, threonine or tyrosine residues of proteins.
This reaction can be reverse by protein phosphatases that hydrolyze phosphate moieties.
c Depiction of the formation of a disulfide bond as a result of oxidation of two sulfhydryl groups
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processes observed included metabolism with the identification of
glyceraldehydes-3-phosphate dehydrogenase and redox regulation including a
germin-like protein. In addition, the S-nitrosylated sites on the proteins were map-
ped. A change in the nitroproteome of Arabidopsis through tyrosine nitrosylation is
also evident during HR [77]. With peroxynitrate (ONOO−) treatment, eight proteins
were identified as being nitrosylated including the 33 kDa oxygen evolving protein,
RuBisCO, and glutamine synthetase 2, proteins involved in photosynthesis, Calvin
cycle and glycolysis, and nitrate assimilation. A time course of treatment with
avirulent Pst (avrB) revealed that nitrosylation peaked from 4 hai to 8 hai. The
results here indicate that tyrosine nitrosylation may play a role in pathogen response.

9.4 Conclusions and Perspectives

The study of plant-pathogen interactions is a broad and important area of plant
biology research. PTI and ETI have been examined extensively in Arabidopsis and
to a lesser extent in crop plants. Bacterial responses have been characterized and
modeled in order to describe not only how infection occurs, but how bacteria
respond to plant defense mechanisms. Progress has been made in the analysis of
individual genes and proteins as well as transcriptomic changes however,
plant-bacteria proteomics has just touched the surface and secretome as well as
PTM proteomic changes due to pathogen infection are still in their infancy. The
information gathered from global proteomics and PTM proteomics allows
researchers to observe processes underlying pathogen infection and plant defense
responses. The knowledge will allow for the connection between molecular net-
works to be made and further characterized in order to gain a more dynamic
perspective on pathogen response mechanisms. Over the past years, proteomics
research has markedly contributed to the knowledge of the changes in proteins and
associated biological functions in response to pathogen infection however further
progress is required. For example, PTMs go beyond phosphorylation,
S-nitrosylation, and disulfide bond formation, and those areas have yet to be
described in the context of plant pathogen interactions. The area of proteomics and
the technology used to characterize global protein changes including PTMs are
rapidly advancing, and with those advancements, researchers are able to examine
regulatory mechanisms beyond protein level changes. With the fast advancement in
high resolution separation, high sensitivity, and versatile mass spectrometers, whole
proteome coverage of plants and bacteria is in sight. Large-scale multiplexing (e.g.,
Neucode [78]), characterization of low abundance proteins, protein-protein inter-
action, and PTM crosstalk are new directions of proteomics that will allow con-
struction of molecular networks underlying plant pathogen interactions and
achievement of the ultimate goal of determining critical nodes and edges in the
networks in order to achieve rational engineering/breeding of crops for enhanced
yield, quality and defense.
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Chapter 10
Plant Fungus Interaction Proteomics:
An Update

Kanika Narula, Pooja R. Aggarwal, Niranjan Chakraborty
and Subhra Chakraborty

Abstract Diversity of angiosperm is renowned and mechanism of perception and
interaction with different environmental conditions is also variable. Patho-stress
response in different plant families varies during the invasion of same or different
fungal species. A major puzzle is how interaction and communication could increase
fitness in plant at molecular level. Global proteome analysis of plant-pathosystem
provides an invaluable resource for the identification of host as well as pathogen
proteins involved in disease progression or immunity development. At protein level
plant-fungal interaction upsurge the need to understand protein homeostasis and
molecular adaptation of building blocks of cell to manifest natural selection for the
host. Here, we examine the multilayered facets of interaction between organisms of
two diverse kingdoms, namely plant and fungi at protein level based on more than
3000 identified host proteins till date.

Keywords Proteomics � Plant-fungus interaction

10.1 Introduction

Life on the phyllosphere and rhizosphere features specific adaptations and display
multipartite relationship between plant and sphere microbes, particularly fungi.
Phyllosphere is the aerial sphere of plant whereas rhizosphere encompasses area
around the roots. Fungi can be expected to occupy diverse niches influencing plant
physiology and cellular processes. Furthermore, there is heterogeneity in their life
style following saprophytic, parasitic or mutualistic mode of interactions.
Collectively, fungi and fungal-like organisms (FLOs) causemajority of plant diseases
[1, 2]. Fungi are capable of attacking a broad range of plant families, including many
agricultural crops. Phytopathogenic fungi epitomize high versatility in disease

K. Narula � P.R. Aggarwal � N. Chakraborty � S. Chakraborty (&)
National Institute of Plant Genome Research, Aruna Asaf Ali Marg,
New Delhi 110067, India
e-mail: subhrac@hotmail.com

© Springer International Publishing Switzerland 2016
G.H. Salekdeh (ed.), Agricultural Proteomics Volume 2,
DOI 10.1007/978-3-319-43278-6_10

227



manifestation in different hosts, plant organs (e.g., leaves, flowers, roots, fruits and
seeds) and infection mechanisms which trigger diverse plant defense responses. The
recognition of fungal virulence factor en route by the host plant profoundly influences
the interaction between two organisms [3]. Failure of defense responses is a conse-
quence of hormonal imbalance, including salicylic acid, jasmonic acid, auxin, ab-
scisic acid, and gibberellin [4]. Thus, a paradigm shift in the signaling cascade due to
fungal invasion governs the resistance or susceptibility in plants.

The plant sciences and fungal biology are highly integrative and interdisci-
plinary. Phenomenon of cellular reprogramming in both plant and invading fungus
is a result of biological reformation and restoration, immunity, and cell death. These
processes are orchestrated in a sophisticated symphony of supramolecular and
macromolecular interactions that we have just begun to understand with increasing
clarity. A plant-fungal interaction follows the trajectory defined by the structural
features and creates a pathway which travels unless perturbed by strong natural
selection. Overall, our comprehensive understanding of plant defense response is at
a very early stage. Over the ensuing years, completion of few plant and fungal
genome projects is considered as dawn of genomics era and also allows the parallel
evolution of other “omics”, including proteomics to understand the biological cir-
cuitry. Proteomics aims at the study of complete set of proteins encoded by the
genome at a given point of time and thereby complementing genomics studies [5].
Decoding of gene function using proteomics and proteogenomics involves the
extensive use of data mining by informatics analysis to determine the functionality
of complicated biological pathways. The availability of proteomic datasets in
particular reinforces the potential to predict various biological processes, including
immune response which is controlled by intricate regulatory networks.

This overview comprehensively brings together the insights of plant-fungal
interaction at proteome level. Delineating the association of inter and intra
molecular signaling networks with phenotypes primarily advocates the use of
proteomics to identify and assess the patterns of molecular covariance, thereby
facilitating conceptualization of phenotypic variation as a mirror icon of the core
cellular mechanisms. Thus, proteomic studies may apprehend underlying principles
of sphere interaction of fungus with plant and help to develop a deeper under-
standing of the microbiota and multiple signaling events that dictate plant adapta-
tion under patho-stress.

10.2 Background of Plant-Fungus Interaction

Plants within their ecosystem encounter several environmental cues including
patho-stress. The qualitative and quantitative estimation of the molecular patterns
responsible for disease tolerance or susceptibility can be estimated at gene, tran-
script, and/or protein level. Till now hundreds of quantitative trait loci (QTLs)
associated with quantitative resistance have been reported for fungal stress in
plants, such as blast in rice (Oryza sativa) [6], Fusarium wilt in chickpea [7],

228 K. Narula et al.



Fusarium wilt in watermelon [8], Fusarium head blight in wheat (Triticum aes-
tivum) [9] and barley (Hordeum vulgare) [10], powdery mildew in wheat [11].
Differential expression analysis of chickpea genes associated with Ascochyta blight
has been shown in different chickpea cultivars [12]. Gene expression pattern
analysis during chickpea-Fusarium interactions has identified several novel regu-
latory genes specifically showing differential expression, which suggests their
putative role in plant immunity during fungal stress [13]. Very recently,
genome-wide transcriptome analysis in cotton has elucidated candidate genes in
response to fungus Aspergillus flavous [14]. In addition, protein qualitative
assessment of interaction was reported in The Pathogen-Host Interactions database
(PHI-base, http://www.phi-base.org) [15]. This database catalogues experimentally
verified pathogenicity, virulence, and effector genes from fungi, oomycetes, and
bacterial pathogens, which infect animal, plant, fungus, and insect hosts.
Nonetheless, fungal stress in plants induces various post-transcriptional and
post-translational changes. Thus, it is imperative to analyze the cellular remodeling
at proteome level to fully comprehend the basis of pathogen induced responses in
host plant.

Proteomic analyses of plant-fungus interactions has emerged as decisive
approach because the conduits used by both plants and fungi rely on stress induced
protein synthesis, modification and activity. These encoded building blocks (pro-
teins) provide the global information of biological interactions, know-how of
protein partner existence in two counterparts. Interaction proteomics is a powerful
approach to understand phenome in great detail, but still has a long road ahead.

10.3 Plant-Fungal Interaction: A Force in Protein
Evolution

Co-evolutionary forces reciprocate protein evolution for intimate alliance and
inter-kingdom communication especially in plant-fungal interaction resulting in
phenotypic plasticity and composite biological processes dictating two counterparts
(Fig. 10.1). Fungi and plants comprise a diverse lineage of eukaryotic organisms
and estimates suggest that around 1.5 million fungal species and >2.5 million plant
species exist in nature. Protein evolution studies highlight conserved sequence
blocks, variable length regions and the insertion/deletions (indels). It has provided
insight into protein configuration and function [16]. Protein structure and function
largely govern plant behavior and evolutionary relationships with pathogenic and
symbiotic fungi. Proteome analyses can contribute significantly toward the
molecular mechanisms underlying the development of these associations. Earlier
structural, functional and phylogenetic importance of eukaryotic protein was
assessed using comparative proteome dataset from a taxonomically broad set of
metazoa, fungi and viridiplantae. Results yielded 299 substantial (>250aa) uni-
versal, single-copy (in paralog only) proteins, from which 901 simple
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(present/absent) and 3806 complex (multistate) indels were extracted [17]. As
expected the data pinpoints high level of hidden homoplasy (multiple independent
origins) for the eukaryotic proteins especially in plants and fungi.

10.4 Assessment of Inter-Kingdom Crosstalk

Cross-Kingdom communication between plants and fungi could be decoded by the
elucidation of regulatory networks using proteomic approaches. Essence of protein
language in diverse plant-fungi interaction provides a foundation for understanding
biologically interesting paradox. In general, plant-derived proteins facilitate resis-
tance to the invasion, while fungus species circumvent this attempt by synthesizing
detrimental proteins and the outcome of this molecular battle appears in the form of
host tolerance or susceptibility. Interaction outcomes of various pathosystems
encompassing diverse classes, family, genus and species with varied

Fig. 10.1 Inter-kingdom crosstalk. Comprehensive study of proteomics analyses in different plant
families during fungal pathogen interaction

230 K. Narula et al.



phytopathogenic fungi are largely dependent on the extensive array of protein
complexes and precise nature of signaling molecules. Protein language perceived
by both the partners is thought to be discrete but proteome data depicts that
exchange of chemical information varies for different plant species interacting with
diverse fungal pathogens. Therefore, the perception between plant and fungi and the
functional protein crosstalk may be elaborated based on the taxonomic classification
of both the protagonists to better understand the complex nature of protein
language.

Decoding fungal stress related proteins across kingdom dramatically and
episodically are of utmost importance to understand diversity among the protein
complement in plants. The possibility of intra-family comparison of proteins with
the use of advanced proteomics techniques are of great value.

10.5 Taxonomical Evaluation of Eudicot Proteomes
in Response to Fungal Attack: Family Wide
Proteome Study

10.5.1 Brassicaceae-Fungal Pathosystem: Selectivity
and Exclusivity of Proteins

A total of nineteen crucifer-fungus interaction proteomes have been reported till date
of which eighteen reports focuses mainly on ascomycetes fungi, whereas only two
publications involve oomycetes (Table 10.1). Brassicaceae is one the most com-
prehensively sampled angiosperm family for fungal stress proteome study rivaling
larger families such as the grasses and legumes. Multispecies and family wide
analytical paradigm showed that eighteen proteomic studies of Brassicaceae mem-
bers (Arabidopsis thaliana, Brassica carinata, and Brassica napus) involved
interaction with ascomycetes fungi (Alternaria brassicicola, Aspergillus ochraceus,
Botrytis cineria, Fusarium moniliforme, Fusarium oxysporum, Fusarium sporotri-
chioides, Verticillium longisporum, Sclerotinia sclerotiorum, Leptosphaeria macu-
lans). Of these, ten pathogens followed necrotrophic mode [18–26], whereas seven
other showed hemibiotrophic mode of invasion [27–31] (Table 10.1). In two of the
studies fungal counterparts were oomycetes (Albugo candida, Hyaloperonospora
parasitica) showing biotrophic mode of invasion [32, 33]. No report is available for
basidomycete-Brassicaceae interaction proteome until now. Proteomic studies were
majorly focused on total protein profile patterning and led to the identification of few
common proteins like glutathione S-transferase, ATP synthase, formate dehydro-
genase, alpha-xylosidase, indole-3-acetonitrile nitrilase, ferredoxin-NADPH(+)-
oxidoreductase involved in metabolism and redox homeostasis. In addition, three
reports involving arabidopsis-Fusarium moniliforme elicitor [27], arabidopsis-
fungal elicitor [34] and arabidopsis-Fusarium oxysporum elicitor [31] were focused
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Table 10.1 A comprehensive list of proteomic analyses in plant-fungal interaction

Clade Plant family Organism Pathogen Fungal class Referencea

Dicot Brassicaceae Arabidopsis Alternaria brassicicola Ascomycota [23]

Aspergillus ochraceus Ascomycota [26]

Botrytis cineria Ascomycota [24]

Fungal Elicitor – [34]

Fungal Elicitor – [36]

Fusarium moniliforme
(elicitor)

Ascomycota [27]

Fusarium oxysporum
(elicitor)

Ascomycota [31]

Fusarium sporotrichioides Ascomycota [30]

Verticillium longisporum Ascomycota [19]

Brassica Sclerotinia sclerotiorum Ascomycota [21]

Mustard Leptosphaeria maculans, Ascomycota [28]

Mustard Leptosphaeria maculans, Ascomycota [29]

Brassica Albugo candida Oomycetes [32]

Rapeseed Alternaria brassicae Ascomycota [18]

Sclerotinia sclerotiorum Ascomycota [20]

Sclerotinia sclerotiorum Ascomycota [22]

Sclerotinia sclerotiorum Ascomycota [25]

Verticillium longisporum Ascomycota [35]

Cabbage Hyaloperonospora
parasitica

Oomycetes [33]

Fabaceae Groundnut Phaeoisariopsis personata Ascomycota [50]

Aspergillus flavus Ascomycota [45]

Aspergillus flavus Ascomycota [43]

Bean Uromyces appendiculatus Basidiomycota [55]

Trichoderma Ascomycota [40]

Chickpea Fusarium oxysporum Ascomycota [46]

Fusarium oxysporum Ascomycota [44]

Cowpea Colletotrichum
gloeosporioides

Ascomycota [47]

Medicago Aphanomyces euteiches Oomycetes [56]

Glomus intraradices Glomeromycota [38]

Glomus intraradices Glomeromycota [37]

Aphanomyces euteiches Oomycetes [53]

Yeast (elicitor) Ascomycota [42]

Pea Nectria haematococca Ascomycota [25]

Peronospora viciae Oomycetes [54]

Erysiphe pisi Ascomycota [39]

Sclerotinia sclerotiorum Ascomycota [45]

Mycosphaerella pinodes Ascomycota [41]

Common
bean

Trichoderma harzianum
(ALL-42)

Ascomycota [48]

Phakopsora pachyrhizi Basidiomycota [57]

Phytophthora sojae elicitor Oomycetes [51]
(continued)

232 K. Narula et al.



Table 10.1 (continued)

Clade Plant family Organism Pathogen Fungal class Referencea

Phytophthora sojae strain
P6497

Oomycetes [52]

Solanaceae Nicotiana Moniliophthora perniciosa Basidiomycota [67]

Potato Aspergillus terreus Ascomycota [66]

Phytophthora infestans Oomycetes [63]

Phytophthora infestans Oomycetes [65]

Phytophthora infestans Oomycetes [64]

Tomato Botrytis cineria Ascomycota [61]

Fusarium oxysporum Ascomycota [60]

Fusarium oxysporum Ascomycota [59]

Fusarium oxysporum Ascomycota [58]

Rhizopus nigricans Zygomycota [62]

Vitaceae Vitis Botrytis cineria Ascomycota [73]

Erysiphe necator Ascomycota [69]

Plasmopara viticola Oomycetes [71]

Diplodia seriata Ascomycota [68]

Plasmopara viticola Ascomycota [70]

Neofusicoccum parvum and
Diplodia seriata

Ascomycota [72]

Rosaceae Apple Alternaria alternata Ascomycota [77]

Botrytis cineria and yeast Ascomycota [76]

Cherry Penicillium expansum Ascomycota [75]

Peach Penicillium expansum Ascomycota [74]

Strawberry Colletotrichum fragariae Ascomycota [79]

Fusarium oxysporum Ascomycota [78]

Fusarium oxysporum Ascomycota [80]

Malvaceae Cotton Thielaviopsis basicola Ascomycota [81]

Verticillium dahliae Ascomycota [82]

Rubiaceae Coffee Hemileia vastatrix Basidiomycota [83]

Lamiaceae Mint Alternaria alternata Ascomycota [84]

Alternaria alternata Ascomycota [85]

Amaranthceae Sugar beet Fusarium oxysporum Ascomycota [86]

Apiaceae Carrot Mycocentrospora acerina Ascomycota [87]

Cucurbitaceae Cucumber Trichoderma asperellum
strain T34

Ascomycota [88]

Lauraceae Avocado Phytophthora cinnamomi Oomycetes [89]

Musaceae Banana Fusarium oxysporum Ascomycota [90]

Anacardiaceae Cashew Lasiodiplodia theobromae Ascomycota [91]

Myrtaceae Eucalyptus Calonectria
pseudoreteaudii

Ascomycota [93]

Salicaceae Poplar Melampsora medusae Basidiomycota [92]

Cannabaceae Lupulus Verticillium dahliae Ascomycota [95]

Caryophyllaceae Carnation Fusarium oxysporum Ascomycota [96]

Fagaceae Fagus Phytophthora Oomycetes [94]
(continued)
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Table 10.1 (continued)

Clade Plant family Organism Pathogen Fungal class Referencea

Monocot Poaceae Barley Fusarium graminearum Ascomycota [124]

Fusarium graminearum Ascomycota [123]

Fusarium graminearum and
F. culmorum

Ascomycota [103]

Puccinia hordei Basidiomycota [126]

Fusarium graminearum Ascomycota [125]

Barley and
wheat

Fusarium graminearum Ascomycota [106]

Fusarium verticillioides
elicitor

Ascomycota [34]

Pearl millet Sclerospora graminicola Oomycetes [127]

Rice Cochliobolus miyabeanus Ascomycota [116]

Magnaporthe grisae Ascomycota [121]

Magnaporthe grisae Ascomycota [120]

Magnaporthe grisea Ascomycota [118]

Magnaporthe oryzae Ascomycota [117]

Puccinia striiformis Basidiomycota [122]

Puccinia triticina Basidiomycota [120]

Rhizoctonia solani Basidiomycota [119]

Triticum Fusarium graminearum and
Fusarium culmorum

Ascomycota [103]

Wheat Blumeria graminis Ascomycota [108]

Fusarium graminearum Ascomycota [105]

Fusarium graminearum Ascomycota [107]

Fusarium graminearum Ascomycota [101]

Fusarium graminearum Ascomycota [97]

Fusarium graminearum Ascomycota [99]

Puccinia triticina Basidiomycota [114]

Puccinia triticina Basidiomycota [115]

Pyrenophora tritici Ascomycota [112]

Pyrenophora tritici Ascomycota [102]

Pyrenophora tritici Ascomycota [100]

Septoria tritici Ascomycota [106]

Zymoseptoria tritici Ascomycota [113]

Zymoseptoria tritici Ascomycota [110]

Beauveria bassiana Ascomycota [122]

Fusarium graminearum Ascomycota [111]

Stagonospora nodorum
effector protein

Ascomycota [109]

Fusarium graminearum Ascomycota [98]

Arecaceae Datepalm Beauveria bassiana Ascomycota [128]

Oil Palm Ganoderma boninense Basidiomycota [129]

Oil Palm Ganoderma boninense Basidiomycota [130]
aBased on PubMed search dated November 5, 2015
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on extracellular matrix protein profiling and identified matrix resident protein
involved in cell wall mediated sensing of fungal pathogen. While, other two studies
depicted apoplast proteome patterning during arabidopsis-Verticillium longisporum
and Brassica napus-Verticillium longisporum interaction that provided clues for the
cross-talks between various defense pathways and regulatory networks [19, 35].
Furthermore, one study on Brassicacease pathosystem (Arabidopsis-chitosan)
encompasses post-translational modification analysis of phosphoproteome and led to
the identification of 1186 phosphoproteins involved in pathostress-related signal
transduction processes [36]. To our surprise, all the studies conducted on
Brassicaceae involved gel-based proteomic approach and points toward the common
mechanism of action affecting flavonoid pathway and ROS signaling which is fur-
ther responsible for displaying morphological variation and diverse defense
strategies.

10.5.2 Fabaceae-Fungal Pathosystem Dynamics: Social
Class Versus Diversity

We have compared the experimentally determined Fabaceae pathosystem proteomes
against fungal invasion, namely Arachis diogoi-Phaeoisariopsis personata, Arachis
hypogaea-Aspergillus flavus, bean-Uromyces appendiculatus, bean-Trichoderma,
chickpea-Fusarium oxysporum, cowpea-Colletotrichum gloeosporioides,medicago-
Aphanomyces euteiches, medicago-Glomus intraradices, Medicago truncatula-
Yeast (elicitor), pea-Nectria haematococca, pea-Peronospora viciae, pea-Uromyces
pisi, pea-Erysiphe pisi, pea-Sclerotinia sclerotiorum, pea-Mycosphaerella pinodes,
Phaseolus vulgaris-Trichoderma harzianum, soybean-Phytophthora sojae
(Table 10.1). The modus operandi in investigating the proteomes of available
Fabaceae species was the extensive literature and the availability of relevant data-
bases. The proteins identified in these works were classified into functional cate-
gories. This classification is only tentative, since the biological role of many of the
proteins identified has not been established experimentally. Furthermore, we applied
a cross-species comparison on the available datasets. A logical strategy was used to
maximise efficiency and the overall comparative results.

The findings from the already available proteomes suggest that up till now 9247
fungal stress responsive proteins from Fabaceae plant family have been identified
including arachis, bean, chickpea, cowpea, medicago, pea, phaseolus and soyabean.
Briefly, 87 proteins were identified from symbiotic interaction between medicago
and Glomus intraradices [37, 38], of which 78 belongs to plasma membrane [37].
Remaining 9160 proteins were identified from pathogenic interaction involving
ascomycetes (Phaeoisariopsis personata, Aspergillus flavus, Fusarium oxysporum,
Colletotrichum gloeosporioides, Erysiphe pisi, Sclerotinia sclerotiorum, Mycos-
phaerella pinodes, Trichoderma harzianum) and basidiomycetes (Uromyces
appendiculatus, Uromyces pisi, Phakopsora pachyrhizi) [25, 39–50] (Table 10.1).
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Extended research showed that superoxide dismutase, cutinase, lipoxygenase and
triose phosphate isomerase were common proteins among the pathosystem
encompassing hemibiotrophic fungal pathogens [44, 46, 47, 51, 52]. To investigate
and address key consequences of biotrophic invasion [50, 53–57], we compared the
fungal stress responsive proteomic data available which revealed that cyclophilin,
resistance proteins, ABC transport protein, malate dehydrogenase, and enolase were
among the common proteins. Our comparative analysis of proteome remodelling
during necrotrophic attack identified catalase, ascorbate peroxidase, actin,elonga-
tion factor tu, ribosomal proteins and chaperones [41, 49]. Exploring functional
contexts of symbiotic association of fungal species with Facaceae family showed
that in medicago-Glomus intraradices symbiotic interaction identified proteins were
specific and structurally integrated. The rearranged protein pool contribute to
multiple aspect of essential functions namely, nutrient supply (especially nitrogen,
phosphorous and sulfur), resistance against patho-stress and abiotic stress factors,
support of photosynthesis by providing of vitamin B12, N-signaling and detoxifi-
cation of metabolites [37, 38].

Post-translational modification of proteins, such as phosphorylation, has been
recognized to be vital in the signal transduction cascades that trigger plant defense
responses. We observed that till date two reports depict the contribution of phos-
phorylation in fungal stress response in Fabaceae [56, 57]. Phosphoproteome were
analyzed from medicago-Aphanomyces euteiches and soyabean-Phakopsora
pachyrhizi exhibiting biotrophic mode of invasion in both the pathosystems.
Therefore, micro-characterization of patho-stress phosphoproteome revealed that
broad-spectrum basal defense response and the response controlled by R-genes
were mainly influenced by phosphorylation and its mirror icon dephosphorylation.

10.5.3 Solanaceae-Fungal Pathosystem: Diaspora
of Overlapping and Unique Proteins

Solanaceae family of flowering plants comprises about 100 genera and 2500 spe-
cies, many of which are agriculturally important species including tomato (Solanum
lycopersicum), potato (Solanum tuberosum), tobacco (Nicotiana tabacum), and
pepper (Capsicum annuum) (Table 10.1). A descriptive proteomics approach on
potato and tomato has dominated the investigation of Solanaceae-fungal interaction
and provided insight into the mechanisms of fungal invasion in context of the host
and fungus. Fungal stress-related responses are distinct in tomato and have led new
perspectives on plant-microbe interactions, mode of invasion in particular. Data sets
on tomato pathosystem proteomics have unwrapped the fact that studies were
concentrated on fusarium species using gel-based approach and identified 66 pro-
teins from total cell extract and xylem sap of leaves and root [58–60] (Table 10.1).
Necrotrophic fungi, Botrytis cineria and tomato interaction proteome study pointing
towards cell death and necrosis at later stages of invasion [61]. Altogether, reports
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showed that 187 proteins were identified from tomato and 47 fungal proteins were
detected shedding light on the mechanism that regulates pathogenic interactions
[61] (Table 10.1). The study on tomato-Rhizopus nigricans (Mucorales) proteome
exhibited the pathogen specific responses in both intra- and extracellular spaces
[62]. The differentially expressed proteins were integrated into several pathways
operating patho-stress in tomato fruit. The composition of protein species and
putative functions of the identified proteins specify their roles in plant-pathogen
interactions. Collectively, results provide evidences that several regulatory path-
ways encompassing 1-aminocyclopropane-1-carboxylate oxidase homolog,
methionine sulfoxide reductase, and family of heat shock protein contribute to the
pathogen induced resistance in tomato fruit. Categorization of another agriculturally
important crop of same family, potato revealed an imperative corollary shows
overall studies uptill now have been conducted on ascomycetes (Aspergillus ter-
reus) and oomycetes (Phytophthora infestans), which identified in total 150 potato
proteins [63–66]. To comprehend further, potato interaction with Phytophthora
infestans were studied for total cell extract, apoplast and cytoplasm using 1-DE,
LC-MS/MS, and iTRAQ labeling and showed that defense response is a network
scaffold and regulatory hub of interacting proteins requires rapid turnover [63–65].
The identified protein revealed the predominance of peptidase, proteinase, ROS
regulated and protein degradation related stress protein. Nicotiana-Moniliophthora
perniciosa proteome research spotlight total repertoire of stress related protein in
response to basidiomycetes invasion [67]. It was apparent that primary metabolism,
cell wall associated metabolic processes and multiple defense pathways are rapidly
induced by fungal invasion in Solanaceae family members that causes enhanced
resistance.

10.5.4 Vitaceae-Fungal Pathosystem: A Diverse Regime

Studies of the Vitaceae family member proteome in response to fungal stress are
mainly centered on grapevine. The milestones among these studies are represented
by the fact that diverse fungal genera attack grapevine yard through varied infection
strategies. Till date, six reports have been published on grapevine invaded with
Botrytis cineria, Erysiphe necator, Plasmopara viticola, Diplodia seriata,
Neofusicoccum parvum, wherein all were ascomycetes except Plasmopara viticola,
an oomycetes (Table 10.1). These reports identified 1361 fungal stress-responsive
proteins from fruit, flower and veraison stage [68–73]. An usual rearrangement of
host cellular machinery was observed in response to Botrytis cineria promoting
secondary metabolites reallocation, whereas protein mediated oxidative home-
ostasis was reported in grapevine infected with Diplodia seriata [68, 73]. Major
changes in biological processes were reported due to Neofusicoccum parvum
invasion affecting both primary and secondary metabolism, photosynthesis, fruit
quality, embryogenesis and development [72].
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10.5.5 Rosaceae - Fungal Pathosystem: Shared
and Unique Proteins

Assorted comparison of Rosaceae family member proteome in response to fungal
invasion revealed that chimeric evolution was the main cause of proteome diversity
in patho-stress response. For example, in apple invaded with Alternaria alternate
and Botrytis cineria, transcription and translational machinery proteins were affected
(Table 10.1). In case of cherry and peach invaded with Penicillium expansum dif-
ferentially expressed proteins were found to be conserved [74–77]. Likewise, when
strawberry was attacked by Fusarium oxysporum and Colletotrichum fragariae, 133
and 49 proteins were identified (Table 10.1). The study revealed while proteins
involved in glycolysis, TCA cycle, pentose phosphate pathway and lipid metabolism
showed differential expression in response to Fusarium infection; chaperones,
photosynthesis associated protein were some of the diverse class of proteins
exhibiting differential expression in Colletotrichum fragariae invaded tissue [78–
80]. Overall, 572 proteins were identified from Rosaceae during fungal invasion
(Table 10.1). It was found that strawberry and apple were better explored in com-
parison to cherry, peach and coffee. Therefore, comparison of their proteome, may
not yield the postulated results as defined by genome analysis.

10.5.6 Less Studied Plant Family Proteome in Response
to Fungus: Functional and Modular Protein Patterns

Case-by-case proteomics studies of less explored plant families revealed an evolu-
tionary divergence as well as specificity with few conserved proteins. While
investigating the Malavaceae family for fungal pathosystem interaction proteomics,
it was found that 23 and 68 proteins were identified as patho-stress responsive
proteins from cotton plants invaded with hemibiotroph Thielaviopsis basicola and
necrotroph Verticillium dahliae, respectively [81, 82] (Table 10.1). These
patho-stress proteins were seemed to be involved in defense responses, such as,
induction of PR proteins and formation of isoprenoids. Cell wall biosynthesis,
degradation, metabolism represented the affected protein classes in Coffea arabica
(Rubiaceae) apopalast in response to necrotrophic basidiomycetes, Hemileia vas-
tatrix [83]. Studies on Lamiaceae family member, wild-type mint and transgenic
mint invaded with necrotrophic pathogen Alternaria alternate suggested a cross-talk
between various defense pathways, regulatory networks and physiological condi-
tions [84, 85]. Few social class member proteins like RuBisCo, ATP synthase b
subunit, oxygen evolving complex I were down-regulated in transgenic mint but
up-regulated in wild-type mint. Down-accumulation of putative tyrosine phos-
phatase, a possible target for H2O2 and known to be associated with signal trans-
duction, was observed only in transgenic mint. Whereas, when vegetables like sugar
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beet (Amaranthceae) and carrot (Apiaceae) invaded with ascomycetes fungi
Fusarium oxysporum and Mycocentrospora acerina respectively were analyzed, it
was found that isoprene pathway enzymes were affected displaying common mode
of action by two different fungi [86, 87]. Survey of non-climacteric fruit, cucumber
(Cucurbitaceae) invaded with Trichoderma asperellum strain T34 identified a total
of 28 patho-stress responsive proteins of heterogeneous nature pointing towards the
involvement of isoprenoid and ethylene biosynthesis during invasion of the patho-
gen switching metabolic pathway to a non-assimilatory state [88]. Commercially
important fruit-fungal interaction proteomics engross the agriculturally important
aspects for fine modulation of protein content and yield characteristics. 63, 38, 13
proteins were identified during avocado (Lauraceae)-Phytophthora cinnamomi
interaction [89], banana (Musaceae)-Fusarium oxysporum [90] and cashew
(Anacardiaceae)-Lasiodiplodia theobromae interaction proteomics [91], respec-
tively. These studies reflect that trafficking and signaling components, involving
small GTPases, SNARE receptors proteins and dynamin were differentially affected
during patho-stress. Furthermore, proteins implicated in the reactive oxygen species
(ROS) and energy metabolism were also increased significantly which include
glutathione peroxidase, glutathione S-transferase, catalase, thioredoxins, superoxide
dismutase, and ascorbate peroxidase. Tree pathosystem interaction proteomics study
in eucalyptus invaded with Calonectria pseudoreteaudii and poplar attacked by
Melampsora medusae identified more than 1000 proteins either from total cell
extract or apoplast [92, 93]. While TCA cycle was found to be largely affected in
poplar, glycolysis pathway was the major target by the fungus in eucalyptus.
Interaction proteomes in Humulus lupulus (Cannabaceae)-Verticillium dahliae,
Dianthus caryophyllus (Caryophyllaceae)-Fusarium oxysporum and Fagus
(Fagaceae)-Phytophthora showed varied response by the presence of heat shock
protein 17.6 in the former two and heat shock protein 60 in the later, illustrating that
nature has vastly invented different solutions to a common problem, viz. fungal
stress [94–96].

10.6 Taxonomical Evaluation of Monocot Proteomes
in Response to Fungal Attack

10.6.1 Poaceae-Fungal Pathosystem: Co-operative
and Regulatory Theme

Poaceae family of monocots represents the most extensively investigated member
for assessing plant-fungal interaction using proteomic analysis that includes forty
four studies till date. Differential protein dataset is being generated with a
remarkably fast pace in Poaceae with technical and fiscal challenges presented by
the typically large, repetitive genomes. Indeed, interaction of nineteen fungi
belonging to ascomycetes, basidiomycetes and oomycetes representing either bio-
tropic, hemibiotropic or necrotropic mode of invasion in wheat, rice, maize and
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barley have been reported (Table 10.1). With respect to agricultural value of genera
and species within the Poaceae, proteome-scale datasets of wheat-fungal
pathosystem represent a more extensive base with nineteen interaction studies
(Aspergillus nidulans, Beauveria bassiana, Blumeria graminis, Cochliobolus
miyabeanus, Curvularia lunata, Fusarium graminearum, Fusarium culmorum,
Fusarium verticillioides, Magnaporthe grisae, Puccinia hordei, Puccinia stri-
iformis, Puccinia triticina, Pyrenophora tritici, Rhizoctonia solani, Sclerospora
graminicola, Septoria tritici, Stagonospora nodorum effector protein, Trichoderma
harzianum T22, Zymoseptoria tritici) (Table 10.1). Of these, fifteen studies focused
on total cellular patterning, while three investigations emphasized on patho-stress
responsive secretome and apoplast proteins [97–113]. Glimpse of proteomics
analysis in wheat invaded by ascomycetes yielded a total of 950 host proteins from
14 studies and 30 fungal proteins from Fusarium graminearum and Puccinia
triticina in two separate studies. Proteome studies of wheat infected with basid-
iomycetes Puccinia triticina have identified 40 defense related proteins [114, 115].
Unlike wheat, rice-fungal pathogen interaction is less studied with ten proteomics
reports, of which six in response to ascomycetes (Cochliobolus miyabeanus,
Magnaporthe grisae, Magnaporthe oryzae), three in response to basidiomycetes
(Puccinia triticina, Puccinia striiformis, Rhizoctonia solani) and one in response to
fungal elicitor (Table 10.1). Extracellular and intracellular proteome analysis of rice
revealed that proteins related to metabolic processes, antioxidant processes and
pathogenesis-related (PR) proteins were differentially expressed in response to
Cochliobolus miyabeanus [116]. When rice suspension culture was induced by
fungal elicitor, 10 proteins including pathogen-related protein class 10 (OsPR-10),
isoflavone reductase like protein, b-glucosidase, and putative receptor-like protein
kinase were found to be differentially expressed [117]. Furthermore, 169 proteins
associated with photosynthesis, antioxidant systems, amino acid metabolism,
defense response, molecular chaperones, protein synthesis, proteolysis, carbohy-
drate metabolism, secondary metabolism, signal transduction, antifungal activity
have been identified through total proteome analysis [117–122]. Additionally, 732
fungal responsive proteins were identified during apoplast study of rice pathosys-
tem [117]. Molecular basis of disease response of barley during Fusarium head
blight (FHB), seedling blight and leaf rust disease caused by Fusarium gramin-
earum and Puccinia hordei, respectively was elucidated using gel-based proteomics
approach. Pathogenesis-related (PR) proteins, proteins involved in energy meta-
bolism, secondary metabolism, protein synthesis and FHB responsive proteins
associated with oxidative burst and oxidative stress response, such as malate
dehydrogenase and peroxidase were identified in different barley genotypes
(CI4196, Svansota, Harbin, CDC Bold, Scarlett and Stander), indicating that host
cells might have prepared the terrain for fungal invasion during FHB disease [123,
124]. During seedling blight disease proteins involved in primary metabolism and
detoxification, heat shock proteins and antioxidant enzymes were found to be
up-regulated, whereas the plant protease inhibitors were majorly down-regulated
illustrating the link between increased energy metabolism and oxidative stress in the
germinating barley seeds in response to the necrotrophic fungal pathogen
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F. graminearum [125]. Proteomics study of barley response during leaf rust dis-
ease, caused by the biotrophic fungal pathogen Puccinia hordei has identified 18
proteins associated with photosynthesis and energy metabolism, carbohydrate
metabolism, protein degradation and defence [126]. In parallel, six studies
involving maize pathosystem (Curvularia lunata, Fusarium graminearum,
Fusarium verticillioides, Trichoderma harzianum, Trichoderma virens) have led to
the identification of 13 and 208 proteins from extracellular matrix (ECM) and total
proteome, respectively (Table 10.1). These fungal responsive proteins belong to
diverse functional categories such as photosynthesis, carbohydrate metabolism,
amino acid metabolism, cell wall metabolism, stress and defense responses, genetic
information processing, chitinases, xylanase inhibitors, proteinase inhibitors, per-
oxidise, protein synthesis, or in protein folding and stabilization, oxidative stress
tolerance, heat shock proteins. 63 Disease-responsive proteins have also been
identified through gel-based proteomics analysis of powdery mildew disease in
pearl millet caused by oomycetes fungal pathogen, Sclerospora graminicola [127].

10.6.2 Arecaceae - Fungal Pathosystem: Integrated Protein
Profiles

Arecaceae family is the least studied family in monocots with only three very recent
proteomic reports available on oilpalm and datepalm pathosystems (Beauveria
bassiana, Ganoderma boninense) (Table 10.1). Total proteome analysis of date-
palm during endophytic colonization of ascomycota fungi Beauveria bassiana has
led to the identification of 16 proteins [128]. While 61 proteins associated with
photosynthesis, metabolism and defence response have been identified from pro-
teome analysis of oilpam infected with basidiomycetes fungal pathogen
Ganoderma boninense in two separate studies [129, 130].

10.7 Conclusion and Future Perspectives

Throughout the evolutionary time, plants have confronted and mitigated the impacts
of various environmental cues, including patho-stress. Plant cells have evolved
mechanisms to perceive and integrate different signals during such stresses and to
respond by modulating the appropriate gene and protein expression profiles.
Proteomics is a powerful tool to study plant-pathogen interactions since patho-stress
responsive proteins can be detected by comparing protein patterns of infected and
control samples. Family based proteomics analysis provides additional information
of the evolutionary conserved and divergent stress-responsive pathways in different
crop species with varying phylogenetic depths. The basic reason of this divergence
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could be protein length divergence, protein copy number variation, different
isoforms, epigenetic modification and post-translational modifications. A precise
idea of fungus associated pathosystem proteome illustrates that some proteins are
unique while some are common among different pathosystems. To explore con-
textual information of protein variants involved in plant-fungal interaction during
hemibiotrophic, biotrophic and necrotrophic mode of invasion, fungal stress asso-
ciated responses and pathways were observed at translational level. Till date,
proteomics studies comprising plant-fungal interaction are majorly based on
gel-based approaches. Very few reports are available showing fungal induced
responses in plants through non gel-based approach. In last decade, proteomics field
has been revolutionized with the incorporation of new technologies which enables
the analysis of more complex biological systems. Further, it is useful in studying the
molecular changes in both host plant and fungal counterparts offering opportunities
to investigate the molecular basis of development and stress-related system evo-
lution. Detailed investigation of these processes will deepen the understanding of
induced resistance mechanism in plant kingdom.
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Chapter 11
Insight into Physiological, Molecular,
and Proteomic Changes Associated
with Phytoplasma Infection in Crop Plants

Javad Gharechahi, Mohsen Mardi and Ghasem Hosseini Salekdeh

Abstract Phytoplasmas are insect transmitted bacterial pathogens that bring about
devastating diseases in a wide range of plants including crops, ornamental plants,
fruit trees, and vegetables. Phytoplasma diseased plants often display symptoms
that thought to be resulted from altered plant development. Knowledge about the
molecular basis of plant-phytoplasma interaction is limited because they are unable
to be cultured under in vitro conditions and largely inaccessible in their host plants.
The detailed response of several plant species to phytoplasma infection has been
explored at transcriptome level using conventional and recently developed
next-generation sequencing (NGS) based approaches. Considering the broad
changes that can occur in proteome in terms of abundance, post translational
modification, sub-cellular localization, and protein-protein interactions in a plant in
response to pathogen infection, proteomics provides valuable information that are
essential for in-depth understanding of plant-pathogen interaction. Till now, little
progress has been made in understanding plant-phytoplasma interaction from
proteomics view point. Here, we first briefly outline physiological and transcrip-
tional changes associated with phytoplasma infection in some plant species and
then review changes in proteome of plants in response to phytoplasma infection
with a particular emphasis on comparative studies that dealt with changes in
abundance of proteins.
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11.1 The Biology and Life Cycle of Phytoplasmas

Phytoplasmas are mycoplasma-like bacterial pathogens that cause devastating
diseases with sever yield losses in a diverse ranges of economically important
species including crops, ornamental plants, fruit trees, and vegetables [1, 2]. Same
as mycoplasmas, phytoplasmas belong to the class Mollicutes and the phylum
Tenericutes [3]. Members of the class Mollicutes are thought to be diverged from
the gram positive bacteria of the phylum Firmicutes through loss of the cell wall
and a reduction of genome size [1, 4]. Within the class mollicutes, phytoplasmas
show the high similarity in terms of codon usage and metabolic pathways to
acholeplasmas than to the mycoplasmas and spiroplasmas [1]. In contrast to
mycoplasmas that are human and animal pathogens, phytoplasma and some species
of spiroplasmas are plant pathogens that are also able to infect sap-feeding insects
of the order Hemiptera including leafhoppers, planthoppers, and psyllids that serve
as vectors for these pathogens [5]. In addition, several species of Mycoplasma and
Spiroplasma have successfully been cultured under in vitro conditions but phyto-
plasmas are yet to be cultured and therefore, they are assigned to the provisional
genus name Candidatus Phytoplasma [6].

Phytoplasmas are non-helical and pleiomorphic in shape with sizes similar to
those of mycoplasmas, 200–800 nm in diameter, surrounded by a single membrane.
Compared with other bacteria, they have small genomes (between 0.5 and 1.5 Mbp)
with relatively low G+C content [7]. The complete genome sequence of 4 phyto-
plasmas has recently been determined indicating that they have been subjected to an
evolutionary genome condensation [8–11]. Interestingly, genome shrinkage in these
microorganisms has resulted in the loss of many essential genes including those
responsible for the ATP synthesis, the biosynthesis of amino acids, fatty acids,
phosphotransferase system, de novo synthesis of nucleotides, as well as some
enzymes of tricarboxylic acid cycle (TCA cycle) [7, 8]. Therefore, phytoplasmas
are considered as obligate intracellular biotrophic parasites that are largely depend
on host cells for their nutritional and energy requirements. Interestingly, to com-
pensate for the loss of metabolic genes, phytoplasmas have acquired many genes
encoding for transporters including those for malate, metal-ions and amino-acids
[12]. This may lead to aggressive import of essential metabolites from host cells
resulting in disturbed metabolic balance and the development of disease symptoms.
In addition, loss of essential metabolic genes has also hindered in vitro culture of
phytoplasmas in cell-free medium and therefore, greatly slowed down their
molecular characterization.

Phytoplasmas are unique in their ability to infect and replicate in organisms of
two different kingdoms, namely plants (Plantae) and insects (Animalia). In addition,
they are also capable of invading and multiplying in cells of different tissues and
organs of the insect vector [1]. This remarkable capacity makes them of utmost
importance in the study of molecular mechanisms of host adaptation [13]. In plants,
phytoplasmas are largely restricted to the phloem sieve elements where they can
easily spread systematically throughout the plant by passive movement along with
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the phloem sap [14]. Phloem sap is rich in nutrients such as carbohydrates, min-
erals, proteins, amino acids, and ATP, which are required for the growth and
colonization of phytoplasmas [15]. Phytoplasmas are acquired by insect vectors
feeding from the phloem sap of infected plants, during a process known as
acquisition feeding. Once within insects, they must traverse from the gut epithelium
and enter into the insect haemolymph where they can replicate and invade other
insect organs. To be transferred to a new plant, they have to colonize the salivary
glands of the insect vector from which they are introduced back into the phloem of
a new healthy plant during feeding and salivation [7].

Phytoplasmas have a broad host rage among monocots and dicots. They are
known as causative agents of more than 1000 diseases and in several cases they
bring about severe damaging effects on plant growth, development, and yield
production. They are also accused of being responsible for several disease out-
breaks in plant species with high economic importance. For example, in 2001, an
outbreak of Candidatus phytoplasma mali in apple trees resulted in an economical
loss of ca. 100 million € in Italy and 25 million € in Germany [16]. As another
example, witch’s broom disease of acid lime (WBDL), which is caused by
Candidatus phytoplasma aurantifolia has also severely affected traditional lime
cultivation and greatly reduced Mexican lime production in the southern regions of
Iran. With gradual increase in world mean temperature and concomitant changes in
climate, diseases associated with phytoplasmas are expected to increase because the
spread of these bacterial pathogens largely depends on insect vectors that are best
adapted to warm climatic conditions [16]. This highlights the importance of and the
urgent need for the development of new approaches for control and management of
diseases associated with these bacterial pathogens.

11.2 Symptom Development in Phytoplasma Infected
Plants

Phytoplasma infection usually associates with broad changes in physiological,
biochemical, molecular and developmental processes (Fig. 11.1). In diseased
plants, phytoplasmas mainly localize in sink tissues including roots and developing
leaves and flower, whereas source leaves remain largely uninfected [7, 17].
Accordingly, disease symptoms mainly appear in the young and developing tissues
of infected plants. Phytoplsamas elicit symptoms that resemble abnormal plant
development. Typical phytoplasma disease symptoms include development of
many secondary shoots with small internodes and dense leaves (also known as
witches’ broom), the growth of shoots from floral organs (proliferation), conversion
of flowers into leaf-like structures (phyllody), the greening of non-green flower
organs (virescence), growth of elongated stalks (bolting), reddening of leaves and
stems (purple top), overall yellowing, sterility of flowers, formation of bunchy
fibrous secondary roots, decline and dwarfism of plants, and phloem necrosis
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[7, 14]. The molecular mechanisms governing these morphological changes and
their consequences for the infecting bacteria are largely unknown. Indeed, phyto-
plasma disease symptoms were first believed to be evoked by side effects of
phytoplasma infection such as aggressive consumption of plant metabolites, which
may lead to an imbalance in metabolic homeostasis in host cells [18]. However, the
morphological and developmental changes associated with phytoplasmas infection
are thought to be resulted from altered normal balance of plant growth regulators
and are often powered by changes in plant gene expression [19–22]. As an example,
peanut Witches’ Broom phytoplasma (PnWB)-infected Catharanthus roseus plants
show various floral abnormalities, including discoloration, virescence, and phyl-
lody. Gene expression analysis of PnWB-infected C. roseus plants showed that
genes related to the flowering pathways were repressed while those responsible for
leaf development were induced in phytoplasma infected plants indicating leafy
flower transition [23].

Recent evidence suggested that phytoplasmas may actively induce specific
symptoms by secretion of effector proteins and modification of plant gene

Fig. 11.1 Molecular, physiological, morphological, and developmental changes associated with
phytoplasma infection
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expression [19–21]. For example, it has been shown that Ca. Phytoplasma asteris
(OY-M strain) encodes a small secretory protein called TENGU, which when
ectopically expressed in tobacco and Arabidopsis plants, induces typical phyto-
plasma disease symptoms including witches’ broom and dwarfism [19]. Gene
expression analysis of TENGU-expressing plants showed that the expression of
many auxin-related genes was significantly down-regulated suggesting that
TENGU inhibits auxin-related pathways, thereby modulating plant development.
Recently, MacLean et al. [24] showed that upon infection, Aster Yellows
Phytoplasma strain Witches’ Broom (AY-WB) releases an effector protein (SAP54)
into host cells causing the development of leaf-like flowers which are more
attractive for leafhopper, which serves as vector for AY-WB phytoplasma and
thereby aiding propagation of the bacteria. This led to a speculation that
phytoplasma-infected plants are converted into sterile zombies that mainly serve to
propagate phytoplasmas [24–26].

11.3 Physiological Changes Associated with Phytoplasma
Infection

In spite of their economic importance and their interesting biological features,
phytoplasmas have largely remained uncharacterized largely owing to their inability
to grow under in vitro cell-free conditions and their inaccessibility in host plants
[7, 12, 18]. Therefore, there is limited information about phytoplasma pathogenicity
and their unique mode of interaction with host plants. Since phytoplasmas mainly
inhabit the sieve elements of phloem tissues, they exert several physiological and
physical modifications to phloem tissues of host plants. Interestingly, phytoplasma-
infected plants show aberrant deposition of callose in the sieve-plates of phloem
tubes which is followed by a collapse of sieve elements and companion cells and
blockage of phloem transport [27]. Callose deposition at the phloem sieve plates is
thought to be a non-specific defense mechanism that plants utilize to hinder the
spread and invasion of the phytoplasma [22, 27]. In addition, increased phyto-
plasma concentration in the lumen of sieve cells may also lead to the occlusion of
sieve elements and further decrease phloem sap flow [12]. However, it should be
noted that mechanisms involved in phloem impairment might differ in plants with
different levels of susceptibility to phytoplasma infection.

Phytoplasma-infected plants show impaired photosynthesis, increased carbohy-
drate deposition in mature leaves, and decreased starch concentration in sink tissues
such as roots, which might be due to the inhibition of phloem transport in these
plants [12, 28–30]. This indicates that the source-sink relationship is changed in
phytoplasma-infected plants and in these plants, infected leaves mainly serve as
sink but not source organs [29]. On the other hand, accumulation of carbohydrate
assimilates in photosynthetic source tissues induces feedback inhibition of photo-
synthesis causing chlorosis [31]. In addition, phytoplasma-infected plants display
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increased concentration of phenolic compounds, elevated level of hydrogen
peroxide and superoxide, and decreased chlorophyll content [30, 32, 33].

Phytoplasma diseased plants show unique metabolite profile compared with
healthy plants [30, 34]. Interestingly, in fully symptomatic phytoplasma-infected
leaves of lime (180 days after phytoplasma inoculation), a significant reduction in
concentration of essential metabolites including arginine, glutamine, alanine,
fructose-6P, ribose-5P, citrate, 2-oxoglutarate, succinate, and salicylate was
observed [34]. This indicates that at the final stages of disease development, phy-
toplasmas aggressively consume plant metabolites leading to a significant metabolic
burden on host plants. In addition, metabolome analysis showed that phytoplasma
infection is associated with significant changes in the cellular level of plant hor-
mones abscisic acid (ABA) and cytokinin. It is also associated with increased and
decreased content of c-aminobutric acid (GABA) in leaves and phloem sap,
respectively [30]. The increased cellular level of GABA is correlated with pathogen
infection and it is thought to be involved in protection of plant cells against
oxidative damage caused by invading pathogens [30, 35].

11.4 Molecular Changes in Phytoplasma-Infected Plants

Understanding how plants and their invading pathogens recognize and respond to
each other is of great importance for deciphering their mutual interactions. In recent
years, significant progress has been made in understanding pathogenesis and mode
of interaction of many bacterial pathogens with their corresponding host plants.
However, little information is available concerning the molecular basis of
plant-phytoplasma interaction. Generally, similar pathogens share common patho-
genesis mechanisms even thought that their host plants are different. Plants have
evolved general defense mechanisms that invading pathogens need to overcome in
order to successfully colonize and multiply [36]. Conversely, to survive and to
remain healthy, plants also have to overcome the virulence of pathogens. In face of
pathogen infection, plants activate an array of molecular and biochemical respon-
ses, which almost exclusively depend on changes in gene expression. As an
example, upon pathogen recognition, plants trigger a cascade of signaling pathways
that lead to the overproduction of reactive oxygen species (ROS) such as H2O2 and
O�1

2 , a reaction known as hypersensitivy response (HR) which is followed by
programmed cell death and tissue necrosis [37]. The function of the HR is to limit
the spread and invasion of pathogens. However, to overcome the HR reaction,
pathogens induce the expression of genes encoding for ROS scavenging enzymes
such as catalase (CAT) and superoxide dismutase (SOD) [36]. Pathogens also
stimulate the expression and secretion of extracellular enzymes, such as pectin
esterases, polygalacturonases, xylanases, pectato lyases, and cellulases, which
promote degradation of the cell walls of host plant and therefore, facilitate pathogen
penetration [22, 36]. In addition, modification of host cell wall polysaccharides
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might facilitate pathogen infection via the conversion of cell wall polymers into
nutritional substrates required for growth and colonization of the pathogen. Cell
wall degradation also paves the way for the invading pathogens to effectively
release virulence factors into host cells to target host molecules and to enable
pathogen to hijack the host plant for its own multiplication.

Advances in gene expression analysis including the emergence of novel
approaches based on next-generation sequencing (NGS) technologies for relative
and absolute quantification of transcriptome have revolutionized genomics
research. In particular, NGS has allowed to systematically analyze transcriptome of
nearly all plant species even those with limited genome sequence or expressed
sequence tag (EST), those with complex genomes such as polyploids, and those in
which genome sequencing is not cost-efficient [22]. In combination with traditional
differential display and microarray, these approaches have provided a wealth of
information regarding the molecular basis of plant-pathogen interaction and have
significantly improved our understanding about defense mechanisms employed by
plants to defect pathogens with different mode of pathogenesis [22, 38–41]. In an
attempt to characterize changes in gene expression caused by phytoplasma infec-
tion, our research group compared the transcriptome of Mexican lime trees infected
by Ca. P. aurantifolia with that of corresponding healthy plants [22]. Interestingly,
we found an increased abundance of transcripts related to cell wall biogenesis and
degradation including cellulase, chitinase, glucosidase, xylanase, glucanase, pectate
lyase, polygalacturonase, pectinesterase, and expansins in phytoplasma diseased
plants. These results suggested that phytoplasmas exploit similar strategy, as dis-
cussed for other pathogens, to overcome host cell-wall barriers and to seize plant
resources for their own multiplication.

Plants also trigger innate immunity response to phytoplasma infection. This
include the induction of genes encoding for pathogenesis-related proteins (PR
proteins) [22, 23, 40, 42, 43], LRR receptor-like serine/threonine-protein kinase
(FLS2), disease resistance proteins, somatic embryogenesis receptor kinases
(SERKs), Leucine-rich repeat (LRR) receptor kinase brassinosteroid insensitive 1
(BAK1), chitin elicitor receptor kinase 1 (CERK1), and wall-associated kinases
(WAKs) [22, 43]. Plant innate immunity is activated in response to the recognition
of pathogen-associated molecular patterns (PAMPs, such as lipopolysaccharides,
flagellin, EF-Tu, and chitin) by transmembrane or cytosolic pattern recognition
receptors (PRRs) including FLS2, EFR, and CERK1 resulting in PAMP-triggered
immunity (PTI) that can suppress pathogen colonization [44]. PTI is associated with
an array of responses including the induction of the HR reaction, profound change
in gene expression, and the production of antimicrobial proteins [45]. The HR
reaction is an extremely effective defense mechanism to combat with biotrophic
pathogens such as phytoplasma [46].

At transcriptome level, phytoplasma infection is associated with increased
abundance of genes related to the biosynthesis of certain secondary metabolites
including phenylpropanoids, flavonoids, and terpenoids [22, 40, 42, 43].
Phenylpropanoids constitute a diverse class of secondary metabolites that are
known to be involved in mounting defense responses to numerous plant pathogens
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[47]. Certain derivatives of phenylpropanoids and flavonoids are converted into
phytoalexins such as stilbenes, coumarins, and isoflavonoids, and phenolic com-
pounds such as acetosyringone and salicylic acid (SA), which are produced by
diseased plants and are involved in plant-pathogen interactions.

Terpenoids are also involved in plant-pathogen interaction.Within this category of
secondary metabolites, there are several bioactive naturally-occurring diterpenoids
that are known as plant growth regulators, namely gibberellins (GAs) [48]. GAs are
plant hormones that regulate diverse developmental processes including seed ger-
mination, stem elongation, leaf expansion, fruit development, pollen maturation, and
flowering induction [49]. The exact role of GAs in plant-pathogen interaction has
largely remained uncharacterized. The expression of genes encoding for GA
biosynthesis pathway showed conflicting results in different phytoplasma-infected
plants. In tomato plants infected with purple top phytoplasma, the expression of genes
related to the GA biosynthesis pathway decreased resulting in disruption of GA
homeostasis and the development of disease symptoms [50]. However, in phyto-
plasma diseased lime trees, an extensive up-regulation of the genes encoding for the
GA biosynthesis pathway was detected [22]. The components of GA signaling
pathway was also changed in phytoplasma diseased plants including a decrease in
transcripts of DELLA protein and gibberellin receptor GID1 and an increase in
phytochrome-interacting factor 3 (PIF3) [22]. These results suggest that GAs are
implicated in plant-phytoplasma interaction and they might also be involved in the
development of disease symptoms associated with phytoplasma infection.

Phytoplasma infection is also associated with reduced level of jasmonate
(JA) biosynthesis [20]. Interestingly, lipoxygenase and allene oxide synthase which
catalyze critical steps in the JA biosynthesis pathway displayed decreased abundances
in phytoplasma-diseased plants [20, 22]. The role of JA in defense against necro-
trophic pathogens has been well established [51], however, its implication in plants
interaction with biotrophic pathogens such as phytoplasmas has remained elusive.

Carbohydrate metabolism is also subjected to change in phytoplasma-infected
plants. Indeed, accumulation of soluble sugars such as glucose, fructose, sucrose,
and starch is a common phenomenon observed in source leaves of phytoplasma-
infected plants. Sucrose is the major form of photosynthesis carbohydrate assimilate
loaded into the phloem of photosynthetic source leaves. As a consequence of
genome shrinkage, phytoplasmas have lost the enzymes of the phosphotransferase
system, which is utilized by most bacteria as an energy-efficient way for simulta-
neously importing and phosphorylating sugars such as sucrose, glucose, and
fructose [15]. Therefore, sucrose has to be broken down into glucose and fructose
and the phosphorylated form of glucose and fructose are used as carbon source by
the phytoplasma. In plants, sucrose is cleaved by invertase and sucrose syn-
thase, which both have been shown to increase in phytoplasma diseased plants
[22, 40, 43]. In addition, alpha amylase, which breaks down starch into glucose, has
also shown an increased abundance in phytoplasma diseased plants [22, 43]. In
phloem tissues, sucrose synthase supplies UDP-glucose for the biosynthesis of
callose, which is deposited at the sieve plates in phytoplasma infected plants and
hinders the systemic spread of phytoplasma.
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11.5 Proteomic Changes Associated with Phytoplasma
Infection

Transcriptome analysis has enabled detailed exploration of the changes in gene
expression, which are evoked by pathogens to host plants. However, transcriptome
does not reflect complete cellular regulatory mechanisms since there exist multiple
post-transcriptional regulatory check points that fine tune the abundance and the
function of proteins as end-products of genes. Therefore, exploring dynamic
changes in cellular proteome is thought to be much more informative than tran-
scriptome. Proteomics provides an opportunity to explore cellular proteome in
terms of abundance, post-translational modifications (PTMs), subcellular localiza-
tion, and protein-protein interactions. Indeed, proteomics offers complementary
information to transcriptomics which are essential for in-depth understanding of
complex biological processes at molecular level [52]. The success of proteomics
largely depends on the availability of genome sequence for the species of interest or
its relatives for accurate protein identification using mass spectrometry (MS)-based
approaches.

Although transcriptome changes of plant-phytoplasma interaction has been well
explored, only a few studies have investigated on related proteome changes [53–
57]. In fact, these studies are comparative proteome analyses that have utilized the
power of two-dimensional gel electrophoresis (2-DE) or label free shotgun pro-
teomics to explore the changes in host plant proteome in terms of abundance in
response to phytoplasma infection (Table 11.1). In an effort to characterize changes
in the proteome of Mexican lime trees affected with WBDL, which is brought about
by Ca. P. aurantifolia, Taheri et al. [57] applied a 2-DE coupled with MS for protein
identification. WBDL is a devastating disease that has significantly affected lime
cultivation in the southern regions of Iran as well as the adjoining countries
including Oman, United Arab Emirates, and Pakistan [22, 56]. In Iran, in particular
this disease has eradicated more than 500,000 Mexican lime trees since 2000 [58].
Newly infected trees locally develop secondary shoots with shorted internodes
covered by many yellow or pale-green leaves (so called witches’ broom). At the
later stages of the disease development, all shoots of the tree develop witches’
broom and leaves become dry and the tree eventually declines within 4 to 5 years
[57]. By comparing the leaf proteome of phytoplasma-infected and healthy plants,
Taheri and collogues identified 39 proteins as being responsive to phytoplasma
infection. Interestingly, ROS scavenging enzymes including APX, Cu/Zn-SOD,
and glutathione-S-transferase (GST) were decreased in phytoplasma diseased
plants. Decreased abundance of these proteins might be associated with increased
ROS production, which is thought to be essential for efficiently combating with
phytoplasma infection through the HR reaction. PR-10 and some miraculin-like
proteins displayed an increased abundance in phytoplasma diseased lime trees.
PR-10 is an intracellular pathogenesis-related protein that shows broad antimicro-
bial and in vitro ribonuclease activities [58]. Miraculins are protease inhibitors
whose exact role in plant-pathogen interaction has remained elusive. However,

11 Insight into Physiological, Molecular, and Proteomic Changes … 259



recent evidence suggests that they might be involved in defense against some
pathogens and insects [59–61].

In a complementary study, Monavarfeshani et al. [56] applied label-free quan-
titative shotgun proteomics to further explore proteomic changes associated with
WBDL in Mexican lime. Out of 990 proteins quantified in this study 448 showed
reproducible changes in abundance in diseased compared to healthy plants. In
agreement with Taheri’s findings, ROS scavenging enzymes including APX (both

Table 11.1 Proteomic analyses conducted to explore the interaction of plant with Phytoplasma

Plant
species

Infecting
phytoplasma

Type
of
tissue

Proteomic
approach

Significant findings References

Mulberry Mulberry
dwarf
phytoplasma

Leaf 2-DE; MS Photosynthetic proteins
showed enhanced degradation
in diseased plants

[53]

Grapevine Flavescence
dorée
phytoplasma

Leaf 2-DE; MS Anti-oxidative response
proteins were decreased in
diseased plants; proteins
related to photosynthesis,
response to stress and the
antioxidant system
differentially phosphorylated
in diseased plants

[55]

Grapevine Flavescence
dorée
phytoplasma

Leaf 2-DE; MS Proteins related to
metabolism, energy
processes, protein synthesis
and degradation, cell rescue,
defense and virulence were
increased, while
photosynthesis related
proteins decreased in
abundance in diseased plants

[54]

Mexican
lime

Ca.
Phytoplasma
aurantifolia

Leaf 2-DE; MS ROS scavenging enzymes and
photosynthesis related
proteins were mainly
decreased in infected plants.
PR-10 and some
miraculin-like proteins were
increased in diseased plants

[57]

Mexican
lime

Ca.
Phytoplasma
aurantifolia

Leaf Shotgun
proteomics

Phytoplasma responsive
proteins were related to stress
response, metabolism, growth
and development, signal
transduction, photosynthesis,
cell cycle, and cell wall
organization

[56]

These studies comparatively analyzed the leaf proteome of phytoplasma-infected and that of
healthy plants
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cytosolic and chloroplastic isoforms), dehydroascorbate reductase 1, glutathione
peroxidase (GPX), Mn-SOD, and catalase (CAT) were decreased in phytoplasma
challenged plants. Similarly, in mulberry plants infected by phytoplasma, the
activity of ROS scavenging enzymes including SOD, CAT, and peroxidase
decreased [53]. However, in grapevines infected by flavescence dore’e phyto-
plasma, the abundance of the same set of ROS detoxifying enzymes increased [55],
suggesting that the response of oxidative stress related proteins largely depends on
plant species and degree of susceptibility to phytoplasma infection.

Enzymes associated with cell wall modification showed an increased abundance
in phytoplasma diseased plants including b-1,4-endoglucanase, cellulase, pectin
methylesterases, and expansins [54, 56], which was also in accordance with the
transcriptome data [22, 40, 43]. As discussed earlier in this chapter, host cell wall
modification is thought to facilitate phytoplasma infection. Interestingly, changes in
abundance and activities of pectin methylesterases and expansins have been shown
to be associated with increased susceptibility to pathogen infection [62, 63].

An interesting finding of Monavarfeshani’s study, which also agreed with
transcriptome data was extensive down regulation of proteins involved in degra-
dation and turnover of proteins. These include 16 proteases and 5 subunits of
proteasome degradation machinery. Down-regulation of components of proteasome
has also been reported in other phytoplasma infected plants [55]. The plant pro-
teolytic system plays an important role in removal of damaged, misfolded, or those
proteins whose function is no longer required. In addition, it might be involved in
degradation of pathogen specific proteins as part of plant defense mechanisms. How
down-regulation of proteolysis associated proteins contributes to plant-phytoplasma
interaction is unknown. However, evidence suggests that during evolution, some
pathogens have acquired the ability to disrupt host plant proteasomal system to
facilitate their own multiplication [64]. This suggests that phytoplasmas might have
acquired the same strategy to overcome their host plants.

Proteins related to signaling pathways were also subjected to modification in
phytoplasma-infected plants. Interestingly, the abundance of three leucine-rich
repeat (LRR) receptors that are known to play a critical role in plant innate
immunity response was increased in phytoplasma diseased plants [56]. Likewise,
some defense related proteins including thaumatin-like and osmotin-like proteins as
well as PR17 were increased in phytoplasma-infected plants [53, 54].

Phytoplasma infection was also associated with decreased abundance of heat
shock proteins (HSPs) and chaperone-like AAA+ family proteins [53, 56, 57]. In
plants, HSPs play an important role in signal transduction pathways leading to the
establishment of defense against pathogens infection. A typical example is the
suppression of the expression of HSP70 and HSP90 in Nicotiana benthamiana that
compromises both the HR and non-host resistance [65, 66]. Thus, down-regulation
of HSPs in diseased plants might be associated with increased susceptibility to
phytoplasma infection. Within the AAA+ family proteins, RuBisCo activase is a
critical chaperone-like protein that plays an important role in maintaining RuBisCo
in an active conformation. In mulberry plants infected with phytoplasma, RuBisCo
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activase showed an extensive degradation, a phenomenon observed under other
stresses as well [53].

The abundance of photosynthesis-related proteins was markedly decreased in
phytoplasma-infected plants suggesting that photosynthesis is among the processes
to be significantly affected by phytoplasma infection [53, 54, 56, 57]. This is also in
accordance with physiological measurements indicating suppressed photosynthetic
capacity of phytoplasma-infected plants [30, 53]. This reduction might be largely
due to the feedback inhibition triggered by the accumulation of carbohydrate
assimilates in photosynthetic leaves that itself is the consequence of the blockage of
phloem seive elements by phytoplasmas. In addition, declined photosynthesis in
phytoplasma diseased plants is also associated with considerable reduction in
photosynthetic pigments, including chlorophyll a, chlorophyll b, and carotenoids as
well as decreased activity of PSII [29, 53]. Decreased content of photosynthetic
pigments results in overall yellowing and chlorosis of leaves, which are common
symptoms observed in phytoplasma diseased plants. Likewise, phytoplasma
infection was associated with the degradation of photosynthesis-related proteins
including RuBisCo activase, sedoheptulose-1,7-bisphosphatase, and RuBisCo large
subunit [53]. This degradation was likely resulted from the accumulation of ROS
which is a common phenomenon associated with phytoplasma infection.

Proteomics has also proven change in carbohydrate metabolism due to phyto-
plasma infection. Particularly, proteins involving in starch metabolism including
starch synthase, starch branching enzyme II, isoamylase-type starch-debranching
enzyme 2, starch phosphorylase, and starch ADP/ATP carrier proteins decreased in
response to phytoplasma infection [56]. However, the abundance of enzymes such
as sucrose synthase and fructokinase increased in phytoplasma-infected plants. As
discussed earlier in this chapter, sucrose synthase and fructokinase provide phos-
phorylated forms of carbohydrate monomers as preferred carbon sources for
phytoplasmas.
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Chapter 12
Insect Pest Proteomics and Its Potential
Application in Pest Control Management

Mehdi Dastranj, Javad Gharechahi and Ghasem Hosseini Salekdeh

Abstract Proteomics has been considered as a high-throughput approach for
large-scale analysis of proteins particularly their structures and functions. Thanks to
the recent advances in mass spectrometry for protein identification, entomologists
have greatly benefited from proteomics to unravel the molecular mechanisms
behind insect feeding, diapause, metamorphosis, vitellogenesis, embryogenesis, etc.
This capability is particularly exploited for the development of novel bio-pesticides
in which identification of new target molecules is considered critical. Genome
annotation and phylogenetic studies are the other entomological applications of
proteomics. Current mass spectrometry-based proteomics strategies have enabled
researchers to reproducibly, accurately, quantitatively, and comprehensively survey
on proteome content from cells and tissues to whole body of an organism. Here,
proteomics development in diverse insect pests and its potential application in
insect pest management have been reviewed.
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12.1 Introduction

Insects are considered as the largest and remarkably-diverse group of organisms in
the world accounting for 75 % of all known species [1]. Moreover, they play
numerous roles in different ecosystems around the globe because of their enormous
diversity in form, function, and life style, as well as their interactions with other
organisms [2]. Some insect species particularly those involved in pollination [3],
honey production [4], silk production [5], predation, and parasitism [6], are brought
about great benefits to human beings. On the other hand, some insect species can
negatively affect human activities by transmission of diseases and phytophagy
which cause considerable damages to agricultural production [7, 8].

The application of chemical insecticides is the main approach used for insect
pest control. However, pesticide application has raised concerns regarding the risks
posed to the ecosystem by perturbing natural and/or environmental balance and due
to the high persistence of these compounds as well as their toxicity to non-target
organisms [9]. Public and academic concerns over the use of pesticides with respect
to food safety, especially about their residual toxicity in contaminated crops on one
hand and the induction of resistance in insects on the other hand have motivated
research on the development of novel alternative pest control options [10].

Studying insect omics including transcriptomics, proteomics, peptidomics, and
metabolomics has been shown to hold great promises for discovery of novel and
species-specific target molecules. Once a specific target is identified, a disrupting
agent can be designed and used as bio-rational insecticide. These disrupting agents
are known to interfere with physiological functions specific to a group of insects
and are characterized by their improved selectivity and environmentally friendly
nature marking them ideal biopesticides [1].

The development of high-throughput genome sequencing technologies and
advances in mass spectrometry-based proteomics have now enabled investigation
of complex organisms, from tissue to whole body. Since the genome of Drosophila
was first sequenced, many great advances in the field of insect physiology and
endocrinology have been achieved [11]. The genome sequences of several other
insect pests including red flour beetle (Tribolium castaneum), pea aphid
(Acyrthosiphon pisum), and the mountain pine beetle (Dendroctonus ponderosae)
are now available and significance of such data is explained by the i5k project
(http://www.arthropodgenomes.org/wiki/i5K) whose goal is to sequence the gen-
ome of 5000 insects and arthropods. Since the 5ki project was launched in 2011 to
address genome sequencing of most insect pest in the world, proteomics, a
prominent tool for genome annotation, have also been used for targeted and
genome-wide analysis of proteins complement of the genomes. In fact, insect
proteomics is quickly developing, wherein attempts are being made to analyze
organellar or tissue proteome of insects. For instance, insect proteomics has been
used to explore hemolymph proteins following feeding, immune-challenging, and
parasitism, insect-plant interaction, molting fluid content, components of the cuti-
cle, and to monitor toxicity of pesticides (Table 12.1) [12, 13]. Insect proteomics
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analyses have now greatly improved our understanding about the molecular
mechanism of insect diapause, metamorphosis, vitellogenesis, embryogenesis, and
their regulation (Fig. 12.1) [14–16]. Combining proteomics findings with those of
the other omics as well as physiological data would provide an integrated systems
biology view of signaling, regulatory, and metabolic networks governing
insect-specific processes [17].

Fig. 12.1 Insect pest proteomics. Proteomics has been extensively utilized for studying insect
proteins of different tissue origins. Insect brain proteins have been explored for the identification of
neuropeptides and also diapause-related proteins. Hemolymph proteome has been extensively
explored for the identification of metamorphosis, diapause, and viral transmission related proteins.
Insect gut proteins have been studied for the identification of digestive enzymes, as well as
regulatory and receptor proteins. Insect egg proteins have been studied for the characterization of
diapause specific proteins
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The conservativity of the protein sequences can be exploited for functional
annotation of proteins in insect species of limited genome sequence information. In
addition, homology-driven proteomics approaches have also been used for phylo-
genetic analysis and taxonomic classification of certain taxa [18]. For this purpose,
highly-conserved proteins/peptides are employed for reconstruction of deep phy-
logenetic tree of different species and for achieving a closer insight into their
evolutionary relationships. For instance, proteomics analysis showed that insect
neuropeptides are evolutionary-conserved proteins that can be used for phyloge-
netic analysis, in particular, for complementing molecular, morphological, and
other taxonomic data [18].

In this chapter, we briefly review proteomics findings in diverse insect pest
systems, highlighting the achievements obtained in multiple insect processes with
an especial emphasis on the identification of target proteins for the development of
novel environmentally-friendly biopesticides.

12.1.1 Lepidopteran Pest Proteomics

The order lepidoptera comprises more than 160,000 species of butterflies and moths,
characterized by their complete metamorphosis, during which they go through four
distinct stages namely, egg, larva (caterpillar), pupa, and adult. During the larva
stage of growth, they largely feed on plant materials by chewing or biting green or
non-green plant tissues. On the other hand, adult insects of this order are largely
anthophilous, meaning that they develop a specific mouthpart, proboscis, for
imbibing nectar and other liquid substances from flowers. The role of lepidopteran as
pollinators in the ecosystem has been well established and there are several cases in
which insect proboscis has been adapted to match the morphology of the flower [19].

Unlike other butterflies that feed solely on floral nectar, those belonging to the
neotropical genus Heliconius have been evolved to feed on both nectar and pollen
[20]. They collect and store pollens on the surface of their proboscis during nectar
feeding. Pollens are then moisturized with the salvia exuded from the proboscis and
are subsequently disrupted and their released amino acids are consumed by the
insect [21]. The molecular mechanism of pollen feeding behavior in these insects
has largely remained unknown. To elucidate the role of insect-secreted proteins in
the degradation and consumption of pollen-derived nutrients, Harpel et al. [22]
employed a shotgun proteomics approach to identify saliva proteins in H. melpo-
mene. Using a combined SDS-PAGE protein fractionation and liquid
chromatography-tandem mass spectrometry (LC-MS/MS), 31 proteins were iden-
tified, most of which were secreted proteins containing signal peptides. It should be
noted that salvia proteins are mainly involved in proteolysis and carbohydrate
hydrolysis to facilitate the absorption of the proteins and carbohydrate contained in
nectar and pollen by the insect.
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Despite the positive role of adult lepidopteran in pollination, their larvae or
caterpillars cause significant yield losses in various crop species and are considered
as problematic pests in agriculture. Most caterpillars are herbivorous animals whose
digestive tracts have been evolved to aquire high amounts of plant materials in
order to meet their high energy requirements caused by their fast growth rate [23].
The digestive system of these insects is a simple tube that has been structurally
adapted based on the type of the food they consume. Proteins secreted into the
digestive tube of herbivores insects are mainly involved in digestion, detoxification,
sequestration, and defense against plant anti-herbivory mechanisms [23].
Proteomics has been applied to explore secreted midgut lumen proteins in cater-
pillars of Helicoverpa armigera with an aim to identify stable gut proteins involved
in insect nutrition [23]. Two-dimensional electrophoresis (2-DE) coupled with
MS/MS analysis enabled the identification of major insect secreted gut proteins
involved in the digestion of proteins, carbohydrates, and lipids. In addition, pro-
teomic analysis showed the presence of stable non-digestive proteins such as
lipocalin, an arginine kinase, as well as proteins of unknown function in the lumen,
where is considered to has a harsh environment.

Similar to many other arthropods, the digestive tube of lepidopteran contains a
peritrophic matrix (PM) composed of chitinous fibers cross-linked by proteins [24].
The major function of this semi-permeable membrane is to protect the gut cells
from abrasion by food particles and pathogens. It also functions as support for
immobilizing digestive enzymes and toxins and to compartmentalize the gut into
smaller endo- and ecto-peritrophic spaces. MS-based proteomics analysis allowed
to identify PM proteins of the midgut in the caterpillar, H. armigera following
chitin depolimerization using anhydrous trifluoromethanesulfonic acid treatment
[25]. Chitin deacetylase-like and mucin-like proteins were identified as major
protein constituents of the PM, indicating their critical role in PM structure and
function. In addition, several polycalin and aminopeptidase proteins were also
detected in the PM fraction. These proteins are known to bind to Bacillus
thurengiensis Cry1A crystal toxin proteins and contribute to the insect immunity
against pathogens [26].

Insects use innate immunity for effective defense against foreign pathogenic
microorganisms, viruses, and parasites. To overcome insects immunity, some
endoparasites suppress the host defense system and elicite profound changes in
metabolism, food consumption, pigmentation, and even development and behavior of
the host insect [27]. For example, when Plutella xylostella, a pest of cruciferous
plants, is parasitized by Cotesia plutellae, its innate immunity is significantly sup-
pressed, the development of the larvae is delayed, and the insect will not undergo
metamorphosis, suggesting that the parasite reprograms host developmental pro-
cesses [28]. Therefore, the study of host-parasite interaction could provide a deeper
insight into the mechanisms which could be used to develop novel biopesticides
targeting immunity and developmental processes in insect pests. To achieve this Song
et al. [29] applied 2-DE and MS/MS analysis to explore plasma proteome of
P. xylostella larvae following parasitism byC. plutellae. Proteomics analysis revealed
that the majority of parasitism responsive proteins were involved in the modulation of
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immune response, including immune-related proteins, serpin 2, protease inhibitor,
translationally controlled tumor protein, histidine kinase, and apolipophorin-III.

The egg–larval parasitoid Chelonus inanitus employs polydnavirus and venom
injection to establish parasitism and to manipulate the host physiology. The
infection of Spodoptera littoralis with the parasite C. inanitus is followed by
developmental changes including early onset metamorphosis and failure to com-
plete prepupal stage. Proteomic analysis of the haemolymph of S. littoralis upon
parasitism with C. inanitus showed minor differences in the haemolymph proteome
and only several minor abundant viral or viral-induced proteins were detected [30].

Among lepidopteran, tobacco hornworm, Manduca sexta, is an excellent insect
model organism for studying physiological, developmental, and metamorphosis-
associated processes in insects [31]. To understand the biology of this damaging
insect pest, the hemolymph proteome offifth instar larvae was analysed using one or
2-DE based proteomics [32]. LC-MS analysis allowed to identify 58 non-redundant
proteins in the hemolymph of M. sexta, most of which were related to defense,
transport and metabolism, storage, and metamorphosis processes. Some lepi-
dopteran species undergo an especial type of spermatogenesis in which male insects
produce two sperm morphs (heteromorphism), i.e., eupyrene; a nucleated and less
abundant fertilization competent form, and apyrene; an anucleated high abundant
fertilization incompetent type (accounting for up to 96–99 % of the sperm produced)
[33, 34]. To understand the sperm proteome composition and to identify sperm
proteins contributing to the formation of sperms with varying fecundity potential,
quantitative label-free proteomics was conducted using M. sexta as a model of
heteromorphic spermatogenesis [35]. A significant proportion of M. sexta sperm
proteins were found evolutionary conserved displaying sequence homology with
proteins of non-lepidopteran origin. However, lepidopteran-specific sperm proteins
were among the highly abundant proteins, suggesting their critical role in hetero-
morphic spermatogenesis, in particular, in apyrene sperm functionality.

As an alternative to the application of chemical insecticides in pest management
programs, microbial-based strategies, mainly dominated by B. thuringiensis (Bt),
have gained popularity largely due to their environmentally friendly nature [36].
Applications of Bt against lepidopteran pests are largely based on either the for-
mulations of spore-crystal or the generation of genetically modified (GM) plants
expressing Bt toxins [37]. Although, Bt protects agricultural crops against lepi-
dopteran and coleopteran pests, insect resistance to Bt toxins in the field have been
reported for several lepidopteran species [38]. Understanding the molecular
mechanisms of resistance to Bt toxins could provide opportunities to postpone the
development of Bt resistance in insects and to extend the sustainability of the
engineered GM crops. To explore the proteome changes in Cry1Ac susceptible and
resistant P. xylostella larvae, midgut proteins were analyzed using two-dimensional
difference in-gel electrophoresis (2D-DIGE) and ligand blotting [39]. Among the
identified proteins, ATP-binding cassette (ABC) transporter subfamily G member 4
(ABCG4), trypsin, heat shock protein 70 (HSP70), vacuolar H+-ATPase, glyco-
sylphosphatidylinositol anchor attachment 1 protein (GAA1), and solute carrier
family 30 member 1 (SLC30A1) were reported as being involved in Bt resistance.
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Additionally, proteins such as ABC transporter subfamily C member 1 (ABCC1),
SLC36A1, NADH dehydrogenase iron-sulfur protein 3, prohibitin, and Rap1
GTPase-activating protein 1 were identified as Cry1Ac-binding proteins in
Cry1Ac-susceptible P. xylostella larvae, indicating their critical role in suscepti-
bility of the insect to CryA1c toxin.

12.1.2 Coleopteran Pest Proteomics

Coleoptera consisting of beetles and weevils are considered to be the largest insect
order representing over 360,000 species or 40 % of the known insect species in the
world [40]. Members of this order play different roles in various ecosystems, from
agricultural pest such as Colorado potato beetle (Leptinotarsa decemlineata) and
the boll weevil (Anthonomus grandis), to natural enemies of the insect pests such as
ladybirds (Coccinellidae) [41–43].

The red flour beetle, T. castaneum, is a pest of stored products that has been used
as an excellent insect model for functional genomics analysis using RNA inter-
fierence (RNAi) in coleopteran insects. Indeed, T. castaneum is the first coleopteran
whose complete genome sequence became available [44]. The unique feature of T.
castaneum is related to its systemic and widespread response to RNAi, allowing
genome-wide and large scale RNAi screening [45]. Therefore, most omics-based
studies for the identification, characterization, and functional analysis of genes in
this order are performed in T. castaneum.

In a study, comprehensive proteomics and transcriptomics analyses of the red
flour beetle elytra and hidwings, representatives of rigid and soft cuticles, respec-
tively, were performed to understand gene expression signatures of structural
proteins which may influence the mechanical properties of cuticles [12]. Results
demonstrated distinct differences between two tissues in terms of proteome and
gene expression profiles. Matrix-assisted laser desorption ionization-time of flight
(MALDI-TOF) MS analysis led to the identification of 18 known cuticular proteins
(CP) and a single novel low complexity protein enriched by charged residues.
Microarray analysis revealed greater differences in gene expression between elytra
and hidwings. More specifically, 372 genes showed up to 10-fold variations in
abundance. Interestingly, transcripts encoding for cuticular proteins belonging to
the Rebers and Riddiford family (CPR) type 2 and low complexity (CPLC) proteins
enriched by glycine or proline, were expressed in higher abundance in elytra. While
transcripts with greater expression in hidwings mostly belonged to the CPR type 1
and the Tweedle families. Proteomics has also been used for the identification of gut
lumen and epithelium-specific proteins in T. castaneum [46].

Unlike other herbivorus insects that rarely encode for plant cell-wall degrading
enzymes, phytophagous beetles, species belonging to the superfamilies
Chrysomeloidea and Curculionoide, have multigene families in their genome that
encode for a diverse class of cell-wall degrading enzymes [47–49]. In order to
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demonstrate whether this cell-wall degrading enzymes are expressed and contribute
to the degradation of plant lignocellulosic materials, a proteomics analysis was
conducted to identify secreted cell-wall degrading enzymes in larval gut contents of
mustard leaf beetle, Phaedon cochleariae [47]. Using a combination of gel elec-
trophoresis and activity assay for the detection of cellulose-, pectin- and
xylan-degrading enzymes, 13 proteins belonging to three glycoside hydrolase
families; i.e., xylanases, polygalacturonases or pectinases, and β-1,4-glucanases or
cellulases were identified. In addition, MS analysis also allowed to identify proteins
of plant origin including various proteolysis-stable pathogenesis related (PR) and
polygalacturonase-inhibiting proteins in the gut content of P. cochleariae.

Whole Mountain Pine Beetle (MPB), Dendroctonus ponderosae, undergoes
physiological stress during host colonization as it has to be able to cooperatively
invade and kill its host tree in order to successfully reproduce [50, 51]. To identify
changes taking place during host colonization, the proteomes of starved and
host-colonized female and male MPBs were monitored using isobaric tags for
relative and absolute quantification (iTRAQ)-based proteomics approach [50].
Chaperone proteins and enzymes required for vitellogenesis were changed with
feeding in female insects. In male insects, chaperones and motor proteins were
responsive to feeding. These results indicated that the reproductive physiology of
MPB females were rapidly affected by shifting in biological phase during colo-
nization. Several detoxifying enzymes were also identified in female’s proteome
including cytochrome P450 suggesting their defensive role in plant-herbivore
interaction. The differentially abundant proteins in males during phase change was
mainly related to muscle cellular structure which might be due to the fact that they
were no longer needed for flight. Altogether, MPB females conserve energy, store
it, and then rapidly use the stored energy in their reproductive attempts, unlike
males which consume much of their stored energy during the dispersal [50].

MBP overwinters as larvae under the bark of host trees and therefore, must be
able to tolerate cold and freezing stresses during its life cycle. The freezing stress
tolerance is thought to be mediated by redirecting energy metabolism toward the
biosynthesis of cryoprotectants such as glycerol in order to avoid internal ice for-
mation [52]. To uncover the cold hardening mechanism of MBP, the proteome
profile of overwintering and developing larvae was compared using iTRAQ-based
proteomics [53]. The comparison of the proteome of MBP larvae during autumn
cooling and spring warming revealed differential abundance of 33 and 473 proteins,
respectively. A closer look into the function of the identified proteins proved the
implication of trehalose, 2-deoxyglucose, and antioxidative enzymes in overwin-
tering physiology of MBP, further demonstrating the role of glycerol in cold
hardening capacity of this insect.
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12.1.3 Hemipteran Pest Proteomics

Hemipteran, which are also referred to as the true bugs, are an order of insects
including cicadas, aphids, plant hoppers, leafhoppers, and shield bugs. Most of the
hemipteran pests feed on plants through piercing and sucking plant phloem
sap. Some insects of this order are considered as important agricultural pests,
damaging crops through direct feeding or indirectly by being vectors of serious
viral and phytoplasma diseases.

Among the insects of the order hemiptera, aphids constitute more than 4700
species, out of which 250 are considered as agricultural pests both through direct
phloem feeding or indirect virus transmission [54, 55]. Like other types of
plant-insect interactions, phloem feeding is also associated with plant defense
responses that are thought to be mediated by particular molecules known as elic-
itors. In phloem-feeding insects, the injected saliva proteins may play a critical role
in preventing the plant’s wound response and may contribute to plant-insect
interaction. To identify saliva proteins in Myzus persicae, Harmel et al. [55] applied
2-DE coupled with MS analysis. The identification of M. persicae proteins was
made possible by quering the MS spectral data against the expressed sequence tag
(EST) databases. Several proteins such as glucose oxidase, glucose dehydrogenase,
NADH dehydrogenase, α-glucosidase, and α-amylase were identified as salvia
proteins of M. persicae, indicating their possible role in plant-aphid interactions.
Some of these proteins are already known as elicitors in various plant-insect
interactions and have been detected in the salvia of herbivorous insects Helicoverpa
zea and Pieris brassicae [56, 57].

Intensive application of insecticide against insects could ultimately lead to the
development of insecticide resistance. Although genomics has enabled the dis-
covery of genes responsible for many types of insecticide resistance, proteomics
can provide additional information regarding the role of proteins, post translational
modicications (PTMs), and protein-protein interactions during the development of
insecticide resistance. Proteome analysis using a combination of 2-DE and
MALDI-TOF MS allowed to identify proteins involved in spirotetramat resistance
in cotton aphid, Aphis gossypii [58]. To achieve this, the proteome of a
spirotetramat-resistance strain and that of a susceptible strain were compared,
resulting in the identification of 26 proteins with a two-fold higher or lower
adundances in the resistant strain compared with the sensitive one. Acetyl-CoA
carboxylase (ACC), HSP70, ubiquitin-conjugating enzyme, fatty acid synthase, and
UDP-glucose dehydrogenase were among the candidate proteins involved in the
development of resistance to spirotetramat.

Proteomic analysis was also employed to elucidate physiological changes in
winged and wingless forms of Macrosiphum euphorbiae in response to fluctuating
heat and UV [59]. The negative effects of environmental stress observed as
reduction in growth and fecundity, were more marked in the wingless than in the
winged aphids. The proteome profile showed more variations in winged aphids
indicating more metabolic resources and adaptive means for dealing with
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environmental stresses in this morph. The reduction in aphid performance under
heat stress was associated with lower abundances of the enzymes involved in
energy metabolism. The higher abundance of exoskeleton proteins in response to
heat stress suggested that cuticle barrier enhancement at molting was an aphid
adaptation to stressful thermal conditions. The UV had no significant effects on
aphids movement, development, and fecundity [59].

Comparative proteomic analysis was also conducted to explore M. euphorbiae
proteome in response to parasitism by Aphidius nigripes, a well-adapted parasitoid,
and Aphidius ervi, a less-adapted parasitoid [60]. Both parasitoids successfully
parasited the host, but A. nigripes established a full parasitism and finally killed the
host, while the development of A. ervi was stopped at the primary egg stage
indicating its sensitivity to the host defense mechanisms. Proteomic analysis
showed a greater abundance of pro-phenol oxidase and some cuticule proteins in A.
ervi parasited host compared with A. nigripes parasited one, suggesting their critical
role in the establishment of host defense against parasitism. In addition, aphid
immunity to A. ervi parasitism was associated with up-regulation of antioxidative,
energy-related, cytoskeleton, and heat shock proteins. On the other hand, suscep-
tibility to A. nigripes parasitism was largely correlated with changes in host
nutrition and energy metabolism processes.

Aphids and some other hemipteran insects secrete honeydew during phloem
feeding. Aphid honeydew is an important food source for many insects including
honeybees, wasps, and predatory insects [61, 62]. Aphid honeydew was primarily
considered to contain only sugars and amino acids. However, proteomic analysis of
A. pisum honeydew revealed that it also contained a diverse set of proteins of
different origins (i.e., the host aphid and its microbiota) [62]. Among aphid proteins,
several enzymes including phosphoglycerate mutase, α-glucosidase, hydrox-
ypyruvate reductase, cathepsin B, inorganic pyrophosphatase, and oxidoreductase
were identified. Furthermore, in aphid honeydew monophosphatase, dihydrofolate
reductase peroxidase were also detected. Almost half of the identified proteins were
homologous with bacterial endosymbiont sequences. Moreover, most of the bac-
terial protein were associated with amino acid synthesis including acetyl-CoA
synthetase, ATP phosphoribosyl-transferase, phosphoserine aminotransferase, and
2-isopropylmalate synthases for lysine, histidine, serine, and leucine production. In
addition, aphid honeydew was found to contain proteins like chaperonin, GroEL
and Dnak chaperones, elongation factor Tu (EF-Tu), and flagellin which might be
involved in plant-aphid interactions.

Fecundity is an important characteristic contributing to the outbreak of insect
pests. In natural populations, insects of the same species usually differ in fecundity.
To analyze the molecular mechanisms governing the high fecunfity in the brown
planthopper (BPH), Nilavaparta lugens (Hemipteran: Delphacidae), Zhai et al. [15]
applied 2-DE proteomics and transcriptome sequencing to identify
fecundity-related proteins and genes. BPH is a damaging pest of rice in both
temperate and tropical regions. Proteome analysis showed higher energy metabo-
lisms in the high-fecundity group compared with the low-fecundity group. Among
many proteins and transcripts differentially expressed between the low and
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high-fecundity BPH, vitellogenin, pyruvate dehydrogenase, glutamine synthetase
(GS), HSP90, and HSP70 consistently changed in abundance. Of these candidate
fecundity-related genes, the role of GS was further analyzed using RNAi.
Interestingly, GS-knocked down BPH displayed a significant reduction (64 %) in
fecundity, failed in ovary development, and showed limited vitellogenin expression,
suggesting a critical role for GS in fecundity of the insect.

12.1.4 Insect Vector Proteomics

Insects, mites, and ticks are the main arthropods involved in the transmission of
many plant and animal-disease caused by viruses. Successful disease transmission
by insect vectors is achieved by coordinated gene expression, post translational
modification (PTMs) of proteins, and a complex network of protein-protein inter-
actions involving insect vector, disease host, and the pathogen. Therefore, to
understand the molecular mechanisms underling this complex phenomenon, pro-
teomics can provide valuable information about proteins in each of these interacting
organisms involved in the process. Identification of these proteins and their mode of
interaction could provide opportunities for targeting disease transmition by insect
vectors and for designing novel biorationale vector-based control strategies [63].

The genus Tospovirus contains plant-infecting viruses that are exclusively
transmitted by insects in the order Tysonoptera. The interaction between tomato
spotted wilt virus (TSWV), and its vector, the western flower thrips (Frankliniella
occidentalis), were investigated using combined transcriptomic and proteomics
approaches [64]. Using 2-DE proteomics, the proteome patterns of the infected
first-instar larvae (L1) and that of non-infected larvae were compared resulting in
the identification of 37 proteins with possible implication in vector-virus interac-
tion. Among the identified proteins integrin, glutaredoxin 5, vitellogenin, and
stress-induced phosphoprotein 1 might be involved in virus entry into the insect as
well as in vector-virus interaction.

Among the insect vectors, aphids are the most important vectors in terms of the
number of viruses they can transmit. Plant virus transmission by insect vectors is
accomplished by an extremely species-specific mechanism, so that among many
ingested viruses during phloem feeding by aphids, only some viruses are trans-
mitted by the insect [65]. Some viruses can replicate in their vectors (propagative
mode) while others are transmitted as virus particles (non-propagative mode). To be
transferred to a new host, ingested viruses must be able to cross the hindgut layer
and to enter into the hemolymph, from which they are transmitted and concentrated
in the basal lamina of the salivary glands of the insect vector [65]. Transmission of
virions across insect tissues is thought to be mediated by receptor-mediated
endocytosis involving specific viral coat proteins and unknown proteins of insect
vector origin [66]. There exists a high degree of variability in terms of the ability to
transmit a virus in between the individuals of a population. Identification of proteins
that contribute to these differences could lead to a detailed understanding of
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molecular basis of this complex phenomenon and consequently to the development
of novel sustainable virus management practices [63].

Proteomics has been widely used for the identification of Schizaphis grami-
narum proteins contributing to the transmission of viruses of the family
Luteoviridae [63, 65, 67, 68]. Cereal yellow dwarf virus-RPV (CYDV-RPV),
belonging to the Luteoviridae, is transmitted as intact viral particles by S. grami-
narum. Comparative 2D-DIGE proteomics analysis of transmission-competent and
refractive aphids coupled with co-immunopercipitation of virus binding proteins of
S. graminum revealed the involvement of luciferase and cyclophilin in the trans-
mission of the CYDV-RPV [65, 68]. Cilia et al. [67] applied a similar methodology
to explore a F2 generation of S. graminum segregating for the capability to transmit
CYDV-RPV. Their comparative proteomic analysis revealed the differential
abundance of proteins originated from aphid or aphid’s obligate bacterial
endosymbiont, Buchnera, between transmission-competent and noncompetent
aphids. Interestingly, it was found that the expression of aphid proteins contributing
to the virus transmission phenotype was likely inherited from the competent male
parent while changes in the abundance of endosymbiont proteins, which was cor-
related with the virus transmission phenotype, were likely inherited from the
noncompetent females. In addition, differences in the ability to transmit viruses
were associated with PTM of proteins and the heterogenity in the Buchnera
population.

12.1.5 Diapause Specific Proteomics

Diapause is a seasonal adaptation to unfavorable environmental conditions in
insects during which the physiological growth is hampered. Arrest in development
can occur in diverse embryonic stages, different larval instars, pupae, pharate, and
adults, but for any specified species, the potential for diapause is typically limited to
a single stage. This process can be regulated through environmental and hormonal
responses [69]. A significant reprogramming in gene expression occurs during
diapaue and accordingly, many genes are silenced while many others are differ-
entially expressed during the process. The main event before starting diapause is the
synthesis of specific proteins which are released into the hemolymph throughout the
process and disappear as diapause is terminated [70]. Proteomics has been proven
to be a useful tool for understanding insect diapause processes [71].

The migratory locust has an embryonic diapause which is induced by various
factors such as low temperature, short photoperiod, and high latitude [72]. To
understand the molecular basis of embryonic diapause in migratory locust, Locusta
migratoria L. (Orthoptera: Acridoidea), Tu et al. [71] applied a combined tran-
scriptome and proteome analyses. Comparison between diapause and non-diapause
eggs showed up-regulation of genes such as glutathiones-S-transferase (GST),
UDP-glucuronosyl transferase, and transforming growth factor-β-receptor and
down-regulation of hemocyanin subunit, hexamerin-like protein, and NADH
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dehydrogenase both at the transcriptional and translational levels. In addition,
Cu/Zn superoxide dismutase (Cu/Zn-SOD), peroxiredoxin-1, juvenile hormone
(JH) esterase, the enzyme hydrolyzing JH, were shown to be up-regulated at the
protein level in diapause eggs compared with non-diapause eggs. The other proteins
up-regulated following diapause included β-glucan synthase; an enzyme catalyzing
the transfer of sugar moieties, eukaryotic translation initiation factor 4A; a protein
associated with protein translation, and lipase which is essential for the digestion
and transport of dietary lipids. Interestingly, transcriptome analysis showed sig-
nificant up-regulation of genes related to carbohydrate metabolism in eggs fol-
lowing diapause, suggesting their critical role in circumventing energy requirement
of diapause and post-diapause stages and also in the cryoprotection of eggs.

In cotton bollworm, H. armigera, the signal for diapause, i.e., a short daylength,
is received by the larval brain while diapause is induced at the pupal stage [14].
Photoperiod information at the larval stage will be stored and processed in the brain
where acts as a diapause program center. There are limited differences between
nondiapause- and diapause-destined larvae indicating that a few genes are changed
during diapause induction phase. Using a combined proteomics and metabolomics
approaches, Zhang et al. [14] explored the molecular mechanisms behind H.
armigera larval diapause. Metabolic analysis identified several amino acid neuro-
transmitters including glutamate, GABA, aspartate, glycine, and serine.
Interestingly, glutamate content displayed a 1.5-fold increase in diapause-destined
larvae suggesting a critical role for glutamate in the perception and the storage of
diapause-induced memory signals. An increased content of glucose was also
detected in the brain of diapause-destined larvae indicating its key role in memory
formation during the diapause induction phase. Diapause-destined larvae also dis-
played increased contents of terhalose and grycerol, two metabolites involved in
cryoprotection. 2-DE coupled to MALDI-TOF MS analysis enabled the identifi-
cation of 37 diapause-related proteins in the brain of diapause-destined larvae.
Interestingly, an increased abundance of GS was detected in diapause-destined
larvae, an enzyme involved in removal of excess glutamate which is cytotoxic and
causes neuronal damages [73]. Proteins related to metabolisms of carbohydrates,
lipid, energy, and amino acids were also changed suggesting that adaptation of
general metabolism was required for the successful establishment of diapause.

To uncover wheat blossom midge (Sitodiplosis mosellana) diapause proteome,
proteins from larvae at different developmental stages including pre-diapause,
over-summering diapause, over-wintering diapause, and post-diapause were ana-
lyzed using 2-DE coupled to MALDI-TOF MS for protein identification [74].
Among diapause-related proteins, proopiomelanocortin, a precursor polypeptide
cleaved to give rise multiple peptide hormones, NADH dehydrogenase subunit 1,
and F10F2.5 were significantly decreased during diapause. IKK interacting protein
isoform 2 (IKIP2) was also displayed an increased abundance in diapause larvae.

The mechanism underlying larval diapause and development in the corn borer,
Sesamia nonagrioides, a noctuid pest that feeds on maize, sugar cane, and sorghum,
was explored using 2-DE-based proteomics [75]. Similar to H. armigera, the
environmental signal for the induction of diapause in this insect is short day
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photoperiod. The hemolymph proteins were compared in diapausing and
non-diapausing larvae of S. nonagrioides at two developmental stages (the begin-
ning and the end of the sixth instar). Proteins such as fatty acid transport protein
(FATP), soluble guanylate cyclase 89 Da, juvenile hormone binding protein, serine
proteinase inhibitor, and arylphorin protein were shown increased abundances at the
sixth instar stage of the diapausing larvae, suggesting that they might be involved in
the diapause process. On the other hand, proteins such as diacylglycerol kinase,
kinase C1, and heat shock protein 68 showed greater abundanes in non-diapausing
larvae, indicating their possible role in the larval-pupal metamorphosis.

12.2 Proteomics and Bio-Pesticide Production

The most important application of insect pest proteomics is to identify target sites
(receptor proteins, enzymes, signaling proteins, or transcription factors) for
designing and producing bio-rational insecticides (Fig. 12.2). Bio-rational pesti-
cides are chemicals/molecules that aim to interfere with insect physiological
function [1]. These bio-pesticides can be designed to precisely target a particular
molecule or process in an insect pest or a group of insects without affecting other
non-target or beneficial insects. The insect specific mode of action of bio-rational
insecticides make them more environmentally-friendly than conventional chemical
pesticides [1]. The remarkable potentials of proteomics in the identification of

Fig. 12.2 Insect pest proteomics. Insect pest proteomics aims to link a biological function to
insect proteins as well as to identify new insect-specific target proteins for the generation of
bio-rational pesticides. The evolutionary conservativity of insect proteins can be exploited for the
phylogenetic and taxonomic analysis of insect pests as well as for genome annotation
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insect-specific proteins, peptides, PTMs, and protein-protein interactions could
significantly pave the way towards bio-rational insecticide production. In particular,
proteomics can be helpful in the identification of new insect species-specific targets.
Once an insect-specific target protein is identified, suitable inhibitors, agonists,
and/or antagonists can be designed to specifically target its function.

References

1. Cusson M (2008) The molecular biology toolbox and its use in basic and applied insect
science. Bioscience 58:691–700

2. Jouanin L, Bonadé-Bottino M, Girard C, Morrot G, Giband M (1998) Transgenic plants for
insect resistance. Plant Sci 131:1–11

3. Heard TA (1999) The role of stingless bees in crop pollination. Annu Rev Entomol 44:183–
206

4. Thomson D (2004) Competitive interactions between the invasive European honey bee and
native bumble bees. Ecology 85:458–470

5. Sutherland TD, Young JH, Weisman S, Hayashi CY, Merritt DJ (2010) Insect silk: one name,
many materials. Annu Rev Entomol 55:171–188

6. Hawkins BA, Cornell HV, Hochberg ME (1997) Predators, parasitoids, and pathogens as
mortality agents in phytophagous insect populations. Ecology 78:2145–2152

7. Perring TM (2001) The Bemisia tabaci species complex. Crop Prot 20:725–737
8. Mello MO, Silva-Filho MC (2002) Plant-insect interactions: an evolutionary arms race

between two distinct defense mechanisms. Braz J Plant Physiol 14:71–81
9. Goulson D (2013) Review: an overview of the environmental risks posed by neonicotinoid

insecticides. J Appl Ecol 50:977–987
10. Dastranj M, Bandani AR, Mehrabadi M (2013) Age-specific digestion of Tenebrio molitor

(Coleoptera: Tenebrionidae) and inhibition of proteolytic and amylolytic activity by plant
proteinaceous seed extracts. J Asia-Pac Entomol 16:309–315

11. Hewes RS, Taghert PH (2001) Neuropeptides and neuropeptide receptors in the Drosophila
melanogaster genome. Genome Res 11:1126–1142

12. Dittmer NT, Hiromasa Y, Tomich JM, Lu N, Beeman RW, Kramer KJ et al (2011) Proteomic
and transcriptomic analyses of rigid and membranous cuticles and epidermis from the elytra
and hindwings of the red flour beetle, Tribolium castaneum. J Proteome Res 11:269–278

13. Merzendorfer H, Kim HS, Chaudhari SS, Kumari M, Specht CA, Butcher S et al (2012)
Genomic and proteomic studies on the effects of the insect growth regulator diflubenzuron in
the model beetle species Tribolium castaneum. Insect Biochem Mol Biol 42:264–276

14. Zhang Q, Lu YX, Xu WH (2012) Integrated proteomic and metabolomic analysis of larval
brain associated with diapause induction and preparation in the cotton bollworm, Helicoverpa
armigera. J Proteome Res 11:1042–1053

15. Zhai Y, Zhang J, Sun Z, Dong X, He Y, Kang K et al (2013) Proteomic and transcriptomic
analyses of fecundity in the brown planthopper Nilaparvata lugens (Stal). J Proteome Res
12:5199–5212

16. Sehrawat N, Gakhar SK (2014) Mosquito proteomics: present and future prospective. Res
Biotechnol 5:25–33

17. Boerjan B, Cardoen D, Verdonck R, Caers J, Schoofs L (2012) Insect omics research coming
of age. Can J Zool 90:440–455

18. Roth S, Fromm B, Gäde G, Predel R (2009) A proteomic approach for studying insect
phylogeny: CAPA peptides of ancient insect taxa (Dictyoptera, Blattoptera) as a test case.
BMC Evol Biol 9:1

284 M. Dastranj et al.



19. Krenn HW (2010) Feeding mechanisms of adult Lepidoptera: structure, function, and
evolution of the mouthparts. Annu Rev Entomol 55:307

20. Gilbert LE (1972) Pollen feeding and reproductive biology of Heliconius butterflies. Proc Natl
Acad Sci 69:1403–1407

21. Krenn HW, Eberhard MJB, Eberhard SH, Hikl A-L, Huber W, Gilbert LE (2009) Mechanical
damage to pollen aids nutrient acquisition in Heliconius butterflies (Nymphalidae). Arthropod
Plant Interact 3:203–208

22. Harpel D, Cullen DA, Ott SR, Jiggins CD, Walters JR (2015) Pollen feeding proteomics:
salivary proteins of the passion flower butterfly, Heliconius melpomene. Insect Biochem Mol
Biol 63:7–13

23. Pauchet Y, Muck A, Svatos A, Heckel DG, Preiss S (2008) Mapping the larval midgut lumen
proteome of Helicoverpa armigera, a generalist herbivorous insect. J Proteome Res 7:1629–
1639

24. Terra WR (2001) The origin and functions of the insect peritrophic membrane and peritrophic
gel. Arch Insect Biochem Physiol 47:47–61

25. Campbell PM, Cao AT, Hines ER, East PD, Gordon KH (2008) Proteomic analysis of the
peritrophic matrix from the gut of the caterpillar, Helicoverpa armigera. Insect Biochem Mol
Biol 38:950–958

26. Angelucci C, Barrett-Wilt GA, Hunt DF, Akhurst RJ, East PD, Gordon KH et al (2008)
Diversity of aminopeptidases, derived from four lepidopteran gene duplications, and
polycalins expressed in the midgut of Helicoverpa armigera: identification of proteins
binding the δ-endotoxin, Cry1Ac of Bacillus thuringiensis. Insect Biochem Mol Biol 38:685–
696

27. Beckage N, Gelman D (2003) Wasp parasitoid disruption of host development: implications
for new biologically based strategies for insect control. Annu Rev Entomol 49:299–330

28. Ibrahim AM, Kim Y (2006) Parasitism by Cotesia plutellae alters the hemocyte population and
immunological function of the diamondback moth, Plutella xylostella. J Insect Physiol
52:943–950

29. Song KH, Jung MK, Eum JH, Hwang IC, Han SS (2008) Proteomic analysis of parasitized
Plutella xylostella larvae plasma. J Insect Physiol 54:1270–1280

30. Kaeslin M, Pfister-Wilhelm R, Molina D, Lanzrein B (2005) Changes in the haemolymph
proteome of Spodoptera littoralis induced by the parasitoid Chelonus inanitus or its
polydnavirus and physiological implications. J Insect Physiol 51:975–988

31. Riddiford LM, Hiruma K, Zhou X, Nelson CA (2003) Insights into the molecular basis of the
hormonal control of molting and metamorphosis from Manduca sexta and Drosophila
melanogaster. Insect Biochem Mol Biol 33:1327–1338

32. Furusawa T, Rakwal R, Nam HW, Hirano M, Shibato J, Kim YS et al (2008) Systematic
investigation of the hemolymph proteome of Manduca sexta at the fifth instar larvae stage
using one- and two-dimensional proteomics platforms. J Proteome Res 7:938–959

33. Swallow JG, Wilkinson GS (2002) The long and short of sperm polymorphisms in insects.
Biol Rev Camb Philos Soc 77:153–182

34. Friedlander M (1997) Control of the eupyrene-apyrene sperm dimorphism in Lepidoptera.
J Insect Physiol 43:1085–1092

35. Whittington E, Zhao Q, Borziak K, Walters JR, Dorus S (2015) Characterisation of the
Manduca sexta sperm proteome: genetic novelty underlying sperm composition in
Lepidoptera. Insect Biochem Mol Biol 62:183–193

36. Ruiu L (2015) Insect pathogenic bacteria in integrated pest management. Insects 6:352–367
37. Alvarez-Alfageme F, Maharramov J, Carrillo L, Vandenabeele S, Vercammen D, Van

Breusegem F et al (2011) Potential use of a serpin from Arabidopsis for pest control.
PLoS ONE 6:e20278

38. Tabashnik BE, Gassmann AJ, Crowder DW, Carriere Y (2008) Insect resistance to Bt crops:
evidence versus theory. Nat Biotechnol 26:199–202

12 Insect Pest Proteomics and Its Potential Application … 285



39. Xia J, Guo Z, Yang Z, Zhu X, Kang S, Yang X et al (2016) Proteomics-based identification of
midgut proteins correlated with Cry1Ac resistance in Plutella xylostella (L.). Pestic Biochem
Physiol, in press

40. Sheffield NC, Song H, Cameron SL, Whiting MF (2008) A comparative analysis of
mitochondrial genomes in Coleoptera (Arthropoda: Insecta) and genome descriptions of six
new beetles. Mol Biol Evol 25:2499–2509

41. Hare JD (1990) Ecology and management of the Colorado potato beetle. Annu Rev Entomol
35:81–100

42. Fitt GP (1994) Cotton pest management: part 3. An Australian perspective. Annu Rev
Entomol 39:543–562

43. Hodek I, Honêk A (2013) Ecology of coccinellidae. Springer, Berlin
44. Tribolium Genome Sequencing C, Richards S, Gibbs RA, Weinstock GM, Brown SJ,

Denell R et al (2008) The genome of the model beetle and pest Tribolium castaneum. Nature
452:949–955

45. Ulrich J, Dao VA, Majumdar U, Schmitt-Engel C, Schwirz J, Schultheis D et al (2015) Large
scale RNAi screen in Tribolium reveals novel target genes for pest control and the proteasome
as prime target. BMC Genom 16:1–9

46. Morris K, Lorenzen MD, Hiromasa Y, Tomich JM, Oppert C, Elpidina EN et al (2009)
Tribolium castaneum larval gut transcriptome and proteome: a resource for the study of the
coleopteran gut. J Proteome Res 8:3889–3898

47. Kirsch R, Wielsch N, Vogel H, Svatoš A, Heckel DG, Pauchet Y (2012) Combining
proteomics and transcriptome sequencing to identify active plant-cell-wall-degrading enzymes
in a leaf beetle. BMC Genom 13:1–15

48. Consortium HG (2012) Butterfly genome reveals promiscuous exchange of mimicry
adaptations among species. Nature 487:94–98

49. Pauchet Y, Wilkinson P, Chauhan R, Ffrench-Constant RH (2010) Diversity of beetle genes
encoding novel plant cell wall degrading enzymes. PLoS ONE 5:e15635

50. Pitt C, Robert JA, Bonnett TR, Keeling CI, Bohlmann J, Huber DP (2014) Proteomics
indicators of the rapidly shifting physiology from whole mountain pine beetle, Dendroctonus
ponderosae (Coleoptera: Curculionidae), adults during early host colonization. PLoS ONE 9:
e110673

51. Rudinsky J (1962) Ecology of scolytidae. Annu Rev Entomol 7:327–348
52. Bentz BJ, Mullins DE (1999) Ecology of Mountain Pine Beetle (Coleoptera: Scolytidae) cold

hardening in the intermountain west. Environ Entomol 28:577–587
53. Bonnett TR, Robert JA, Pitt C, Fraser JD, Keeling CI, Bohlmann J et al (2012) Global and

comparative proteomic profiling of overwintering and developing mountain pine beetle,
Dendroctonus ponderosae (Coleoptera: Curculionidae), larvae. Insect Biochem Mol Biol
42:890–901

54. D’acier AC, Pérez-Hidalgo N, Petrović-Obradović O (2010) Aphids (Hemiptera, Aphididae)
Chapter 9.2. BioRisk 4:435

55. Harmel N, Letocart E, Cherqui A, Giordanengo P, Mazzucchelli G, Guillonneau F et al (2008)
Identification of aphid salivary proteins: a proteomic investigation of Myzus persicae. Insect
Mol Biol 17:165–174

56. Eichenseer H, Mathews MC, Bi JL, Murphy JB, Felton GW (1999) Salivary glucose oxidase:
multifunctional roles for Helicoverpa zea? Arch Insect Biochem Physiol 42:99–109

57. Mattiacci L, Dicke M, Posthumus MA (1995) beta-Glucosidase: an elicitor of
herbivore-induced plant odor that attracts host-searching parasitic wasps. Proc Natl Acad
Sci USA 92:2036–2040

58. Xi J, Pan Y, Wei Z, Yang C, Gao X, Peng T et al (2015) Proteomics-based identification and
analysis proteins associated with spirotetramat tolerance in Aphis gossypii Glover. Pestic
Biochem Physiol 119:74–80

59. Nguyen TT, Michaud D, Cloutier C (2009) A proteomic analysis of the aphid Macrosiphum
euphorbiae under heat and radiation stress. Insect Biochem Mol Biol 39:20–30

286 M. Dastranj et al.



60. Nguyen TT, Boudreault S, Michaud D, Cloutier C (2008) Proteomes of the aphid
Macrosiphum euphorbiae in its resistance and susceptibility responses to differently
compatible parasitoids. Insect Biochem Mol Biol 38:730–739

61. Moller H, Clapperton K, Gaze P, Sandlant G, Thomas B, Tilley J (1987) Honeydew: life blood
of South Island beech forests. For Bird 18:14–16

62. Sabri A, Vandermoten S, Leroy PD, Haubruge E, Hance T, Thonart P et al (2013) Proteomic
investigation of aphid honeydew reveals an unexpected diversity of proteins. PLoS ONE 8:
e74656

63. Cilia M, Howe K, Fish T, Smith D, Mahoney J, Tamborindeguy C et al (2011) Biomarker
discovery from the top down: protein biomarkers for efficient virus transmission by insects
(Homoptera: Aphididae) discovered by coupling genetics and 2-D DIGE. Proteomics
11:2440–2458

64. Badillo-Vargas IE, Rotenberg D, Schneweis DJ, Hiromasa Y, Tomich JM, Whitfield AE
(2012) Proteomic analysis of Frankliniella occidentalis and differentially expressed proteins in
response to tomato spotted wilt virus infection. J Virol 86:8793–8809

65. Tamborindeguy C, Bereman MS, Deblasio S, Igwe D, Smith DM, White F et al (2013)
Genomic and proteomic analysis of Schizaphis graminum reveals cyclophilin proteins are
involved in the transmission of cereal yellow dwarf virus. PLoS ONE 8:e71620

66. Gildow F (1993) Evidence for receptor-mediated endocytosis regulating luteovirus acquisition
by aphids. Phytopathol N Y Baltim Then St Paul 83:270

67. Cilia M, Tamborindeguy C, Fish T, Howe K, Thannhauser TW, Gray S (2011) Genetics
coupled to quantitative intact proteomics links heritable aphid and endosymbiont protein
expression to circulative polerovirus transmission. J Virol 85:2148–2166

68. Yang X, Thannhauser TW, Burrows M, Cox-Foster D, Gildow FE, Gray SM (2008) Coupling
genetics and proteomics to identify aphid proteins associated with vector-specific transmission
of polerovirus (luteoviridae). J Virol 82:291–299

69. Denlinger DL (2002) Regulation of diapause. Annu Rev Entomol 47:93–122
70. Xu WH, Lu YX, Denlinger DL (2012) Cross-talk between the fat body and brain regulates

insect developmental arrest. Proc Natl Acad Sci USA 109:14687–14692
71. Tu X, Wang J, Hao K, Whitman DW, Fan Y, Cao G et al (2015) Transcriptomic and

proteomic analysis of pre-diapause and non-diapause eggs of migratory locust, Locusta
migratoria L. (Orthoptera: Acridoidea). Sci Rep 5:11402

72. Tanaka H (1994) Embryonic diapause and life cycle in the migratory locust, Locusta
migratoria L. (Orthoptera: Acrididae), in Kyoto. Appl Entomol Zool 29:179–191

73. Neves SR, Ram PT, Iyengar R (2002) G protein pathways. Science 296:1636–1639
74. Cheng W-N, Li X-L, Yu F, Li Y-P, Li J-J, Wu J-X (2009) Proteomic analysis of pre-diapause,

diapause and post-diapause larvae of the wheat blossom midge, Sitodiplosis mosellana
(Diptera: Cecidomyiidae). Eur J Entomol 106:29

75. Perez-Hedo M, Sanchez-Lopez I, Eizaguirre M (2012) Comparative analysis of hemolymph
proteome maps in diapausing and non-diapausing larvae of Sesamia nonagrioides. Proteome
Sci 10:58

12 Insect Pest Proteomics and Its Potential Application … 287



Chapter 13
Proteomic Research on Honeybee Diseases

Yue Hao and Jianke Li

Abstract Honeybee colonies are challenged with a wide range of diseases caused
by various pathogens and abnormal environmental conditions in different ways.
Honeybee diseases lead to disabled body functions and finally the dead infected
bees will be removed. In most cases, if the new emergence of healthy bees cannot
compensate the loss, the colony will rapidly collapse, which results in inefficient
pollination and severe losses of agricultural economy. Proteomic tools have been
used for decipher the mechanism of various honeybee diseases and aiming at
finding useful biomarkers. This chapter briefly reviews the progress on proteomic
studies on honeybee disease such as sacbrood disease, nosema, varroa destructor
infection, and the effect of pesticides on honeybee brains. The valuable results gain
new molecular insight into the pathological mechanism of honeybee diseases.
Moreover, the identification of the biomarkers may have important implication for
the diagnosis, prevention and treatment of the honeybee diseases.

Keywords Proteomics � Honeybee � Honeybee disease � Sacbrood disease �
Nosema � Varroa destructor infection

13.1 Introduction

Similar to the other living organism, honeybee colonies are challenged with a wide
range of diseases caused by various pathogens including parasites, bacteria, fungi
and viruses. These pathogens threaten honeybee in different ways. Varroa mites
feed on bodily fluid of honeybee, and pass viruses to honeybee at different stages.
American foulbrood is caused by spore-forming paenibacillus in food, which hatch
in the gut of bee larvae. Chalk brood is caused by fungus, which compete for food
and also consume the larvae’s body. Another kind of fungal disease, Nosema,
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invades the intestinal tracts of honeybee, and is the most common and widespread
adult honeybee disease. Honeybees infected with viruses will be inhibited in
development thus their body functions are disabled. Infected bees will be dead and
removed. If this loss can no longer be compensated by new emergence of healthy
bees, the colony will rapidly collapse. The pathogenic mechanisms of honeybee
diseases are not clear yet, thus the current treatment most often based on chemicals
and mechanical control to maintain the infestation at a tolerate level [1–4].

In spite of diseases, abnormal environmental conditions may also result in
collapses and death of the honeybee population. For example, cold weather is one
of the risk factors for the population. Honeybees are incapable of making cleansing
flight, due to the low temperature, will possibly result in dysentery. If the hives are
not opened at the right temperature, or the house-keeping bees that keeping the
temperature of the hive via clustering are removed, the brood might become chilled,
deforming and dead. In addition to temperature causes, many of the chemicals used
for controlling pests of agriculture are also the poisons of honeybee brood. This
so-called pesticide loss is a major factor in pollinator decline.

In recent years, beekeepers from many countries and regions suffer from the
sudden die-off of their colonies. This phenomenon, called Colony Collapse
Disorder (CCD), was first discovered by David Hackenberg in Florida U.S. in the
year 2006, when he set out 400 hives for the pollination of a pepper grower’s farm
and 90 % of the hives were empty after 3 weeks. Pollinator loss will cause polli-
nation loss, which has global economic and ecological impact on human life. It is
estimated that 12 % fruit and 6 % vegetables from current consumption will loss if
without the pollinator [5]. The mechanisms of CCD are still unknown. Many causes
have been considered and studies have been carried on for the aim of solving this
pressing issue. Scientists now agree that it most likely to be multiple factors that
cause CCD, including mites, viruses, insecticides, fungicides and environmental
stresses [6]. A variety of potential microbes have been found in CCD colonies.
Israeli acute paralysis virus (IAPV) is initially identified as a potential marker of
CCD [7], yet the link between IAPV is still absent since subsequent research
indicates that IAPV is not present in all CCD colonies [8]. Other pathogens have
also been examined, but none of them are found consistently correlated with CCD
or contribute to CCD significantly [8, 9]. Bromenshenk et al. used LC-MS to
analyze bees from 3 CCD colonies in the U.S. (year 2006–2009) and revealed that
the co-infection by invertebrate iridescent virus type 6, and Nosema caused the
CCD. The combine of the two pathogens is more lethal to bees than either of them
[6]. It was suggested that the disruption of the relation of the two pathogens might
be an option to reduce honeybee mortality.

In addition, proteomic tools have also been used for decipher the mechanism of
honeybee diseases including Sacbrood disease [10, 11], Nosema ceranae [12] and
Varroa destructor infection [13]. These valuable results gain new molecular insight
into the pathological mechanism of honeybee diseases, and will have important
implication for the diagnosis, prevention and treatment of the honeybee diseases. In
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addition, significant findings regarding the impact of insecticide fipronil to
honeybee brain [14]. All these results will serve as valuable resource for under-
standing the pathogenic mechanism of honeybee diseases and immune system. We
will review these progresses in the following paragraphs.

13.1.1 Sacbrood Disease

The honeybee larvae infected by Sacbrood virus (SBV) will fail to pupate. And
ecdysial fluid gathers around the integument of the larvae, forming the “sac” for
which the disease is named. The infected larva is pale yellow in color, and form a
dark brown gondola shape after death [15]. These obvious signs allow the infection
to be easily diagnosed. The SBV infecting Chinese indigenous honeybee (Apis
cerana cerana, Acc) is called CSBV. The comparative proteome of CSBV-infected
ACC worker larvae and the healthy larvae using 2-DE based and MS-based pro-
teomic analysis, 180 proteins and 19 phosphoproteins altered their expressions after
infection with CSBV [10] (Fig. 13.1). The infected worker larvae are significantly
down-regulated in many crucial biological pathways that supporting organ gener-
ation and tissue development, including carbohydrate and energy metabolism,
development, protein metabolism, cytoskeleton, silk protein, anti-oxidation and
protein folding. These account for over 3/4 of the differentially expressed proteins
and nearly 2/3 of the differentially expressed phosphoproteins. It is indicated that
these proteins are of great needs by healthy larvae for their normal growth and
development, as the larvae go through series remarkable physiological changes to
prepare for pupation and further metamorphosis. The terribly disruption of the
above pathways due to the infection are lethal to cause the larval death. The more
number of phosphoproteins are also up-regulated in the healthy larvae also
explained this, as the phosphoproteins usually play essential roles in larval growth
[16]. On the other hand, the up-regulated proteins in infectious larvae are mainly
involved in small molecule catabolic process, cellular chemical homeostasis and
protein degradation, meaning the sick larvae had stronger responses to against viral
challenges. A number of heat shock proteins are up-regulated after the larvae
challenged with CSBV, suggesting the stress-responding strategies has recruited to
fight-against the viruses.

Compared with Apis mellifera (Am), Apis cerana (Ac) is more likely to be
infected by CSBV. However, the resistant mechanism of Am to this disease is still
unknown. The food of Ac larvae and Am larvae, RJc and RJm, respectively, are
switched and then undergo the CSBV challenge. Interestingly, Ac bees feeding with
RJm had significantly lower mortality rate compared with RJc-fed group. The RJm
may protect Ac larvae from infection by activating the genes involved in energy
metabolism pathways, antioxidation and ubiquitin-proteasome system. However, the
food switch had no obvious effect on the virus-resistance of Am bees [11].
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Fig. 13.1 2-DE images of healthy larvae and Chinese sacbrood virus infected worker larvae of
ACC. a The 2-DE gels stained with the Comassiee Blue Brilliant (CBB, G-250). b The 2-DE gels
stained with the phosphoprotein-specific fluorescent dye (Pro-Q Diamond). Proteins are separated
on 17 cm IPG gel strips (pI 3–10 linear) with 450 lg of sample loading, followed by 12.5 %
SDS-PAGE on a vertical slab gel. Differentially expression protein spots of known identity are
labeled with color codes, where red indicates up-regulation and blue indicates down-regulation at
each developmental stage [10]
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13.1.2 Nosema Ceranae

Nosema ceranae is a major threaten to honeybee colonies [17]. The 2D-based
protomics analysis on worker bees’ midguts, the proliferation place of Nosema
ceranae, indicates the fact that the N. ceranae can change the honeybee midgut
proteome to be favorable for parasite development. Evidences including the
up-regulation of carbohydrate catabolism and energy transfer and the
down-regulation of energy supply proteins, which denote a higher food demand and
lower energy consumption of infected bees. Accumulation of oxidative stress
related proteins and lower immune-related proteins in infected bees suggest the host
body sent out distress signal to breakdown the stress from infection [12].

13.1.3 Vorroa Destructor

Vorroa destructor (VD) is a parasitic mite that feed on the hemolymph of honeybee
(Fig. 13.2). It is also the carrier of many viruses that threaten honeybee, such as
acute bee paralysis virus, cloudy wing virus, deformed wing virus and Kakugo
virus. A significant VD infestation will lead to the death of a honeybee colony.
Studies suggested that VD might be a contributing factor to CCD [18]. Apis cerana
colonies that resistant to VD are found to significantly up-regulated the proteins for
metabolic, respiratory and other activities. This suggests a higher rate of metabo-
lism in the resistant bees. The comparison between resistant bees and sensitive bees
that challenged with VD imply that the biological pathways of defense response,
mRNA variable shear, cell apoptosis and stress response are greatly enriched in the
resistant bees, indicating these activities of honeybees are affected when challenged
with VD [13].

Hemolymph plays great roles to distribute immune components throughout the
honeybee, and is an powerful indicator of individual’s physiological condition. The
identification of virus proteins in honeybee hemolymph creates the possibilities of
being used for biomarker research [19, 20]. To identify indicator proteins that

Fig. 13.2 Vorroa destructor parasite on the adult and pupal bees’ body. Source These photos are
provided by Ms Katrina Kellet
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would allow the easy diagnosis of disease states, Chan et al. [19] searched
hemolymph samples against all viral database, and first found strong matches
between a drone sample and a polyprotein from Deformed wing virus (DWV).
Then later this was found by Bogaerts et al. [20] from their worker bee’s sample.
Bogaerts et al. also found another two matches with Varroa destructor virus
(VDV) and Kakugo virus (KV), respectively. Both DWV and VDV are transmitted
by a parasitic mite Varroa destructor, who feeds on the hemolymph of honeybee
thus spreads RNA viral agents to honeybee. KV is transmitted by oral infection in
the colony and is believed to cause aggressive behavior in worker bees. In spite of
different infection phenotypes, the polypeptides of these three viruses are extremely
similar and all these viruses can cause serious infestation of the honeybee colony
[21–24]. Whether these could be potential biomarkers for the diagnosis of honeybee
diseases remains to be validated.

Honeybees performing hygienic behaviors are able to detect, uncap and quickly
remove the brood infected with bacteria, fungus, and mites. Varroa sensitive
hygiene (VSH) is less understood behavior, which will ultimately result in a high
proportion of non-reproductive mites in the brood by uncapping and/or removing
infected pupae [25, 26]. As a consequence, this behavior limits the spread of
infection and reduces the rapidity of the reproduction of pathogens [27]. HB is
heritable, thus the colonies that possess this behavior are economically important to
beekeepers [27–29]. Proteome-wide correlation analyses (*1200 proteins total) in
larval integument, which is the initial physical barrier to VD, and worker bees’
antennae, which is the primary sensory organs of adult bees, identified that several
proteins are related with VD infestation. Proteins related with larval chitin
biosynthesis and/or structural regulation, immune responses and wounding
responses are important for the disease resistance and infestation adaption. In
addition, the speed of HB may be reflected by the changes in the antenna proteome.
Chemosensory and neurological processes are also linked to the tolerance of VD
infestation [30] (Fig. 13.3). A more recent correlation analysis was carried between
HB and antennal protein profile of several hundred bees collected at two geo-
graphically distince sites over 3 years. It has been found that seven proteins
involved in semiochemical sensing, nerve signal transduction and decay, are
required to respond to an olfactory signal from freezed-killed brood. Thus these
proteins might be promising biomarkers of HB [31]. These findings provide
molecular clues of the complex honeybee behavioral adaptions, and will benefit the
selective breeding in commercial apiculture.

13.1.4 Insecticide Fipronil

Insecticides are widely used for pest control in agriculture. However, honeybees
can be exposed to the insecticides during their foraging activities, and the insec-
ticides can be spread within the colony through contact with contaminated nectar
and pollen. As a consequence, the brood with different stages can be exposed to

294 Y. Hao and J. Li



insecticides, which can be toxic or even cause deaths to honeybee [32–34]. Fipronil,
an active compound that is present in many pesticides, acts on the nervous system
of insects by blocking GABA receptors and inhibiting the ionotropic
glutamate-gated chloride channels. GABA receptors are also found in neuropils of

Fig. 13.3 Diagram depicting honey bee disease tolerant traits and infestation dynamics.
a Hygienic behavior (HB) is composed of two component behaviors, ‘uncapping’ (uncapped,
U) which involves the opening of the cell containing a dead pupa and ‘removal’ (removed, R)
which involves the removal of the dead pupa from the cell after uncapping has occurred. These
behaviors are not always performed by the same bee. HB was recorded over 24 h (rapid) and 48 h
(slow) periods. b Varroa sensitive hygiene (VSH) was defined by determining the proportion of
Varroa-infested cells in which no reproductively viable Varroa mite daughters were produced.
Increases in this measure infer that greater proportions of mites remaining in the brood have had
their reproduction suppressed because of infertility, death, the production of only males, or have
had their reproduction delayed preventing sexual maturation of females. c Brood infestation (BI) is
the percentage of brood cells infested by one or more mites regardless of the mite’s reproductive
status. d Phoretic infestation (PI) is an estimate of the density of mite phoresy on adult bees, and
e natural drop (ND) is a normalized measure of the number of mites falling from the adult bees
onto an adhesive board on the bottom board of colonies [30]
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the honeybee brain [35]. Lethal dose of fipronil are verified to be harmful to newly
emerged worker bees. Low-dose fipronil changes the metabolism of mushroom
body but not the antennal lobes in aged worker bees [36]. Honeybee physiology and
behavior can be affected by low-dose fipronil in many ways, such as sucrose
sensitivity, memory and olfactory learning [37]. Proteomic analysis of the brain of
worker bees signify that, the exposure of fipronil will possibly cause susceptibility
to pathogens infection chemical stress, misfolding of neuronal proteins, higher
occurrence of apoptosis, ischemia, visual problems, damage to synapses, brain
degeneration, impairment of memory and learning. It is also pointed out that ATP
production is encouraged due to the exposure of the insecticide because energy is
called to remove the chemical stress and repair the damages [14].
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Chapter 14
Application of Proteomic Biomarkers
in Livestock Disease Management

Ehsan Oskoueian, Peter David Eckersall, Elena Bencurova
and Thomas Dandekar

Abstract The applications of proteomics in animal husbanding are broad and
include monitoring proteome changes in the tissue and body fluids to interpret the
physiological process during growth, development and production and in the
detection and management of disease. The diversity of farm animal species from
cattle, sheep, goats, chickens to fish and even invertebrate aquaculture species
complicate the analysis and interpretation of proteome data. The recent techno-
logical advances in extraction and fractionation techniques along with platform
sensitivity and data analysis have allowed discovery of next-generation biomarkers
with high sensitivity, specificity and precision. These robust biomarkers are useful
in monitoring health and well-being of animals, surveillance against animal
pathogens, elucidating disease mechanisms, assessing pharmacologic response to
therapeutic and directing genetic selection and breeding. A literature survey
revealed that discovery of proteomic biomarkers in biological fluids (serum,
plasma, urine, milk, exudates, tear, semen and genital secretion) provide readily
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accessible sources of samples for non- or minimally-invasive and cost-effective
diagnosis tools. This area of research is actively expanding and future research
would profitably focus on applications of multiple biomarkers to increase the
diagnosis precision in livestock disease management. Therefore this review is
aimed to provide a brief overview on successful experiences in using proteomics
biomarkers identified in biological fluids for livestock diseases management.

Keywords Proteomics � Mass spectrometry � Electrophoresis � Bio-monitoring �
Farm animals � Diseases � Animal Husbandry � Next-generation biomarkers

14.1 Introduction

The proteins in the livestock are mainly involved in structural roles, growth,
development, metabolism, signaling, production and disease response. For in-depth
elucidation of protein function in animal health, a growing body of research has
been conducted over the last decade to characterize the proteome of biological fluid,
cells, tissues, and organs in specific conditions or in a comparative way [1–5]. The
advances in proteomics methodologies, such as sample fractionation, mass spec-
trometry and protein arrays, together with the development of high-throughput
technologies, have opened new avenues in the search for clinically useful
biomarkers and provide deeper understanding in livestock disease management
from diagnosis to treatment response [6]. For this purpose, numerous proteins have
been explored in biological fluids as non-invasive or minimally invasive monitoring
methods. Biological fluids, such as saliva, urine, milk, plasma, serum, tear, semen,
genital secretions, respiratory exudates, egg yolk and egg white, contain a broad
range of valuable biomarkers, which can be potentially used for monitoring health
and well-being of animals, for surveillance against animal pathogens, to elucidate
disease mechanisms, assessing pharmacologic response to therapeutic, vaccine
development and implementing genetic selection in breeding (Fig. 14.1) [3, 6–12].

Biological fluids are considered as minimally invasive sources (serum, plasma
and semen) or non-invasive (milk, urine, saliva and exudates) and readily accessible
sources of real-time disease biomarkers. Comparative proteomic studies on bio-
logical fluids have resulted in the discovery of various biomarkers which next
require sensitivity, specificity and validation analysis (Fig. 14.1) [13]. For instance,
proteomic biomarkers have been identified for diagnosis of gastrointestinal, respi-
ratory, cardiovascular, neurological, reproductive system diseases in livestock such
as cattle, sheep, goats, chicken and swine as well as aquaculture species including
trout, salmon, bream and shrimps [1, 8, 10, 13–17]. Overall the results showed that
modern proteomics biomarkers could indicate disease trait (risk factor), disease
state (preclinical or clinical), disease rate (progression), the response to therapy or
even to monitor environmental stress [18–20]. The following sections will further
highlight proteomics biomarkers identified in biological fluids for livestock diseases
management.
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14.1.1 Blood Biomarkers

An animal’s entire proteome can potentially be represented in the blood as has been
shown for human blood proteomic studies [21]. The presence of disease induces
pathological responses which cause quantitative or qualitative changes in tissue
proteins that leak into blood altering the serum proteins profile which can be
potentially useful as disease biomarkers [22]. Thereby the blood proteome appeared
to be a favorable source of biomarkers for health status monitoring, prompt diag-
nosis, and evaluation of treatment response, and is generally considered as a pri-
mary source of biomarkers in farm animals.

Serum and plasma are generally used for minimally invasive clinical diagnosis
of diseases. However, discovery and validation of high-specific protein biomarkers
in the serum is hindered by the presence of certain high abundant proteins such as
albumin, which interrupt detection of relatively less abundant but specific proteins.
Selective affinity based elimination and prefractionation techniques help depleting
high abundance proteins and detecting proteins with biomarker potential [23].

Among blood biomarkers, the acute phase proteins (APPs) are associated with
innate immune response and are responsible for the systemic reaction to inflam-
mation, including the opsonization of several antigens, the elimination of poten-
tially toxic compounds and the overall regulation of different stages of inflammation
process [2, 6, 7, 16]. It has been established that increases in the concentrations of
APPs are valuable biomarkers of inflammation in the body. For instance, the

Fig. 14.1 A typical workflow for proteomics biomarker discovery and their applications in
livestock diseases management
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expression of serum amyloid A, haptoglobin, a-1 acid glycoprotein and
lipopolysaccharide binding protein have been reported in the case of endometritis,
lung and pulmonary infection and digestive tract disorders in livestock [7].
Furthermore, it has been shown that heat stress can induce physiological responses
and significantly affects the health and production of chicken [9]. Moreover, this
group reported that the excessive temperature above comfort zone induced oxida-
tive stress and resulted in alteration of APPs in the plasma [9]. Similar to APPs,
transthyretin could be considered as a potent inflammation biomarker in assessing
long-term moderate heat stress in dairy cows [24]. Moreover, the serum and
cerebrospinal fluid concentration of transthyretin helped in monitoring pain level
and evaluating drug response in cattle [25].

The investigation of immunogenic properties of the proteins on the outer
membrane of pathogenic microorganisms helps in early detection of disease and
development of vaccines against infection [26, 27]. As shown by Le Marechal et al.
[28] the detection of immunogenic proteins of Staphylococcus aureus in sheep
blood serum resulted in the identification of the organism’s core seroproteome and
accessory seroproteome which helped in early detection of mastitis in
sheep. Furthermore, proteomic analysis of pathogenic bacteria such as Bacillus
anthracis, Listeria monocytogenes, Mycobacterium paratuberculosis subsp. avium,
and Dichelobacter nodosus has resulted in identification of coat-associated proteins
with immunogenic properties. Application of these protein biomarkers in vaccine
development improved the antibody production and efficacy of vaccine against
anthrax, listeriosis, paratuberculosis and footrot diseases [29, 30].

In addition to pathogenic microorganisms, parasite burden is a significant threat
to domestic animals which cause economic losses in farm animal industry. The
development of resistance in parasites to antiparasitic drugs has challenged infec-
tion control. The proteomics approach can be used in searching for biomarkers that
aid the development of new drugs and next-generation polyvalent vaccines [31]. In
addition, biomarkers facilitated the discrimination of antigens, determination of
developmental phases of pathogens, and monitoring the host response during
infection. They also have been useful in identification of pathways and key regu-
lators that could be therapeutically targeted for more effective treatments to a wide
spectrum of animal hosts including cattle, sheep, goats and water buffalo [31, 32].

If physiological parameters deviate from normal, biomarkers are useful to
determine the degree of physiological imbalance. Early detection reduces the risk of
disease and improves production and reproduction performance in the livestock
animals. For instance, pyruvate carboxylase and isocitrate dehydrogenase are serum
based hepatic biomarkers to determine the physiological imbalance in the cows
during early lactation while alcohol dehydrogenase-4 and methylmalonate-
semialdehyde dehydrogenase act in a similar way for cows in mid lactation as
apparent from MS investigations [33]. The changes in abundance of these proteins
revealed physiological imbalance and thereby indicated the cows at risk for disease
during lactation.
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14.1.2 Milk Biomarkers

New biomarkers may be determined from milk in contrast to traditional biomarkers
which mostly are measured in the blood. As milk collection is less invasive and
readily available throughout a day, it provides an opportunity for the discovery of
potential biomarkers at an affordable cost. Milk biomarkers are considered as new
tool for animal health management [3]. Bovine mastitis is one of the major diseases
in dairy industry that decrease the milk production and results in economic losses.
The detection of bovine mastitis in an early stage provides quick recovery with no
significant decrease in the milk production. However, detection of bovine mastitis
in a late stage decreases the milk production accompanied with reproductive dis-
orders in dairy cows [34]. The diagnosis of subclinical mastitis is difficult due to the
absence of any visible clinical sign. Moreover, evaluation of electrical conductivity,
somatic cell counts and lactate dehydrogenase activity are unable to detect a sub-
clinical mastitis in a early stages [15]. Proteomics approaches introduced promising
biomarkers to detect subclinical mastitis in early stages. Based on the available
results changes in the abundance of a-lactalbumin and b-lactoglobulin proteins
[35], complement C3 and C4 proteins [36], apolipoprotein A-I, cathelicidin-1, APA
serum amyloid A [37], a-1-acid-glycoprotein [38] and prostaglandin D synthase
[39] in the milk are considered as putative biomarkers to detect the mastitis in the
early stages. Quantitative proteomic methods for monitoring a multiplex of milk
proteins in mastitis have been proposed to increase diagnostic capabilities [40]. In
addition investigation of low molecular weight peptides which increase in milk
during mastitis due to protease activity, may also provide early signs of impending
disease [41]. Biomarkers have also helped in early detection of mastitis in goats and
sheep together with identification of virulent and host immune response studies [30,
42]. Overall, milk biomarkers are useful in development of new management
strategies to improve the animal productivity and public health, through promoting
early detection and prevention of disease.

14.1.3 Urinary Biomarkers

In recent years several have identified putative urinary biomarkers warranting their
use in clinical trials. The discovered biomarkers were useful for early detection of
disease, classification of disease, choice of therapeutic agents and monitoring
efficiency of therapeutic regimen [10, 43–45].

The urine proteome has been studied by various proteomic techniques, such as
using two-dimensional gel electrophoresis and characterization by liquid chromatog-
raphy coupled tandem mass spectrometry (LC-MS/MS) [46] and SELDI-TOF-MS
[47]. As a result, urinary biomarkers were investigated for the diagnosis, pathogenesis
and monitoring therapy of various diseases such as kidney, liver, diabetes, neurode-
generative disorders and prion disease [10, 43, 46]. Notably, cathelicidin, clusterin,
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uroguanylin, Ig gamma-2 chain C region and protease resistant prion (infectious agent)
isoform were reported as urinary biomarker proteins for diagnosis of the dangerous
bovine spongiform encephalopathy [46, 48, 49]. The detection of pregnancy in the
early stages has also being possible with the help of urinary biomarkers. The results of
Zheng et al. [50] indicates that urinary uromodulin possesses the biomarker potential
to be used for early detection of pregnancy in cattle. The evident progress in the field
of urinary proteomics is demonstrate also by work of Shao et al. [51] which collected
all published urinary protein biomarker with more than 400 entries (March, 2016) for
various animals and that is available as the Urinary Protein Database (website: http://
122.70.220.102/biomarker).

14.1.4 Salivary Biomarkers

The saliva is the fluid present in the oral cavity. It contains various proteins which
vary among species reflecting diverse diets and types of digestion. Saliva as a
non-invasive diagnostic fluid has facilitated the safe, efficient and low-cost collection
of large numbers of samples [52]. The saliva is a valuable source to assess stress and
systemic disease related biomarkers. Studies that characterize livestock salivary
proteome have started very recently and potential biomarkers identified in goats,
sheep [8, 30, 53, 54], pig [55] and cattle [56, 57]. Transportation stress, social stress,
common management practices, and different environmental stressors increased the
cortisol concentration in porcine saliva [5]. In addition to cortisol, IgA has been
known as another biomarker present in the saliva which indicates the stress level in
pigs. The IgA increase in the saliva appeared to be due to the activation of the
sympathetic nerve system in the salivary submandibular and sublingual glands [52].

Salivary acute phase proteins can be applied to identify clinical and even
sub-clinical disease as well as therapeutic response [58]. Proteins such as hap-
toglobin, C-reactive protein and serum amyloid A have been used in pigs to dis-
tinguish between healthy and diseased animals [59]. Furthermore, the salivary
biomarkers such as antibodies enable the detection of viral diseases including swine
fever, reproductive and respiratory syndrome virus or foot and mouth disease virus
[5]. A comparative proteomic approach was used in the work of Fuentes-Rubio
et al. [60] where albumin and odorant-binding proteins were downregulated in three
groups of the pigs after stress exposure which suggested their potential to monitor
stress in livestock.

14.1.5 Exudate Biomarkers

The proteomics studies of host infected tissues, respiratory exudate and respective
pathogen aid in the discovery of biomarkers useful for accurate diagnosis, identi-
fication of virulence-associated antigens and vaccine development. In this regards,
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Weldearegay et al. [61] reported pleuropneumonia in cattle caused by Mycoplasma
mycoides as one of the most prevalent diseases in the cattle industry. Mycoplasma
mycoides induced the accumulation of pleural fluid and the proteome characteri-
zation of fluid and respiratory exudates revealed the strong enrichment of proteins
involved in antigen processing, platelet activation, degranulation and apoptosis
together with increased abundance of acute phase proteins. The proteome analysis
of mycoplasma indicated the presence of proteins involved in virulence-associated
processes and capsule synthesis. The result suggested candidate biomarkers for
accurate diagnosis of pleuropneumonia caused by Mycoplasma mycoides, moni-
toring the disease stage and introduced new valuable targets for vaccine develop-
ment [61]. In another study conducted by Nanduri et al. [62] the proteome analysis
of bronchoalveolar lavage of the lamb infected by Mannheimia haemolytica upon
treatment by antibiotics revealed the down-regulation of biomarkers related to the
M. haemolytica leucotoxin. This result provided valuable information on thera-
peutic progress and effectiveness.

14.1.6 Seminal Biomarkers

A large part of general costs in the dairy cattle industry is allocated to reproductive
management and there have been proteomic investigation of seminal fluid and
related biological fluids [63]. Low semen quality is responsible for a significant
percentage of reproductive failure. The comparative proteome analysis of sperm of
high- and low-fertility bulls revealed the differential expression in proteins involved
in sperm-egg interaction and cell cycle regulation [64]. Hence, these proteins could
be considered as potential biomarkers to differentiate high- and low-fertility sperms
prior to artificial insemination [17, 65, 66]. In line with this study Boe-Hansen et al.
[64] evaluated the seminal plasma proteins in Bos indicus Brahman bulls and
identified candidate biomarkers associated with morphologically normal sperm.
Elucidation of physiological functions and relationships between seminal plasma
proteins and sperm attributes is an important step toward discovery of candidate
biomarkers for early life prediction of male fertility and improving sperm preser-
vation methods.

Furthermore, in vitro fertilization (IVF) has been used in modern breeding of
farm animals, however, challenges with a low pregnancy rate due to the unknown
viability of in vitro developed embryos, still remained unsolved. The morphological
differentiation is inadequate and complementary methods are still required.
However, new proteomics biomarkers enable the successful differentiation of viable
embryos with high precision [67]. In line with this study Deutsch et al. [68] has also
reported proteins involved in lipid metabolism such as apolipoprotein A1 as
biomarkers to confirm the viability of bovine embryo in culture medium before
transfer to the recipient cows.
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14.1.7 Tears Biomarkers

Tears are a potentially interesting material for the discovery of novel biomarkers,
however only few studies consider this body fluid. The natural function of tears is
protection of the eye by lubricating the outer parts of eye, removing of foreign
material and prevention against the infection. A reference map of the proteome of
tears of dogs [69], cow, sheep and camel [70] has been reported and demonstrated
differential protein expression among animal species. The protein analysis of rabbit
tears revealed that after the mechanical abrasion of the cornea, two defensins, NP-1
and NP-2 were significantly increases during the curative process and thus may play
a crucial role in the protection of the cornea against the microbial infection during
the heling period [71].

14.2 Conclusion

The high sensitive MS-based detection of biomarkers is one of the most important
aspects of the application of proteomics in livestock health management. The
protein biomarkers from biological fluids are non- or minimally-invasive, readily
accessible, real time and cost-effective sources for diagnosis purposes, monitoring
therapeutic response and development of vaccines against various diseases. The
diversity of farm animal species from cattle, sheep, goats, chickens to aquaculture
species complicate the analysis and interpretation of their proteomes. However, the
current technological improvements allow investigation of animal disease biology
and next-generation of biomarkers with high sensitivity, specificity and precision.
Building on these insights, a number of cheap and reliable tests using these pro-
teomic biomarkers will soon be developed, for instance antibody-based colorimetric
assays or similar robust sandwich assays to reduce risks of zoonoses, enhance farm
animal welfare, improve quality and safety of animal products and decrease farmers
financial losses.
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