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Sustainable crop production is the major challenge in the current global climate change
scenario. Drought stress is one of the most critical abiotic factors which negatively
impact crop productivity. In recent years, knowledge about molecular regulation has
been generated to understand drought stress responses. For example, information
obtained by transcriptome analysis has enhanced our knowledge and facilitated the
identification of candidate genes which can be utilized for plant breeding. On the other
hand, it becomes more and more evident that the translational and post-translational
machinery plays a major role in stress adaptation, especially for immediate molecular
processes during stress adaptation. Therefore, it is essential to measure protein levels
and post-translational protein modifications to reveal information about stress inducible
signal perception and transduction, translational activity and induced protein levels. This
information cannot be revealed by genomic or transcriptomic analysis. Eventually, these
processes will provide more direct insight into stress perception then genetic markers
and might build a complementary basis for future marker-assisted selection of drought
resistance. In this review, we survey the role of proteomic studies to illustrate their
applications in crop stress adaptation analysis with respect to productivity. Cereal crops
such as wheat, rice, maize, barley, sorghum and pearl millet are discussed in detail.
We provide a comprehensive and comparative overview of all detected protein changes
involved in drought stress in these crops and have summarized existing knowledge into
a proposed scheme of drought response. Based on a recent proteome study of pearl
millet under drought stress we compare our findings with wheat proteomes and another
recent study which defined genetic marker in pearl millet.
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INTRODUCTION

An alarming situation across the globe at present is the rise in
global warming, which has a direct impact on climatic changes
like decrease in land ice (287 billion metric tons/year), rise
in carbon dioxide (401.58 ppm), temperature rise (1.4°F since
1880), drought, depletion in fresh water level (35% per decade),
melting of ice (13.3% per decade), rise in the sea level (3.24
mm/year), forest fires and most important food shortage caused
by yield reduction (http://climate.nasa.gov/evidence/). Based on
the IPCC report, the average global surface temperature will
increase in the range of 1.1-6.4°C by the end of this century.
The certainty that climate will continue to change in the future
thus raises many questions related to food security. Currently,
researchers and farmers seek to sustain the impressive historical
gains by improved genetics and agronomic management of major
food crops (Lobell and Gourdji, 2012). An overview of the effects
of climate change on agricultural productivity is illustrated in
Figure 1.

Abiotic stresses like drought and high temperature severely
hamper crop productivity and sustainability to a great extent.
Drought is one of the most critical threat to agriculture
productivity worldwide as we face the scarcity of water resources
throughout the globe. The severity of drought is unpredictable
as it relies on several factors like occurrences and distribution of
rainfall, evaporation rate and moisture retaining capacity of the
soil (Wery et al., 1994). Soil water deficit condition reduces crop
yield by the following three main mechanisms: (1) reduction in
canopy absorption of photosynthetically active radiation (PAR)
(2) decreased radiation use efficiency (RUE) (3) decreased harvest
index (HI) (Earl and Davis, 2003).

Application of “Omics” technologies like genomics,
transcriptomics, proteomics and metabolomics in the field

of agriculture will provide consistency and predictability in
plant breeding processes, producing high quality food crops that
are resistant to biotic/abiotic stress and render high nutritive
value (Tester and Langridge, 2010; Roy et al., 2011; Weckwerth,
2011a,b; Beddington et al., 2012; Parry and Hawkesford, 2012;
Boggess et al., 2013). Omics analysis is part of a systems
biology approach in order to understand complex interactions
between genes, proteins and metabolites within the resulting
phenotype (Weckwerth, 2003, 2011a,b; Weckwerth et al., 2004).
Consequently, this integrative understanding relies on genome
analysis, bioanalytical approaches as well as bioinformatics (Roy
et al., 2011; Weckwerth, 2011a).

Genomic applications provide a systematic knowledge based
approach for crop plant biology and hence enable precise and
control methods for molecular and marker assisted breeding
accelerating the process of development of new and resistant
crop varieties (Ahmad et al., 2012). The first plant genome to
be sequenced (in 2000) was Arabidopsis thaliana, a small annual
herb of the Brassicaceae family with 25,498 genes (Kaul et al,
2000). Following this, many other plant genomes have been
added to the list which includes barley, melon, orange, tomato,
potato, cacao, watermelon, and many more. The availability of
these comprehensive public sequence databases has a strong
impact on proteome research, which in turn significantly helps
to develop potential biomarkers (Weckwerth, 2011a).

Proteins are the central biomolecules that are responsible
for all cellular functions in the living organism. Proteomics
can be defined as efficient and systematic high-throughput
identification of proteins present in tissues, cells or the
sub-cellular compartment. This technique allows qualitative
and quantitative measurements of large number of proteins
which are directly involved/influence cellular biochemistry.
Proteomic approaches provide information about protein
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FIGURE 1 | Impact of climate change on agriculture.
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concentrations, post translational modification (PTMs), protein-
protein interaction, regulatory functions of proteins coded by
genes and structure associated with stress tolerance. A schematic
representation of proteomics strategies is provided in Figure 2.
In order to study dynamic changes in the proteome pattern,
two-dimensional gel electrophoresis (2-DE) is a classical method
routinely applied. It is based on two independent parameters: the
isoelectric point (pI) and molecular mass. In order to overcome
limitations such as gel-to-gel variation and reproducibility, a
technique known as difference in gel electrophoresis (DIGE)
has been developed (Gorg et al., 2004; Wittmann-Liebold et al.,
2006). In this technique each protein sample is labeled at
lysine residues with different fluorophores. The samples are
then mixed and separated on the same gel in order to increase
identification sensitivity of differentially expressed proteins. Gel
based proteomics techniques, novel mass spectrometers (MS)
and strategies like top-down or bottom-up have been developed
in recent years which comprehensively allow us to characterize
proteomes of an organisms. Advances in mass spectrometers
(MS) over the years have established MS as a primary tool for
protein identification (Glinski and Weckwerth, 2006). It consists
of mass analyzer, ion sources and a detector which measures
mass-to-charge (m/z) ratios (Han et al., 2008). Coupling of soft
ionization techniques to mass spectrometers (MS) have also
revolutionized proteome analysis, for example matrix assisted

laser desorption/ionization (MALDI) and electrospray ionization
(ESI) (Karas and Hillenkamp, 1988; Fenn et al., 1989).

Gel free protein separation and second generation proteomic
techniques like shotgun proteomics [multidimensional protein
identification technology (MudPIT)], quantitative proteomic
approaches such as isotope-code affinity tags (ICATs), targeted
mass tags (TMTs), isobaric tags for relative and absolute
quantitation (iTRAQ) and stable-isotope labeling of amino
acids in cell culture have been widely used for comparative
proteomic studies (Oda et al.,, 1999; Matros et al.,, 2011). Due
to the development of robust and reproducible hyphenated
techniques such as liquid-chromatography coupled to mass
spectrometry label-free-shotgun proteomics has developed into a
cornerstone of quantitative proteomics and phosphoproteomics
studies which cannot be reviewed here in detail. However,
many recent studies from our lab have provided lots of insights
in proteome dynamics and adaptation strategies of various
plant species and families in stress physiology, development
and even field studies of crop plants (Weckwerth et al., 2004;
Wienkoop et al., 2004, 2006, 2008; Morgenthal et al., 2005;
Hoehenwarter et al., 2008, 2011, 2013; Weckwerth, 2008; Chen
et al, 2010; Cerny et al.,, 2013; Chaturvedi et al., 2013, 2015,
2016; Valledor et al., 2013, 2014; Ischebeck et al., 2014; Paul
et al., 2015; Ghatak et al, 2016, in press; Liu et al., 2016;
Nukarinen et al., 2016; Wang et al., 2016a,b). Especially, the
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analysis of posttranslational modifications of proteins is an
exclusive approach in proteomics and cannot be covered by any
other method. Quantitative phosphoproteomics allows insights
into in vivo signaling perception and transduction and reveals
processes of translational activity which are otherwise not
recognizable (Nukarinen et al., 2016). Recently, we have further
demonstrated in a kinetic modeling approach that without
any transcriptional activity sugar homeostasis can be rapidly
adjusted by 10 orders of magnitude (Nigele and Weckwerth,
2014). Thus, the analysis of proteins and their activities—as well
as the corresponding metabolites—is of utmost importance to
understand any metabolic adjustment or regulation and cannot
be predicted from genome information or by genomic/genetic
tools (Weckwerth, 2011Db).

In this review, we focus on proteomics studies of cereal crop
plants (i.e., wheat, rice, maize, barley, sorghum, and pearl millet)
under drought stress which provide a broad spectrum of involved
drought responsive protein (DRP) markers in cereal crops.

DROUGHT STRESS

Plants are sessile organisms which response to drought
stress via complex biochemical, physiological, morphological,
anatomical as well as short and long-term developmental and
growth-related adaptation processes. The common drought
responsive mechanism comprises several characteristics: (1)
Drought escape via completing plant life cycle before severe
water stress conditions (e.g., early flowering). (2) Drought
avoidance via enhancing water taking capacity (e.g., developing
root systems or conserving water by reducing transpiration
such as closure/reduction of stomata and leaf area). (3)
Drought tolerance via improving osmotic adjustment and
increasing cell wall elasticity to maintain tissue turgidity. (4)
Drought resistances via altering metabolic pathways under
severe water stress condition. (5) Drought abandon by reducing
/ removing a part (e.g., shedding mature leaf under stress
condition). (6) Drought prone biochemical-physiological traits
for resistant plant under long term drought stress (e.g., genetic
mutation and modification). All these processes maybe involved
simultaneously in plant responses to drought stress and followed
by re-watering (Mitra, 2001). This complexity cannot be
resolved without comprehensive data mining strategies involving
genome-scale metabolic reconstruction and modeling as well as
statistical multivariate methods developed in the framework of
systems biology (Weckwerth, 2003, 2008, 2011a,b; Nukarinen
et al., 2016)

Under drought stress the first fundamental response of plants
is the closure of stomata in order to prevent transpiration which
in turn decreases water loss. Physiological and morphological
changes in plants under drought stress conditions are illustrated
schematically in Figure 3. Closure of stomata decreases the
inflow of CO; into the leaves which leads to the formation
of reactive oxygen species (ROS). Several experiments have
proven that stomatal response is more often linked to soil
moisture content which suggests that stomatal behavior largely
depends upon chemical signals in root-shoot communication,

e.g., abscisic acid (ABA) (Osakabe et al., 2014). Endogenous
ABA is rapidly produced under drought stress which triggers
many physiological responses and regulates signal transduction
networks. A recent study revealed that in Arabidopsis expression
of 9-cis-epoxycarotenoid dioxygenase 3 (NCED3) is rapidly
induced under drought stress in vascular tissue specific manner.
NCED3 catalyzes a key step in ABA biosynthesis (Iuchi et al.,
2001; Endo et al.,, 2008). In Figure 4 these key regulatory signal
perception and transduction processes as well as important
protein marker for drought stress adaptation revealed by the
reviewed proteomics studies below are summarized.

Accumulated ABA under drought stress in the vascular tissue
is transported to guard cells via passive diffusion and by a
specific transporter. Three independent ABA transporter were
isolated from Arabidopsis which includes ABCG25, ABCG40
(member of ABC transporter family) and AIT1/NRT1.2/
NPF4.6 (nitrate transporter family). Under drought stress
transcription of ABCG25 is induced by ABA which exhibit
vascular tissue specificity whereas ABCG40 is expressed in guard
cells providing evidence that ABA is synthesized in vascular
tissues and imported into guard cell via these transporters
(Kuromori et al, 2010; Kanno et al, 2012). The ABA
signals are first recognized by several receptors which include
(PYRABACTIN RESISTANCE/ PYRABACTIN RESISTANCE-
LIKE/REGULATORY COMPONENT OF ABA RESPONSE)
like proteins (Klingler et al., 2010). This protein belongs to
the START-domain superfamily and has soluble ligand-binding
properties. ABA binding to PYR/PYL/RCAR leads to inactivation
of type 2C protein phosphatases (PP2Cs) such as ABSCISIC
ACID INSENSITIVE 1 (ABI1) and its close homolog ABI2
(Nishimura et al., 2010). Other receptor proteins includes GCR2
(G protein coupled receptor; Mustilli et al., 2002) and GPCR
(GPROTEIN COUPLED RECEPTOR)-TYPE G PROTEINS
GTG1 and GTG2 (Pandey et al., 2009; Figure 4).

Various genes/proteins are expressed and translated in
response to water deficit conditions. Most of the stress
proteins are water soluble, hence contribute to stress tolerance
phenomena by hydrating various cellular structures (Osakabe
et al., 2014). Several studies have identified conserved and
species-specific drought responsive genes/proteins which include
membrane stabilizing proteins, late embryogenic abundant
proteins (LEA) which increases water binding capacity and
also referred as dehydrins. Several heat shock proteins were
also identified which play a major role in stabilizing protein
structure. Low molecular weight heat shock proteins are
translated in response to environmental stress particularly
during high temperature stress. These proteins also act as
molecular chaperones which participate in ATP dependent
protein unfolding reaction and prevent denaturation during
stress condition. Additionally, several transcription factors
were also identified which include MYB, MYC, DREB/CBE
ABF/AREB, NAC, WRKY etc. Further SnRK2 also regulates
and provide adaptive response under drought stress (Stockinger
et al., 1997; Sakuma et al., 2006; Nakashima et al., 2009b; Tran
et al.,, 2010; Umezawa et al., 2013, 2014; Saruhashi et al., 2015).
SnRK2 deficit mutants do not exhibit ABA-mediated stomatal
closure activity and display wilty phenotype under dehydration
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stress conditions (Fujii and Zhu, 2009; Fujita et al., 2009). Other
SnRK?2 like SnRK2.6/OST1 physically interacts with ABI1 and
ABI2 under stress condition; it acts as a positive regulator in
ABA-induced stomatal closure (Nakashima et al., 2009a). A
study reported by Hu and co-workers demonstrated expression
of SNAC1 (Stress responsive NACI) in rice guard cells, over
expression of this gene increases ABA sensitivity and stomatal
closure (Hu et al., 2006).

CEREAL CROP PROTEOMICS UNDER
DROUGHT STRESS

Recent statistics estimates that approximately 925 million people
suffer from starvation on this globe (Karimizadeh et al., 2011)
and it is expected that nearly two billion people will be added
by the year 2050 (UN, 2012). In order to eradicate or avoid this
situation we need to increase the food production and supply
significantly. This can be achieved by integrating several elements
which include plant breeding tools for crop improvement (Roy
etal., 2011; Beddington et al., 2012).

One of the major shortcomings faced by the plant breeders
for crop improvement programs is the limited gene pool of
domesticated crops. Identification of potential genes across the
plant kingdom can play a major role in the improvement of
crop traits. This information can be extensively obtained from

advancement in the field of molecular biology which includes
genomics, proteomics and PTM-proteomics as discussed above.
The identified new genes can be placed by smart breeding into a
desired crop to enhance the productivity of the crop and help in
the current scenario.

The following sections will focus on different food crops like
wheat, rice, maize, barley, sorghum and pearl millet providing
insights of the drought stress proteomes and identification of
putative biomarker aiming for the understanding of systemic
drought responses and subsequent selection of markers for the
process described above. Table 1 provides details of the studies on
ceral crop drought stress proteomics providing a list of proteins
which have shown significant changes.

WHEAT

Wheat (Triticum spp.) is one of the major food crops in the
world and a rich source of glutens and storage proteins in wheat
grains (Gill et al., 2004). The genome of the common wheat is
17 Gb and very complex due to numerous polyploidy events
that occurred between 8,000 and 10,000 years ago (Gupta et al,,
2008; Brenchley et al., 2012). The International Wheat Genome
Sequencing Consortium published a chromosome based draft
sequence of bread wheat genome (Brenchley et al., 2012) which

Frontiers in Plant Science | www.frontiersin.org

June 2017 | Volume 8 | Article 757


http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

Ghatak et al.

Crop Proteomics and Global Climate Change

Cell wall

CX-X-X-X-X- X1

CO0000OQ CO0O0OPOO0 QY

co0o66660 006060600604 00066000

v
Protein «==== ROS formation

Drought Stress
o)
00
00 Stomatal closure

ettt dddddddddidddddd L4

0000000000000 O000000 0000000000000 00¢80

Signaling Cascade <
Biosynthesis : NCED3
*‘ Ea7'-s§;aﬁn-g-> > Transporter : ABCG25, ABCG40 AIT1

degradation ~
‘I SSORS * v
‘\\ %)
¢ A\ PYR/PYL/RCARs ® &
26S proteosome Changes in gene 5
component ROS Scavenging proteins expression lon transporters
SOD, GST, 2-cys Prx EE, ____Snrk2.6 | =>g1ac, kAT,
M|I_. | Trx-h, CAT, APX WRKY, MYB GORK I
Energy production NUC
2 \ W
y Pho thesis
GADPH, ATP synthase, Regulatory networks tosyn
DA & Kinases, 14-3-3, G-proteins Rubisco LSU, OEE,
Stress-responsive 4 ATP synthase,
Protein Dehydrins
LEA, PIPs, HSPs, I Cell wall modifications |
SOD, Peroxidases CH
V-ATPase,
comT
WV W W

Stress Tolerance or Resistance

FIGURE 4 | Underlying regulatory network of drought stress response in cereal crop proteomes. Within the plant cell, upregulation of key responsive
proteins under drought stress has been demonstrated which are important for plant stress tolerance or resistance. NUC, Nucleus; MIT, Mitochondria; CHL,
Chloroplast; 2Cys-Prx, 2-cysteineperoxiredoxin; APX, ascorbate peroxidase; SOD, superoxide dismutase; GST, glutathione S-transferase; Trx-h, thioredoxin h; COMT,
caffeoyl-coenzyme A O-methyl transferase; LEA, Late embryogenesis-abundant (protein); TPI, triose phosphate isomerase; V-ATPase, vacuolar ATPase; RubisCO
LSU, RubisCO large subunit; GAPDH, glyceraldehyde-3-phosphatedehydrogenase; ABA, abscisic acid; SnRK, sucrose non-fermenting-related protein kinase; MDH,
malate dehydrogenase; PP2C, Protein phosphatase 2C; OEE, oxygen evolving enhancer(protein); HSPs, heat shock proteins; ROS, Reactive oxygen species; CAT,
catalase; NCED, 9-cis-epoxycarotenoid dioxygenase; SLAC 1, Slow anion channel-associated 1; GORK, Gated outwardly-rectifying K+ channel; KAT 1, Potassium
channel; RS, ROS induced signaling; PYR/PYL/RCAR, PYRABACTIN RESISTANCE1 (PYR1)/PYR1-LIKE (PYL)/REGULATORY COMPONENTS OF ABA RECEPTORS.

potentially forms the basis for breeding of biotic and abiotic
stress—tolerant varieties.

The proteome map of wheat leaf (Bahrman et al., 2004;
Donnelly et al., 2005), flour (Mamone et al, 2000), and
amyloplast (Andon et al,, 2002) was generated using 2-DE
technique. Recently, additional proteomic resources and tools
for functional analysis have been developed for wheat (http://
www.wheatproteome.org/) (Duncan et al., 2017). A comparative
study between young endosperm and mature endosperm
revealed a unique set of proteins which is characterized in
each developmental stage. A majority of proteins contain 36
thioredoxin targets, most of these targets are also identified in
developing endosperm (Hurkman et al, 2004). Vensel et al.
identified 250 proteins in the early and late stages of grain
development in wheat with a combinatorial approach of 2D-MS
(Vensel et al., 2005). Wheat grain specific proteins were identified
using 2-DE which was then applied for cultivar identification
of flour. These proteins were used as markers to identify wheat

cultivars in blended flour composed of more than two or three
flours (Skylas et al., 2001; Yahata et al., 2005). A specialized review
article related to wheat proteomics provides further information
(Komatsu et al., 2014).

Wheat is frequently cultivated in a region which is under
water deficit condition. Therefore, it is extremely important
to understand drought responsive mechanism of wheat plants.
Proteomic analysis in varieties of wheat cultivars has uncovered
many drought stress responsive protein candidates. The role
of redox regulation under drought stress conditions has been
revealed by the proteomic analysis using different tolerant
varieties and there susceptible counterparts (Hajheidari et al.,
2007). In this study, Khazar—I genotype which is drought
tolerant and two drought susceptible genotypes (Afgani and
Arvand) were chosen for the comparative analysis using
MALDI-TOF/TOF mass spectrometry. This analysis led to
the identification of 57 drought responsive proteins out of
121 protein candidates. Among these two third of candidates
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TABLE 1 | List of proteomic studies focused on drought stress in cereal crops.

Cultivar Plant Method Protein identification Up-regulated protein candidates References
material (TI: total identification,
DRP: Drought
responsive proteins)
WHEAT
Triticum aestivum L. Arvand,  Seeds 2-DE, MALDI-TOF/TOF Tl 121 Trx h, 1-Cys peroxiredoxin, GST, PDI, LEA, Hajheidari et al.,
Khazar-1, and Kelk Afghani DRP: 57 sHSP17, HSP70 2007
Durum wheat cv. Ofanto Leaves 2-DE-PAGE, DRP: 36 Carbonic anhydrase, RubisCO LSU Caruso et al.,
MALDI-TOF-MS 2009
Triticum aestivum L. cv. Grains MALDI-TOF-MS DRP: 33 ABA responsive proteins, LEA, Kamal et al., 2010
China-108, cv. Yennon-78, cys-peroxiredoxin, elf proteins,
cv. Norin-61,cv. Kantou-107 cyclin-dependent kinase like, MYB, lipid
transfer proteins and WRKY
Triticum aestivum L. cv. Roots and  MALDI-TOF/TOF-MS DRP: 93 Roots, G protein -subunit-like protein, Rubisco Peng et al., 2009
Shanrong No. 3, cv. Jinan leaves DRP: 65 leaves LSU, Serine/threonine kinase, GTP-binding
177 protein, Glutathione transferase F4
Australian wheats cv. Kukri, Leaves nanoLC-MS/MS TI: 1299 CAT, Cu/Zn-SOD, Mn-SOD Ford et al., 2011
cv. excalibur, cv. RAC875
Triticum aestivum L. cv. Roots nanoL.C-MS/MS, iTRAQ TI: 1656, ABA- LEA, PP2C, HSP70, HSPQO, 14-3-3, Alvarez et al., 2014
Nesser, cv. Opata M85 Responsive Proteins: 805  G-proteins; V-ATPase; B- expansin, porins
Triticum aestivum L. SERIM ~ Roots and  2DE, nano-LC-MS/MS TI: 237 16.9 kDa HSP,GST, Germin-like protein, Faghani et al.,
82, SW89.5193/kAu2 leaves DRP: 49 14-3-3 protein, ATP synthase 2015
Triticum boeoticum Roots and  2DE, MALDI-TOF/TOF Roots DE: 98, leaves UDP-glucose/GDP-mannose Liu et al., 2015
leaves DRP: 85 dehydrogenase, transketolase,
transaldolase-like protein,
ribulose-phosphate 3-epimerase, ATP
synthase beta subunit, thioredoxin-disulfide
reductase
Triticum aestivum L. cv. CS,  Roots, 2 DE, MALDI-TOF/TOF DRP: Roots 44, leaves 14-3-3, calreticulin-like protein, HSP90, 70, Hao et al., 2015
cv. HX-10 Leaves, 78 and ISRL 34 23.5, RuBisCO LSU.
ISRL
Triticum aestivum L. cv. Leaves LTQ-Orbitrap XL MS Tl HX10 - 173, WCOR615, monosaccharide sensitive Zhang et al., 2014
HX10 and NC 47 NC 47-227 protein 2 (MSSP2), wheat aluminum induced
DRP: 31 7 (WALI7), Serine/threonine-protein kinase
PRP4-like protein, TaABI5, PP2C, H+
-ATPase
Triticum aestivum L. cv. Leaves 2-DE, MALDI-TOF/TOF TI. 387 Acid phosphatase, Cheng et al., 2016
Xihan No. 2, cv. Longchun MS DRP: 148 glyceraldehyde-3-phosphate
23 dehydrogenase, peptidyl-prolyl cis-trans
isomerase, proteasome subunit alpha,
voltage dependent anion channel and S-like
RNase
Durum wheat cv. Kiziltan, 7. Leaves 2DE, T 75 TPI, ATP synthase CF1, B-1,3-glucanase, Budak et al., 2013
dicoccoides lines TR39477, nanolL.C-ESI-MS/MS DRP: 11 B-1,4-glucanase, XET
TTD22
Triticum aestivum L. cv. Leaves 2DE, MALDI-TOF-TOF DRP: 76 14—3-3, Ferredoxin-NADP(H) Kang et al., 2012
Yumai 34 MS oxidoreductase, SET-domain transcriptional
regulator, protein agamous-like 26,
glutathione S-transferase 1
Triticum aestivum L. cv. Grains 2DE, MALDI-TOF-TOF TI: 136 Cu/Zn SOD, glutathione transferases, Qin et al., 2014
Jimai 22 MS DRP: 89 myo-inositol-1-phosphate synthase, ATP
synthase, HSP70
Triticum durum Desf. cv. Callus D-2DE, MALDI-TOF-TOF  DRP: 16 Glyceraldehyde-3-phosphate Kacem et al., 2016
Waha, Oued Zenati, cv. MS dehydrogenase, Globulin 1S, 3A,
Djenah Khetifa peroxidases
Triticum turgidum spp. Grains 2 DE, DRP: 24 HMW glutenin x-type subunit Bx7, Giuliani et al., 2015
Durum cv. Ciccio, cv. Svevo nanolLC-ESI-IT-MS/MS w-5-gliadin, triticin
(Continued)
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Triticum aestivum L. cv. Grains 2 DE, MALDI-TOF-TOF DRP: 153 Sucrose synthase, triticin, catalase isozyme Jiang et al., 2012
Kauz, cv. Janz MS 1, WD40 repeat protein, LEA and
alpha-amylase inhibitors, GAPDH
Triticum aestivum L. cv. Grains 2 DE, MALDI-TOF-TOF TI: 152 Sucrose synthase, triticin precursor, Geetal., 2012
Chinese Spring, MS Unique proteins 58 cytosolic malate dehydrogenase,
Ningchun 4 cytoplasmic aldolase, GAPDH, cytosolic
3-phosphoglycerate kinase
Triticum aestivum L. cv. Leaves 2DE, MALDI-TOF MS, TI: 400 Rubisco LSU, peptidyl-prolyl cis-trans Wang et al., 2014
Vinjett MS/MS isomerase CYP38, 4-nitropheny!
phosphatase, PSII stability/assembly factor
HCF136, Thioredoxin-like protein, CDSP32
Triticum aestivum L. cv. Grains 2DE, MALDI-TOF-TOF TI:250, 100 LEA, peroxiredoxins and a-amylase/trypsin Yang et al., 2011
Vinjet MS inhibitors, 3-phosphoglycerate kinase
Triticum turgidum L. var. Leaves 2DE, MALDI-TOF-TOF TI:182 Oxygen-evolving enhancer protein 2, Peremarti et al.,
durum cv. Borgia, MD-597 MS catalase-1 (CATA1) 2014
Triticum aestivum L. cv. Stem 2DE, MALDI TOF/TOF or ~ DRP: 135 Rubisco LSU, MFP1 attachment factor 1, Bazargani et al.,
N14, cv. N49 nano LC-ESI-Q-TOF Tubulin folding cofactor A, thioredoxin 2011
MS/MS H-type (TRX-H), Glyceraldehyde
3-phosphate dehydrogenase
Triticumaestivum L. cv. Leaves 2DE, DRP: 101 (Unique Dehydroascorbate reductase (DHAR), Cheng et al., 2015
Chinese Spring, cv. NC47 MALDI-TOF/TOF-MS proteins: 77) ascorbate peroxidase (APX), Cu/Zn
superoxide dismutase (SOD), 2-Cys
peroxiredoxin and a fibrillin-like protein,
chitinase 2, HSP70, RuBisCO LSU
RICE
Oryza sativa L. cv. IR64 Roots nanoLC-MS/MS TI: 1487 sHSP 11 17.8, Root PR-10, Tim13, CAT-A, Mirzaei et al.,
Peroxidase 22 2012b
Oryza sativa L. cv. Leaves nanolL.C-MS/MS TI: 1548 PIPs protein, GTP binding protein, Mirzaei et al.,
Nipponbare Ras-related protein RIC1, 2012a
ethylene-responsive small GTP, L-ascorbate
peroxidase 2
Oryza sativa L. var. Rasi Apoplastic  2-DE, LC-MS/TOF TI: 250 Thioredoxin M, 2-cys peroxiredoxin, Pandey et al.,
DRP: 192 Hsp70/DnakK, 14-3-3 protein, oryzacystatin, 2010
phosphoribulokinase
Oryza sativa L. cv. CT9993,  Leaves 2-DE, MALDI-MS/ESI-Q-  DRP: 42 actin depolymerizing factor, translational Salekdeh et al.,
cv. IR62266 TOF-MS/MS initiation factor EF-Tu, rubisco activase 2002
isoforms, chloro-plast
fructose-1,6-bisphosphate aldolase,
glutathione dehydro ascorbate reductase
Oryza sativa L. cv. Leaves 2-DE DRP: 18, ABA, LEA, chloroplast Cu-Zn SOD, Ke et al., 2009
Nipponbare Phosphoproteins: 10 Ribosomal protein, NAD-malate
dehydrogenase
Oryza sativa L. IR64, Anthers 2-DE, TI: 93 Peroxiredoxin, Ascorbate peroxidase, Liu and Bennett,
Moroberekan MALDI-TOF-MS/ESI-TOF  DRP: 35 Putative actin binding protein, Glutathione 2011
MS/MS S-transferase 2, Adenosine kinase 2
Oryza sativa L.cv. Heena Roots 2-DE, MALDI-TOF TI: 125 malate dehydrogenase, succinyl-CoA, Agrawal et al.,
MS-MS DRP: 78 pyruvate dehydrogenase, cysteine synthase, 2016
prolyl endopeptidase
Oryza sativa L. cv. Leaves nanoLC-MS/MS, LTQ-XL  DRP: 40 (Label free) ClpB1, Hsp17.9, Hsp18.6, HSP 70, Wu et al., 2016
Nipponbare, IAC1131 ion-trap MS DRP: 114 (TMT label) RuBiscCO LSU, chaperone protein ClpD1
Oryza sativa L. ssp. Indica Leaves 2-DE, MALDI-TOF MS DRP: 17 (Zhenshan) Putative glycine hydroxymethyltransferase, Jietal, 2012
cv. Zhenshan97B, ssp. DRP: 20 (IRAT109) Ribulose bisphosphate carboxylase/
Japonica cv. IRAT109 oxygenase activase, chloroplast Cu-Zn
SOD, Dehydroascorbate reductase, Putative
ATP synthase beta subunit
(Continued)
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Oryza sativa L. ssp. Spikelets iTRAQ, LC-MS/MS TI: 1207 Histone H3, Ribulose bisphosphate Dong et al., 2014
Japonica cv. Yongyou 8 DRP: 185 carboxylase, Thioredoxin H-type,
Ras-related protein RIC1
Oryza sativa L. var. japonica  Leaves 2-DE, MALDI-TOF/TOF DRP: 15 Ribulose-1,5-bisphosphate Rabello et al.,
MS carboxylase/oxygenase activase, 2014
Drought-induced S-like ribonuclease,
Putative remorin 1 Protein, Ascorbate
peroxidase
Oryza sativa L. cv. IRAT109 Leaves 2-DE, MALDI-TOF/TOF DRP: 71 HSP 90, HSP70, Putative chaperonin 60 f, Shu et al., 2011
MS Dehydroascorbate reductase, Putative
peptide methionine sulfoxide reductase
Oryza sativa L. cv. Seedling 2-DE, MALDI-TOF MS DRP: 15 dnaK-type molecular chaperone, Zang and
Zhonghua 8, Nipponbare Endosperm luminal binding protein (BiP), Komatsu, 2007
Uroporphyrinogen decarboxylase
Oryza sativa L. cv. IR64 Leaves nanoLC—MS/MS LTQ-XL ~ TI: 1383 Cyt b6-f complex Fe-S subunit, Ferritin, Mirzaei et al., 2014
Succinate dehydrogenase, Putative hexose
transporter, proteasome subunit beta type,
drought induced S-like ribonuclease, HSP
101, succinate dehydrogenase,
ATP-dependent Clp protease
Oryza sativa L. cv. IR64 Peduncles  2-DE, MALDI-TOF MS DRP: 31 Putative actin-binding protein, LEA type-1 Muthurajan et al.,
protein, GSH-dependent dehydroascorbate 2011
Reductase, S-adenosylmethionine
synthetase
Oryza sativa L. var. japonica,  Root 2-DE, MALDI-TOF/TOF TI: 463 (Prata Ligeiro) GSH-dependent dehydroascorbate Rabello et al.,
cv. Prata Ligeiro, IRAT20 MS TI: 522 (IRAT20) reductase 1, Putative superoxide dismutase 2008
[Cu-Zn], Triosephosphate isomerase,
Ascorbate peroxidase
Oryza sativa L. cv. Leaf 1D-IEF, 2DE-PAGE, CBB  TI: 698 Serine hydroxylmethyltransferase |, Ali and Komatsu,
Zhonghua 8, Nipponbare sheath stained gels analysed in Superoxide dismutase, Purative actin 2006
ImageMaster 2D Elite depolymerizing factor, Chloroplast ATPase,
software actin depolymerizing factor
MAIZE
Zea mays L. (Lc and lo) Leaves 2-DE, Kepler package TI: 413 RAB17 responsive to ABA, enolase, Riccardi et al.,
DRP: 78 beta-glucosidase, putative cytoplasmic 1998
NAD-malate dehydrogenase,
phosphoribulokinase, chloroplastic Fru
1,6-bisphosphate aldolase
Zea mays L. (lo and F2) Leaves |EF, 2-DE scanned, DRP: 46 ABA45, oxygen evolving enhancer protein 1 Riccardi et al.,
transmittance values into (OEE1), OSR40, malate dehydrogenase, a 2004
optical density values cystein synthase, phosphoribulokinase
and relative intensities
calculated
Zea mays L. cv. Nongda Embryo 2-DE, DRP: 111 Malate dehydrogenase, Ascorbate Huang et al., 2012
108 MALDI-TOF-TOF/MS peroxidase, Carbomoylphosphate synthase,
Superoxide dismutase, Triosephosphate
isomerase
Zea mays L. wild type: Vp5 Leaves iTRAQ, LC-ESI MS/MS TI: 7051 Ribose-phosphate Pyrophosphokinase 4, Zhao et al., 2016a
DRP: 150 Photosystem | reaction center subunit X,
Photosystem Il reaction center protein L,
4F5 protein family protein, Peroxidase
Zea mays L. cv. Zhengdan Leaves iTRAQ, LC-ESI MS/MS DRP: 65 RAB17 protein/A3KLIO, Dehydrin/C4J477, Zhao et al., 2016b

958

ABA-responsiveprotein/K7TFB6,
Photosystem | reaction center subunit
V/B4G1K9, Asparagine synthetase,
Stachyose synthase
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Zea mays L. wild type: Vp5 Leaves iTRAQ, LC-ESI MS/MS DRP: 379 Phosphoenolpyruvate carboxylase, Hu et al., 2015a
(phosphopeptides) Na+/H+ antiporter, Ubiquitin ligase protein
cop1, arginine serine rich splicing factor
rsp41, heterogeneous nuclear
ribonucleoprotein r-like
Zea mays L. cv. Zhengdan Leaves iTRAQ, LC-MS/MS DRP: 149 Serine threonine-protein kinase Hu et al., 2015b
958 (phosphopeptides) wnk4-like/K7TZQ1, Phospholipase
¢/B4FY17, Phosphoenolpyruvate
carboxylase/E9ONQET,
Probable-trehalose-phosphate
synthase/K7VOHO, RAB17protein/A3KLIO,
Phosphoenolpyruvate carboxykinase
Zea mays L. Inbred line Leaves nanoLC—MS/MS TI: 536 Histidine decarboxylase, adenosyl Vu et al., 2016
B104 DRP: 18 homocysteinase, Exocyst complex
(phosphoproteins) component SEC5A, RANBP2-like and GRIP
domain-containing protein
Zea mays L. cv. Tolerant Leaves 2DE-TRAQ, LC-MALDI DRP: 129 (Tolerant) Dehydrin RAB-17, HSP26, BeneSova et al.,
CE704, cv. Sensitive 2023 TOF/TOF DRP: 97 (Sensitive) Ribonucleoprotein A, HSP17.4 2012
Zea mays L. cv. FR697 Xylemsap  2DE, LC-MS/MS DRP: 39 Xyloglucan endotransg-lycosylase homolog,  Alvarez et al., 2008
Peroxidase 52 precursor, Endonuclease,
Secretory protein
Zea mays L. Inbred tolerant Leaves 2DE-IEF-PAGE- TI: 500 cinnamyl alcohol dehydrogenase, caffeate Hu et al., 2009
lines 81565 and 200B MALDI-TOF-MS DRP: 58 O-methyltransferase, Cytochrome protein
96A8
Zea mays L. (lo and F2) Leaves 2DE, LC-MS/MS TI: 300 methylenetetrahydrofolate reductase, Vincent et al.,
S-adenosyl-L-Met (SAM) synthases, 2005
5-methyltetrahydrafolate
Zea mays L. cv. Sensitive Maize iTRAQ, LC-MS/MS DRP: 78 Dehydrin, RAB-17, Late embryogenesis Yang et al., 2014
B73, cv. Tolerant Lo964 Kernels abundant protein LEA 14-A, Stress-inducible
membrane pore protein, Protein kinase C
inhibitor, Thioredoxin H-type, Superoxide
dismutase-4A, ABA-responsive protein,
BARLEY
Hordeum vulgare L. cv. Leaves 2-DE, NA No significant identification was reported Rollins et al., 2013
Arta, cv. Keel MALDI-TOF/TOF-MS
Hordeum vulgare L. acc. Leaves 2-DE, MALDI-TOF-MS DRP: 22 Methionine synthase, ATP synthase subunit ~ Ashoub et al.,
no. 156141, 15163 DRP: 27 alpha, glyoxysomal malate dehydrogenase, 2013
heat shock protein 90, ATP-dependent Clp
protease
Hordeum vulgare L. ssp. Leaves 2-DE, DRP: 38 Ribulosebisphosphate carboxylase small Wang et al., 2015
Spontaneum cv. XZ5, cv. MALDI-TOF/TOF-MS chain clone 512, Glutathione S-transferase
XZ54, cv. ZAU3 1, ATP synthase beta subunit,
Transketolase, chloroplast
Hordeum vulgare L. Jau-83,  Shoots 2-DE, MALDI-TOF-MS, Sensitive DRP: 31, ATPase subunit E, photosystem | reaction Kausar et al., 2013
Frontier-87, Jau-87, nanospray LTQ XL Tolerant line DRP: 28 center Il, Ptr ToxA-binding protein, ATP
Haider-93, Sanober-96 and Orbitrap MS synthase CF1 alpha subunit, glutathione
Soorab-96 transferase, oxygen evolving complex
precursor, HSP70
Hordeum vulgare L. cv. Leaves 2DE, MALDI-TOF/TOF DRP: 105 Annexin, Flavoprotein wrbA-like isoform 1, Vitamvas et al.,
Amulet and Putative r40c1 protein (ricin B lectin domain), 2015
crowns Glutathione peroxidase, Glutathione
S-transferase 6, chloroplastic; Methionine
synthase, UDP-glucose 6-dehydrogenase
(Continued)
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Hordeum vulgare L. cv. Leaves 2DE, MALDI-TOF and DRP: 121 leaves, sHSP (17.6 kDa,16.9 kDa) cold-regulated Chmielewska
Maresi, cv. and roots  MALDI-TOF/TOF 182 roots protein (COR),Mitochondrial pyruvate etal., 2016
Cam/B1//Cl08887/Cl05761 dehydrogenase E1 subunit alpha (PDHAT),
NADP dependent malic enzyme
(NADP-ME), hydroxy acid oxidase (HAO,
also known as glycolate oxidase), oxalate
oxidase (OXO), ascorbate peroxidase (APX)
Hordeum vulgare L. cv. Leaves 2DE, MALDI-TOF DRP: 24 leaves, 45 roots  14-3-3, GTP-binding protein Rab2, Wendelboe-
Golden Promise, cv. Basrah  and roots cytochrome p450, methionine synthase and ~ Nelson and Morris,
S-adenosylmethionine synthase 2012
SORGHUM
Sorghum bicolor L. Moench  Leaves 2-DE DIGE, DRP: 18 Methionine synthase, S-adenosylmethionine  Jedmowski et al.,
cv. 11434, cv.11431 MALDI-TOF-MS DRP: 23 Synthase, P-(S)- hydroxymandelonitrile 2014
lyase, PEPC, PPDK, Hsp60
PEARL MILLET
Pennisetum glaucum. (L.) R.  Leaves nanoESI-LC-MS/MS TI: 1208 Thioredoxin-dependent peroxidase 2, Ghatak et al.,
Br. cv. ICTP 8203 DRP: 120 Glyceraldehyde 3-phosphate 2016
dehydrogenase A subunit 2, ribosomal
proteins, prohibitin 3, chlorophyll a/b-binding
protein
Roots TI: 1095 Cytochrome C1 family, UDP-glucosy! Ghatak et al.,
DRP: 25 transferase, Annexins, Lipoxygenase, 2016
Phosphoinositide-specific phospholipase C
(PI-PLC), NAD(P)-linked oxidoreductase
superfamily protein
Seeds TI: 1299 LEA, heat shock proteins 70, 21 kDa, Ghatak et al.,
DRP: 10 threonine synthase 2016

were thioredoxin targets which included protein candidates like
thioredoxin-h, glutathione S-transferase, 1-Cys peroxiredoxin,
glyceraldehyde-3-phosphate dehydrogenase and other proteins.
Increase in the gliadin storage protein content was also
observed in tolerant genotypes compared to susceptible varieties
(Hajheidari et al., 2007).

A study performed by Caruso et al. demonstrated the changes
in leaf proteome under drought stress condition using 2D-PAGE
and MALDI-TOF MS. In this study seven days of water stress
were applied to 8 day old plants prior harvesting of leaf and
protein extraction. Out of 36 proteins identified, 12 protein spots
were up-regulated and 24 protein spots were down-regulated
(Caruso et al.,, 2009). Proteins such as ATP synthase CF1 alpha
subunit, phosphoribulokinase were down regulated along with
RuBisCo SSU protein under drought stress condition. These
results were in agreement with the study performed by Plomion
et al. though a study on poplar—which showed that the mRNA
encoding this protein is also down-regulated under drought
stress condition (Plomion et al., 2006). Further, the identified
proteins were also involved in several physiological mechanisms
such as ROS scavenging, energy production and stress defense
(Plomion et al., 2006).

Thirty three drought-responsive proteins were identified
which include ABA-responsive proteins, LEA protein,
cyclin-dependent kinase like, zinc finger, transcription factor

like MYB, lipid transfer proteins and WRKY domain containing
protein (Kamal et al., 2010) in wheat grain of four cultivars (two
Chinese cv. China- 108, Yennon-78 and two Japanese cv.Norin-
61, Kantou-107). Peng et al. investigated the proteome of roots
and leaves under drought and salt stress condition in bread wheat
cv. Shanrong no 3 and its parent bread wheat cv. Jinan 177 using
MALDI-TOF/TOE-MS. Water stress was applied for 24 h to the
plants at two leaf stages by adding 18% (w/v) polyethylene glycol
(PEG) 6000 to half strength Hoagland’s culture solution. Proteins
identified from root and shoot were involved in a variety of
functions which include gene transcription, detoxification, signal
transduction and carbon and nitrogen metabolism (Peng et al,,
2009). In this context, Rizhsky and co-workers demonstrated
that gene expression of LSU-RuBisCo was increased strongly
under drought stress condition in tobacco. The putative role of
this protein in drought tolerance mechanism requires further
investigation (Rizhsky et al., 2002).

A proteomic approach using nano LC MS/MS and iTRAQ
8plex in two drought tolerant and one intolerant cultivar from
three Australian bread wheat (Triticum aestivum L.) cultivars (cv.
Kukri, Excalibur, and RACS875) revealed the abundance of CAT
and three isoforms of SOD like chloroplastic cytosolic Cu/Zn-
SOD and mitochondrial Mn-SOD. These proteins are involved
in the survival strategy to avoid excess generation of ROS (Ford
et al, 2011). Under drought stress in wheat, adenylate kinase
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(ADK) level increases after 3 days, but after 6-9 days the ADK
level decreases, which is possibly due to cell death (Kamal et al.,
2013). Adenylate kinase (ADK) is a small ubiquitous enzyme
involved in the metabolism of purine nucleotides and it is
essential for cell growth and maintenance.

Quantitative proteomic analysis of roots from two different
wheat varieties, Nesser (drought-tolerant) and Opata (drought
sensitive) cultivars was performed using a LTQ-Orbitrap Velos
mass spectrometer (Thermo Fisher Scientific, Rockford, IL)
coupled to an Eksigent nanoLC Ultra (AB Sciex) and iTRAQ
4plex. This study led to the identification of 805 ABA responsive
proteins, six LEA proteins and protein phosphatases PP2C in
wheat roots under drought stress (Alvarez et al., 2014). Two
protein candidates, H+-transporting two sector ATPase and
membrane bound ATP synthase subunit b localized in the plasma
membrane are dynamically changed under drought stress in
chloroplast of wheat (Kamal et al., 2013).

Comparative proteomic analysis in drought tolerant wild
wheat variety was studied (Triticum boeoticum) by transferring
hydroponically grown seedlings at 3-leaf stage into ¥ Hoagland
solutions with 20% PEG-6000 for 48 h inducing drought stress.
Proteomic analysis was performed by 2DE-MALDI-TOF/TOF
and revealed 98 protein spots in leaves and 85 protein spots
in roots differentially regulated (Drought responsive proteins,
DRP’s). The DRPs were binned into the function of defense,
carbon metabolism, nitrogen, amino acid metabolism, protein
metabolism, chaperons, nucleotide metabolism, photosynthesis,
and signal transduction. Carbon fixation and photosynthetic
ability was decreased in leaves whereas the PPP pathway was
enhanced in roots. Glycolysis was down-regulated in root under
drought stress (Liu et al., 2015).

Recently, we performed the first large-scale label-free
quantitative shotgun proteomics study of pearl millet leaf, root
and seed tissue under drought stress (Ghatak et al., 2016). This
allows to compare wheat-specific drought stress protein marker
with pearl millet specific drought stress marker. One should bear
in mind, however, that wheat is a C3 and pearl millet a C4
plant. Therefore, another aim was also to reveal any differences
which correspond to these different types of photosynthesis.
For comparison we considered the studies performed by Liu
et al. (2015), Hajheidari et al. (2007), and Ghatak et al. (2016)
(Supporting Table 1). From these studies, it was evident that
rubisco subunits, LEA proteins, ATP synthase, ABA responsive
proteins and others can be suggested as an protein marker
of drought stress conditions for both wheat and pearl millet.
These proteins are involved in drought adaptation or tolerance
mechanisms which require further investigations. Table 1 enlists
all the potential protein candidates in drought stress proteomics
studies of wheat (Bazargani et al.,, 2011; Yang et al,, 2011; Ge
etal., 2012; Jiang et al., 2012; Kang et al., 2012; Budak et al., 2013;
Peremarti et al., 2014; Qin et al., 2014; Wang et al., 2014; Zhang
et al,, 2014; Cheng et al., 2015, 2016; Giuliani et al., 2015; Hao
et al., 2015; Kacem et al., 2016).

RICE

Rice (Oryza sativa L.) is the main staple food for more than
half of the world population (http://irri.org/). It is a commonly

used cereal crop and model system for molecular biology
and genetic research. The completion of its draft genome
sequencing (International Rice Genome Sequencing Project,
2005) accelerated proteomics studies in rice (Devos and Gale,
2000; Koller et al., 2002).

There is a significant progress in the proteomic analysis of
rice tissues and organelles which include rice embryo (Xu et al.,
2012) and endosperm (Komatsu et al., 1993), root (Zhong et al.,
1997), etiolated shoot (Komatsu et al., 1999), cell suspension
culture (Komatsu et al., 1999), anther (Imin et al., 2001; Kerim
et al.,, 2003), leaf sheath (Shen et al., 2002), and other organs
(leaf, stem, and root growth during development; Nozu et al.,
2006). A study performed by Tsugita et al., led to the separation
of 4892 proteins from nine tissues of rice (leaf, stem, root,
germ, dark germinated seedlings, seed, bran, chaff and callus) but
only 3% were characterized by short amino acid reads (Tsugita
et al,, 1994). The first large-scale shotgun proteomics study was
reported by Koller et al. (2002) in the cultivar Nipponbare led
to the identification of 2528 proteins. This analysis included leaf,
root and seed tissue. Various organelles of rice such as golgi
bodies (Mikami et al., 2001), mitochondria (Heazlewood et al.,
2003), chloroplast and other subcellular compartments were also
subjected to proteomic analysis.

Proteomic resources and tools for functional analysis have
been developed which includes PhosphoRice: a meta-predictor
of rice specific phosphorylation sites (http://bioinformatics.fafu.
edu.cn/PhosphoRice; Que et al, 2012), Oryza PG-DB: rice
proteome database on shotgun proteogenomics (http://oryzapg.
iab.keio.ac.jp/; Helmy et al,, 2011) and PRIN: a predicated rice
interactome network (http://bis.zju.edu.cn/prin/; Gu et al., 2011).
These bioinformatic resources are very helpful for proteomic
analysis in order to categorize the identified proteins into a
functional category along with their dynamic interaction network
in rice and other plants.

Proteomic analysis of rice tissues under drought stress
includes seedling (Shu et al., 2011), anther (Liu and Bennett,
2011), peduncles (Muthurajan et al., 2011), extracellular matrix
(Pandey et al., 2010), rice leaves at different stages and genotypes
(Xiong et al., 2010; Ji et al.,, 2012; Mirzaei et al., 2012a) and
root (Mirzaei et al., 2012b). Recently, comparative proteomic
studies were performed on Oryza sativa L. cv. IR64 considering
well-watered, drought and partially dried root samples (Mirzaei
et al., 2012b). Quantitative label free shotgun proteomic analysis
resulted in the identification of 1487 non-redundant proteins.
Similarly, a study performed on 35 days old seedlings of Oryza
sativa cv. Nipponbare (drought sensitive cultivar) after moderate
drought stress and extreme drought stress, followed by re-
watering for 3 and 6 days lead to the identification of 1548 non-
redundant protein using label free shotgun proteomics (nano-
LC-MS/MS). It was also observed that regulation of aquaporins,
small GTPases, and V-ATPases under drought stress and recovery
phase are closely involved in drought signaling and drought
responses (Mirzaei et al., 2012a). Several specialized review
articles related to rice proteomics have been published and are
recommended for further reading (Rakwal and Agrawal, 2003;
Agrawal and Rakwal, 2006; Komatsu, 2006; Komatsu and Yano,
2006; He and Yang, 2013; Singh and Jwa, 2013; Kim et al,,
2014).
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The apoplastic proteome was investigated under drought
stress in 4 weeks old rice (Oryza sativa L. var. Rasi) seedlings
using 2-DE (Pandey et al., 2010). In total 192 proteins showed
changes in abundance involved in functions such as carbohydrate
metabolism (cytosolic 6 phosphogluconate dehydrogenase,
putative ribose 5-phosphate isomerase, sedoheptulose 1,7-
bisphophatase, enolase, etc.), cell defense and rescue (Cu/Zn
SOD, L-APX, GSH-dependent dehydroascorbate reductase,
thioredoxin, POD), cell wall modification, cell signaling (GDP
dissociation inhibitor, GF1-c protein, nucleoside-diphosphate
kinase) and molecular chaperons (DnaK type molecular
chaperone, putative peptidyl prolycis trans isomerase). The plant
cell apoplast is a dynamic compartment involved in many
processes which include cell growth, development, signaling
and biotic/abiotic stress. There is a strong regulation of
apoplastic proteins in response to salt, temperature, wounding
and pathogen invasion (Guo and Song, 2009).

Salekdeh et al. measured the proteome of rice leaves under
drought stress in two genotypes, lowland Indica (IR62266-42-6-
2) and up-land Japonica (CT9993-5-10-1-M) using 2-DE. The
study also included the identification of drought responsive
protein candidates after recovery. Under stress conditions, 42
protein spots showed changes in abundance, among these 27
proteins exhibited different response pattern in two genotypes.
Sixteen drought responsive proteins were identified using
MALDI-MS or ESI-MS/MS which include increased levels of S-
like RNase homolog, actin depolymerizing factor and RuBisCo
activase, whereas isoflavone reductase protein was decreased
(Salekdeh et al., 2002). Protein candidates like Cu-Zn superoxide
dismutase showed increased levels in both the genotypes. The
gene encoding protein Cu-Zn SOD is induced under drought
stress in roots and leaves (Kaminaka et al., 1999; Plomion et al.,
2006).

Proteomic and phosphoproteomic analysis was performed
on 2 weeks old rice (Oryza sativa L. cv. Nipponbare) plants under
drought stress. Late embryogenesis abundant (LEA) proteins
and chloroplast precursor Cu-Zn SOD were up-regulated and a
Rieske Fe-S precursor protein was down-regulated under stress
condition (Ke et al, 2009). Down-regulation of Rieske Fe-S
precursor protein under drought stress was also demonstrated
by Salekdeh et al. (2002). Researchers also identified 10
phosphoproteins under drought stress which include: NAD-
malate dehydrogenase, OSJNBa0084K20.14 protein, abscisic
acid and stress-inducible protein, ribosomal protein, drought-
induced S-like ribonuclease, ethylene-inducible protein, guanine
nucleotide-binding protein beta subunit-like protein, r40cl
protein, OSJNBb0039L24.13 protein and germin-like protein
1. Seven of these phosphoproteins have not previously been
reported to be involved in rice drought stress (Ke et al,
2009). Protein candidates like putative r40cl and germin like
protein 1 were less phosphorylated under drought stress. The
identification of drought responsive phosphoproteins provides
valuable insights to understand regulatory mechanism of stress
responses in crop plants because phosphorylation is one of
the most important post translational modifications (PTMs)
involved in early stress responses and the regulation of almost
all cellular adaptation processes (Glinski and Weckwerth, 2006;
Wolschin et al., 2006). Drought stress has detrimental effect

on plant reproductive stages. Liu and Bennett performed rice
anthers proteomics under drought stress. They considered two
genotypes, Morobereken (drought tolerant) and IR64 (drought
sensitive), and reported 35 proteins of which eight were
drought induced which includes glyceraldehyde-3-phosphate
dehydrogenase, B-expansin and actin binding protein (Liu
and Bennett, 2011). Table 1 provides details of the discussed
proteomic studies performed in rice under drought stress (Ali
and Komatsu, 2006; Zang and Komatsu, 2007; Rabello et al., 2008,
2014; Shu et al.,, 2011; Dong et al., 2014; Mirzaei et al., 2014;
Agrawal et al., 2016; Wu et al., 2016).

MAIZE

Maize (Zea mays L.) belongs to the most cultivated cereal
crops worldwide together with wheat and rice. An estimated
production for the year 2012 is 839 million tons according to
United States Department of Agriculture (USDA). Maize is the
staple food for substantial part of world’s population as well as a
major source of animal feed (Strable and Scanlon, 2009).

Maize is a cross pollinated species which possess an
extraordinary level of genotypic diversity helpful to investigate
evolutionary processes and to provide natural genetic variation
for brewing (Doebley, 2004), recombination and transposition
(McClintock, 1930), heterosis, genomic imprinting (Kermicle,
1970) and epigenetic phenomena (Brink, 1958).

The maize genome sequence of the B73 line (http://www.
maizesequence.org) has opened wide areas of research (Schnable
et al., 2009). All the genetic information is accessible via public
domain repositories like MAizeGDB (http://maizegdb.org/),
PlantGDB  (http://www.plantgdb.org/ZmGDB), and Plant
Proteome Database (http://ppdb.tc.cornell.edu), TIGR Maize
Database (http://maize.jcvi.org), Maize Assembled Genomic
Island (http://magi.plantgenomics.iastate.edu/). Earlier, maize
proteome projects used peptide mass fingerprinting for
identification of proteins which rely on ESTs databases. The
proteome search became more feasible after genome sequencing
(Bennetzen and Freeling, 1997; Bennetzen and Ma, 2003). Maize
tissues analyzed by proteomics comprise leaf tissue (Porubleva
et al., 2001; Majeran et al., 2010), endosperm (Méchin et al.,
2004), egg cell, root hair (Nestler et al., 2011), primary root
(Hochholdinger et al., 2005), primary root pericycle (Dembinsky
et al, 2007), root tip (Chang et al, 2000), starch granules
(Pechanova et al., 2010; Koziol et al., 2012) and seed flour (Albo
et al.,, 2007).

Proteome analysis of maize egg cells and the zygote using
2-DE/MS indicated that maize egg cell is rich in enzymes of
energy metabolism. Annexin was also identified from egg cell and
zygote. It is involved in exocytosis of cell wall material. Since the
process of fertilization increases the levels of cytosolic calcium,
the role of particular proteins in calcium metabolism could be
defined. Zhu et al. analyzed the cell wall proteome in the maize
primary root elongation zone. The protein candidates such as
endo-1,3;1,4-beta-D-glucanase and alpha-L-arabinofuranosidase
were identified which act on major polysaccharides in root
development. The plant chloroplast is an important organelle
harboring the photosynthetic apparatus and genes encoded either
by a chloroplast plastid or the nuclear genome (Zhu et al,
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2006). Therefore, organelle proteomics is a decisive technology
also to reveal targeting of proteins to chloroplasts (Glinski
and Weckwerth, 2006). Lonosky and co-workers identified 26
unique proteins from the maize chloroplast during five stages
of leaf greening (0-48h post illumination; Lonosky et al,
2004). Ma et al. reported a comprehensive proteome analysis
of root mucilage, an exudate that is continuously secreted by
maize primary root tips and serves as a significant source of
carbon for rhizospheric microbes. Mucilage from 3 day old
primary roots was subjected to proteomic analysis using 1DE and
nanoLC-MS/MS approach and led to the identification of 2848
proteins. Most of the identified proteins were involved in the
function of energy metabolism, amino acid and lipid metabolism.
Additionally, proteins involved in secondary metabolism of
terpenes, flavonoids and phenolic were found to be abundant.
However, 16% of proteins were involved in a secretory pathway
(Ma et al., 2010). Details of maize proteomic studies from
the time period 1987-2012 have been reviewed extensively
(Pechanova et al., 2013).

Several proteomic studies have been carried out in maize
that determines drought stress responses (Benesovd et al., 2012;
Yang et al, 2014; Hu et al,, 2015a,b; Vu et al., 2016; Zhao
et al., 2016a,b). Riccardi et al. studied the leaf proteome in two
different genotypes of maize (referred as LC and Io). Water
stress was applied for 10 days until the plants were aged to five
leaf stages. For proteomic analysis the sixth leaf was considered
and 413 protein spots were quantified of which 78 were
affected under drought stress. Nineteen differentially expressed
proteins were identified under drought stress. The identified
proteins which were up-regulated under drought stress include
RAB 17, phosphoribulokinase and caffeate O-methyltransferase,
COMT, glutamate semialdehyde aminotransferase (GSAAT), -
glucosidase, chloroplastic fructose bisphosphate aldolase, and
ferritin were also up-regulated under stress conditions. Most
of the identified proteins were binned into the function of
photosynthesis and lignin biosynthesis pathway (Riccardi et al.,
1998). In another study, changes in the leaf proteome of maize
(in two different genotype Io and F2) under water deficit
conditions were measured. Protein candidates comprised oxygen
evolving enhancer (OEE) protein 1, malate dehydrogenase and
ABA stress ripening (ASR) proteins. The identified proteins
were observed to have different level of induction in different
genotypes under stress condition. Therefore, based on this study,
authors concluded that in order to define a protein marker it is
extremely important to consider effects of genetic variation which
have direct effect on the accumulation of stress induced proteins
(Riccardi et al., 2004).

Xylem sap of maize (Zea mays cv. FR697) was subjected
to proteomic (using LC-MS/MS) and metabolomic analysis
under drought stress condition; ABA and 6-benzylaminopurine
were significantly up-regulated in stressed plants (Alvarez et al.,
2008). Other compounds such as glutamate/glutamine, serine
and threonine also showed increased abundance under stress
condition. However, there was regulation decrease of trans zeatin
and its conjugated form (trans zeatin riboside) under drought
stress condition. This study also suggested signaling mechanisms
by which root to shoot communication changes under water

deficit condition. Further 39 proteins were identified which
differentially expressed under stress condition and binned in
the function of cell wall metabolism and defense mechanism
(which includes: peroxidase, xyloglucan endotransglycosylase,
polygalacturonase inhibitor and pectin methylesterase and plant
defense mechanisms such as thaumatin-like pathogenesis-related
protein, zeatin-like protein, cupin family protein, putative
germin A, class IV chitinase and B-1,3-glucanase).

The effect of drought stress in leaf elongation was studied
in maize using a proteomic strategy by Vincent et al. (2005).
This study demonstrated the accumulation of two isoforms
(acidic protein COMT 1 and less acidic protein COMT 2) of
caffeic acid/5-hydroxyferulic 3-Omethyltransferase (COMT) in
growing leaf in well irrigated plants (at 10-20 cm). In contrast,
under drought stress no accumulation was observed. It was
also reported that lignin content in leaf under stress condition
is lowered compared to control plants. These findings were
supported by a study which also reported two key enzyme of
lignin biosynthesis differentially expressed in maize leafs under
drought stress (Hu et al., 2009). Lignin content in plants is mainly
associated with the function of mechanical support and defense
against biotic and abiotic stress (Boudet, 2000). These results are
extremely interesting to provide valuable information that lignin
content of leaf is a useful parameter to evaluate drought tolerance
in maize and it can be a potential molecular selection marker for
drought tolerance (Boudet, 2000).

Desiccation tolerance in maize (Zea mays L. cv. Nongda
108) embryos during their development and germination were
investigated using proteomic analysis (2-DE, MALDI-TOF and
TOF/TOF MS). In this study eleven proteins involved in drought
tolerance were identified which include late embryogenesis
abundant (LEA) protein, EMB 564, globulin 2, putative cystatin,
class T HSP, NBS-LRR resistance like protein RGC456 etc.
These proteins are stored during embryo maturation but their
abundance decreases during embryo germination (Huang et al.,
2012).

All discussed studies and identified protein marker are listed
in Table 1.

BARLEY

Barley (Hordeum vulgare L.) is an important crop in dry and
marginal climatic environment. Barley has a wide tolerance
capacity for drought and other abiotic stresses. Hence barley is
widely used for breeding in the specific environmental condition
or for the specific adaptation to abiotic stress in geographically
distinct areas of the globe. For example, barely germplasm for
marginal environment from west Asia and northern Africa by
International Center for Agriculture Research in Dry Areas,
Syria (ICARDA) has shown good adaptation in the southern
Australian environments and vice versa (Shakhatreh et al,
2001). This adaptation of genetically diverse germplasm to
extreme climatic condition in a wide geographical range can
be exploited for germplasm exchange and breeding as well
as providing interesting insights to the genetic basis of stress
adaptation.
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Stress adaptation of barley is mainly attributed to its plasticity
of morphological traits (for e.g., biomass production, plant
growth, tiller number and peduncle extrusion, Shakhatreh et al.,
2010). Physiological parameters such as relative water content
and chlorophyll fluorescence parameter under stress condition in
barley are also characterized by genetic variations (Oukarroum
et al., 2007; Ahmed et al., 2013). Wide ranges of transcriptome
information are available on drought stress as well as in
combination of other stresses (Talameé et al., 2007; Guo et al,,
2009). As the level of mRNA does not well correlate with
protein levels, identification of proteomes complement missing
information in DNA or mRNA analysis. In 2012 the barley
genome was sequenced (The International Barely Sequencing
Consortium) and became an important model system for
proteomics, gene function analysis and stress response. The
universal nuclear protein database of barley provides information
of proteomic datasets obtained from barley nuclei (http://barley.
gambrinus.ueb.cas.cz/; Blavet et al., 2017). A few specialized
articles details review proteomic analysis in barely (Finnie and
Svensson, 2009; Finnie et al., 2011).

Rollins et al. measured the leaf proteome under heat
and drought stress using two genotypes (cv. Arta and cv.
Keel). Both the genotypes were genetically diverse but adapted
to same drought prone environments. This study provided
the information on molecular and phenotypic changes under
drought and heat stress. Overall, drought stress showed a
stronger effect on morphological traits (for e.g., variation in grain
yield, variation in biomass, variation in no. of spikes, variation
in relative water content, and variation in photosynthetic
performance index) compared to physiological traits. Under
drought stress the leaf proteome did not reveal significant
changes in protein abundance compared to the control. These
results were in contrast to the transcript level where large
numbers of transcripts were differentially expressed under
drought stress. Hence it can be concluded that barley has
adapted to non-lethal drought using avoidance mechanisms
which include reduction in the growth of plants in order to
maintain cellular homeostasis (Rollins et al., 2013).

Comparative proteomic analysis of two cultivars (#15141,
drought tolerant and #15163, drought sensitive) led to the
identification of differentially expressed proteins under drought
stress (Ashoub et al., 2013). Based on MALDI TOF-MS
analysis the identified proteins were categorized into functional
groups. Proteins involved in the group of metabolism include
lipooxygenase, NADP-dependent malic enzyme,
synthase and betain aldehyde dehydrogenase which were
up-regulated only in #15163 cultivar. The levels of methionie
synthase were up regulated in both the cultivars. Considering
energy metabolism, several proteins showed alteration in
there abundances under drought stress, e.g., chloroplastic ATP
synthase subunit alpha showed increased abundance in both
cultivars wereas chloroplastic transketolase was down-regulated
in both cultivars. Other protein candidates like HSP 90, ATP
dependent Clp protease and protein disulfide isomerase were
up-regulated in both cultivars under drought stress. Enzymes
related to detoxification of cells and controlling photorespiration
were increased under drought tolerant cultivar while there was

sucrose

no alteration seen in the drought sensitive cultivar. Proteins
associated with the production of osmotically active compounds
were increased in the sensitive genotype indicating that drought
stress triggers stronger osmotic responses in the sensitive
genotype (Ashoub et al., 2013). Similarly comparative proteomic
analysis of Tibetan wild barley genotype (drought tolerant XZ5
and drought sensitive XZ54) and cv. ZAU 3 was performed
(Wang et al., 2015). This study led to the identification of
38 drought tolerance associated proteins which were binned
into the functional category of photosynthesis, stress response,
metabolic process, energy and amino acid biosynthesis. Protein
candidates like melanoma- associated antigen p97, type I
chlorophyll a/b binding protein b, ATP synthase CF1 beta
subunit, ribulosebisphosphate carboxylase large chain were
expressed or up-regulated exclusively only in XZ5 compared
to XZ54. Out of 38 proteins 20 proteins were up-regulated
in XZ5 and simultaneously down-regulated in XZ54, which
highlights the significance of “drought tolerance associated
specific proteins” in drought tolerance in Tibetan wild barely
(Wang et al., 2015).

Proteomic analysis identified 24 differentially expressed
proteins in leaf and 45 in root using MALDI-TOF MS
considering two barely varieties (UK, golden Promise and Iraq,
Basrah). When compared to control plants (unstressed plants) 66
proteins were differentially expressed in leaves and 77 in roots
(DIGE analysis) (Wendelboe-Nelson and Morris, 2012). Further
studies in barley under drought stress are mentioned in Table 1
(Kausar et al., 2013; Vitdmvds et al., 2015; Chmielewska et al.,
2016).

SORGHUM

Sorghum (Sorghum bicolor) is a multipurpose crop belonging to
the Poaceae family; it is a C4 plant with high photosynthetic
efficiency and productivity (Alkaraki et al.,, 1995). Sorghum is
one of the five major cultivated cereal crops in the world. It
has high economic importance and is used as food (grain), feed
(grain and biomass), fuel (ethanol production), fiber (paper),
fermentation (methane production), and fertilizer (utilization of
organic by-products). Sorghum is a staple food that supplies
a major proportion of calories and proteins to large segments
of populations in the semi-arid tropical regions of Africa and
Asia. Sorghum bran and spent grain as by-products are rich
in protein and are generally sold at a cheap price for animal
feed and also used as biopolymer for food packaging (Cuq
et al,, 1998). Sorghum grain has a protein content varying from
6 to 16%, with an average of 13% (Lasztity, 1996). Sorghum
grain proteins can be broadly classified into prolamin and non-
prolamin proteins. Kafirins, the major storage proteins, are
classified as prolamins, and as such, they contain high levels of
proline and glutamine and are soluble in non-polar solvents such
as aqueous alcohols (Shewry and Tatham, 1990). Kafirins account
for 77-82% of the protein in the endosperm, whereas non-
prolamin proteins (namely, albumins, globulins, and glutelins)
make up about 30% of the proteins (Belton et al, 2006).
Sorghum proteins have been also used to produce biodegradable
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films (Buffo et al., 1997). In 2009, the sorghum genome was
published (www.plantgdb.org/SbGDB/; Paterson et al.,, 2009),
which has facilitated omics analysis. Recently, a sorghum whole
genome co-expression network database was made available
(http://structuralbiology.cau.edu.cn/sorghum/index.html) which
can propose gene functions by gene associations (Tian et al.,
2016).

A study performed by Jedmowski et al. on drought stress
analyzed 5 leaves stages in two genotypes of sorghum (Accession
number #11434, drought tolerant, and accession number #11431,
drought sensitive) using 2D-DIGE. Differentially expressed
proteins were analyzed by Matrix assisted laser desorption
ionization time of-flight mass spectrometry. DEP’s were involved
in energy metabolism. Furthermore, chaperons were among
the most prominent features to elucidate the differences
between the drought tolerant and sensitive accessions. Other
metabolism related proteins included methionine synthase, S-
adenosylmethionine synthase, and P-(S)-hydroxymandelonitrile
lyase. Methionine synthase is upregulated in both genotypes
(#11434 and #11431) under drought stress, following recovery,
expression levels remained upregulated in #11434 and returned
to control values in #11431. Pyruvate phosphate dikinase (PPDK)
was upregulated under drought stress and recovery in #11434.
However, the MALDI-TOF-MS data analysis did not indicate
if it is the cytoplasmic or chloroplastic form of the enzyme
(Jedmowski et al., 2014).

PEARL MILLET

Pearl millet (Pennisetum glaucum) is one of the most resilient
cereal crops with a very large genome size (~2,400 Mb) and short
life cycle (Vadez et al., 2012). It is a highly cross-pollinated diploid
(2n = 2x = 14) with excellent photosynthetic efficiency (C4
photosynthesis like maize and sorghum) and biomass production
potential. Our knowledge about pear]l millet C4 photosynthesis is
limited, especially on the encoding genes and their protein levels.
Pearl millet has valuable stock of genetic and genomic resources
which can be explored using various DNA-based molecular
markers including RFLP (Liu et al., 1994); sequence-tagged sites
(STS) (Devos and Al, 1995); AFLP (Allouis et al., 2001); SSRs
(Qi et al,, 2004); diversity arrays technology (DArTs) (Supriya
etal., 2011); SNPs and conserved intron spanning primer (CISP)
markers (Sehgal et al., 2012); mapping populations, and DNA-
marker based linkage maps (Morgan et al., 1998). Recently an
international organization ICRISAT have initiated sequencing of
pearl millet genome in collaboration with various international
partners (IPMGSC consortia).

The developed genetic map is not only useful for detection
but also for breeding of promising QTLs for various traits (Jones
et al., 2002; Bidinger and Blummel, 2007; Bidinger et al., 2007;
Blummel et al., 2007) which includes terminal drought tolerance
(Yadav et al., 2002, 2004; Kholova et al., 2012), components of
drought adaptation (Kholova et al., 2012), grain and stover yield
(Yadav et al., 2003). This information is valuable to understand
complex relationships between pearl millet and other cereal crops
(Devos and Gale, 2000).

A major QTL for terminal drought tolerance (DT) in pearl
millet has been identified and mapped on linkage group 2 (LG
2) using segregating populations derived from two independent
crosses between H 77/833-2 and PRLT 2/89-33, and ICMB 841
and 863B (Yadav et al., 2011). This QTL on LG 2 has been
considered a major target for marker aided selection (MAS) for
improving grain yield and grain stability across variable terminal
stress conditions in pearl millet (Yadav et al., 2011). This DT-QTL
has also been found to confer high levels of abscisic acid (ABA)
in leaf and limiting transpiration rates in drought tolerant pearl
millet lines (Kholova et al., 2010). Performance of LG 2 major
QTL for terminal drought tolerance was also assessed under salt
stress and interestingly it was found to have enhanced growth
and productivity traits under saline and alkaline conditions by
limiting Na™ accumulation in pearl millet leaves (Sharma et al.,
2011). Another study established that the drought tolerant parent
(PRLT 2/89-33) and two QTL-near isogenic lines (NILs) recorded
higher yield under salinity stress at post-flowering growth stages
as compared to drought sensitive parent (Sharma et al., 2014).

Identification and characterization of stress responsive genes
and their proteins from pearl millet will not only help in
understanding stress regulated pathways but will also help in
designing strategies for improving stress tolerance/resistance of
pearl millet as well as other related crop plants. There has
been only one report on transcriptome analysis of pear]l millet
under abiotic stress conditions (Mishra et al., 2007). A total of
2,494 differentially regulated transcripts in response to drought,
salinity and cold stress were identified and the study indicated the
existence of a complex gene regulatory network that differentially
modulates gene expression under various stresses (Mishra et al.,
2007).

The use of particle bombardment for transformation on pearl
millet using plasmid pMON8678 was reported (Taylor and Vasil,
1991). Later several research groups reported the use of biolistic
transformation on pearl millet with different target tissues and
transgenic to develop a variety resistant fungal pathogen (Ceasar
and Ignacimuthu, 2009). However, till date there has been no
report on genetically engineered abiotic stress tolerant pearl
millet variety. Recently, agrobacterium mediated transformation
using shoot apices has been reported in pearl millet (Jha et al.,
2011).

A study performed by Choudhary et al. identified and
validated differentially expressed genes in response to drought
stress in P. glaucum by Suppression Subtractive Hybridization
(SSH) analysis. Twenty-two days old seedlings of P. glaucum
cultivar PPMI741 were subjected to drought stress by treatment
with 30% Polyethylene glycol (PEG) for different time periods.
Total RNA was isolated to construct a drought responsive
subtractive cDNA library through SSH, 745 ESTs were assembled
into a collection of 299 unigenes having 52 contigs and
247 singletons. All 745 ESTs are submitted to ENA-EMBL
databases (Accession no: HG516611-HG517355). After analysis,
10 differentially expressed genes were validated by qRT-PCR
namely abscisic stress ripening protein, ascorbate peroxidase,
inosine-5'-monophosphate dehydrogenase, putative beta-1, 3-
glucanase, glyoxalase, Rab7, aspartic proteinase oryzasin, DnaJ-
like protein, and calmodulin-like protein. The identified ESTs
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have revealed a major portion of stress responsive genes that
may provide a basis to investigate the tolerance of pearl millet to
drought stress (Choudhary et al., 2015). In Supporting Table 2
we provide a comparison between these EST markers and
our drought stress proteomic markers identified in a recent
large-scale proteomics study (Ghatak et al., 2016). A shotgun
proteomics approach (GEL-LC-Orbitrap-MS) was employed
by us to investigate putative protein markers from different
tissues (root, seed, and leaf) under drought stress condition
(Ghatak et al, 2016). In total 2281 proteins were identified
and quantified from the harvested root, seed and leaf of
which 120 proteins in leaves, 25 proteins in roots and 10
proteins in seeds showed significant changes under drought
stress (drought responsive proteins; DRP’s). These DRP’s were
also searched for nearest orthologs in rice and sorghum for
functional categorization. These proteins were categorized into
heat shock proteins (HSPs), molecular chaperones, storage
proteins and late embryogenesis abundant (LEA) with increased
levels in seeds. During drought stress, signaling pathways play
a very important role for the plant adaptation to stress in
order to maintain cellular homeostasis. In our study we found
signaling proteins such as GTP binding protein, leucine rich
transmembrane protein kinase, calreticulin, calnexin, 14-3-3
protein, phosphoinositide’s specific phospholipase C (PI-PLC)
showing increased levels under stress conditions. Proteins related
to ABA and other hormone metabolism (Auxin, Jasmonate) were
observed to be decreased in root and leaf under water deficit
condition compared to control. We have no clear explanation,
however, observed a higher activity of deep penetrating roots
of pearl millet under drought stress. This might negatively
affect hormone metabolism and thereby impairing the root to
shoot communication (Skylas et al., 2001). However, further
studies are underway to investigate this phenomenon in more
detail.

One of the C4 enzymes, phosphoenolpyruvate carboxylase
(PEPC) has been widely studied in many plants and notably in
two grass species, sorghum and maize (Ku et al., 1996; Sheen,
1999). A small multigenic family encodes the PEPC enzymes,
which are involved in various functions (Lepiniec et al., 1994;
Gehrig et al., 2001). These enzymes fix the atmospheric CO; in
C4 photosynthetic pathway. Each PEPC isoform is specifically
expressed (or constitutive housekeeping) and accumalated (i.e.,
gene transcript) in different tissues (for example green leaf,
roots) (Lepiniec et al., 1994; Gehrig et al., 2001). PEPC enzymes
are also studied to understand the origins of C4 and CAM
photosynthesis (Gehrig et al,, 2001; Besnard et al., 2002). In
grasses, like wheat (Gonzalez et al., 1998, 2002), sugarcane (Albert
et al., 1992), maize (Izui et al., 1986), and sorghum (Crétin
et al., 1991; Lepiniec et al., 1991) the isoforms of PEPC are well
characterized. Several PEPC isoforms were also identified in our
recent proteomic analysis of pear]l millet and showed differential
concentration levels in leaf, root and seed tissues under control
and drought stress condition (see Supporting Figure 1; Ghatak
et al., 2016). Supporting Table 1 provides accessions of PEPC
isoforms in pear]l millet and their corresponding orthologs in
arabidopsis. These data provide a framework to investigate C4
photosynthesis in pearl millet in more detail.

SUMMARY AND SIMPLIFIED SCHEME OF
DROUGHT STRESS PROTEOME AND
SIGNALING PERCEPTION AND
TRANSDUCTION RESPONSES IN CEREAL
CROPS

Plant responses to stress are dynamic processes able to enhance
tolerance/resistance mechanisms and to establish metabolic
homoeostasis under extreme environmental conditions. At
proteome level, profound alterations are observed in the protein
abundances between control and stressed plants as well as
between different genotypes (Table 1). These changes cannot be
revealed by classical RNAseq or any other genomic technology
and are therefore highly complementary to existing genome-wide
RNAseq or EST data. We have summarized drought responsive
proteins (DRP’s) in Table 1 thereby providing an reference point
to develop regulatory models for drought stress responses in
cereal crop plants, such as wheat, rice, maize, barley, sorghum,
and pearl millet. Some of specific protein changes were identified
in all the cereal crops discussed in this review and so we
summarized selected responses schematically in Figure 4.

Regulatory proteins play an important role in regulating
the alteration under water deficit conditions which represents
some of the most important targets for crop improvement
e.g., transcription factors (like WRKY, MYB), kinases, 14-3-3
and G-proteins which can modulate whole signaling pathway
and therefore having profound effects on plant growth and
development. These factors were up-regulated in the studies
reported. Protein phosphorylation plays an important role for
signal perception and transduction under drought stress. Several
kinases and phosphatases such as CDPK, SnrK2, PP2C, and
other signaling proteins like calreticulin are regulated leading to
stress adaptation and maybe tolerance mechanisms like stomata
closure. Regulation of ABA under drought is well discussed
in many studies, however, the dependency on C3 and C4
photosynthesis needs to be further addressed (Kim et al., 20105
Figure 4).

Stress acclimatization is an energy consuming process which
is indicated by alterations in energy metabolism. Therefore,
increased abundance of the enzymes involved in glycolysis is
observed and reported for e.g, GADPH, TPI, mitochondrial
NAD™-dependent malate dehydrogenase (MDH) (Krebs’s cycle)
and components of mitochondrial ATP synthase. Several
photosynthetic proteins showed up-regulation under drought
stress like rubisco LSU, LHC I, and LHC II proteins, proteins
of the oxygen-evolving complex (OEC), carbonic anhydrase and
dehydrins determining their protective functions.

Drought stress leads to enhanced risk of protein damage
due to cellular instability/imbalances. Therefore, several proteins
with protective mechanisms show increased levels, e.g., enhanced
accumulation of HSPs, namely HSP 70, 90, and some sHSPs
(Chaturvedi et al., 2015). Disturbed cellular metabolism leads
to the oxidative damage and hence increase in ROS scavenging
enzymes was also observed (for e.g., SOD, GST, 2-cyc Prx, Trx-
h, CAT, and APX) which is one of the common and practical
features in the plants under drought stress.
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Drought stress also affects cellular transport and membrane
properties; hence, there is enhanced need of ion transporters,
which can take proper signals for appropriate functioning.
Increased abundance of V-ATPase was reported in the studies.
Aquaporins such as HtATPase or monosaccharide sensing
protein 2, PIPs were also reported in response to drought stress.
The enzyme involved in lignin metabolism such as caffeoly-
coenzyme A O-methyltransferase (COMT) was also reported
indicating its potential role in cell wall remodeling under drought
stress.

CONCLUSION AND FUTURE PROSPECTS

Cereals are the major food crops which are necessary for
the survival of the entire human population across the globe.
Rice, wheat, maize, barley, sorghum, and pear] millet are
major cereal crops contributing ~92% of total crop production
across the agricultural field and in the glass house in almost
all countries (http://www.icrisat.org/tag/icrisat-annual-report-
2015/). Not only humans but also livestock farming depend on
these crops. Considering all the drastic global climatic changes,
our food security and its distribution is a big question. Marker
Assisted Breeding (MAB) and SMART breeding techniques are
key in agricultural productivity.

Proteomics is one such tool to improve SMART breeding.
Comparative proteomics analysis in different plant species
lead us to the information related to various drought
related mechanisms and processes which cannot revealed
by transcriptomics or other genomic technologies. Application
of proteomics to identify and validate drought and heat
responsive proteins holds a key feature in marker assisted
breeding techniques in future.

The studies on plant proteomes in relation to abiotic
stress are rather limited. Nevertheless, there is a increasing
number of studies in the last 3 years due to extreme heat and
drought conditions affecting plant growth and productivity
and necessitating our better understanding of underlying
biochemical, physiological and morphological principles.
Drought is a major area of concern for agriculture production,
food availability and quality. It disturbs the universal food chain
resulting in weakness and death of humans and animals. As a
plant researcher one primary aim should be to translate basic
research programs and results into breeding programs together
with breeders for more tolerant varieties of plants which can
combat drastic drought conditions across the globe.

In order to support comparative proteomic approaches a
large number of protein reference maps for various tissues

REFERENCES

Agrawal, G. K., and Rakwal, R. (2006). Rice proteomics: a cornerstone for cereal
food crop proteomes. Mass Spectrom. Rev. 25, 1-53. doi: 10.1002/mas.20056
Agrawal, L., Gupta, S., Mishra, S. K., Pandey, G., Kumar, S., Chauhan, P. S,, et al.
(2016). Elucidation of complex nature of PEG induced drought-stress response
in rice root using comparative proteomics approach. Front. Plant Sci. 7:1466.

doi: 10.3389/fpls.2016.01466

are already available for model cereal crops. We need to
urgently generate proteome maps from cereal crops that
will greatly help in understanding various cellular processes
and signaling pathways. Moreover, it is now possible to
uncover the regulation of these processes by studying the
post-translational modifications (PTM). Quantitative proteomics
approaches such as phosphoproteomics and other OMICS
analysis such as metabolomics, transcriptomics, lipidomics will
further improve the understanding of molecular mechanisms
associated with water stress responses (Weckwerth, 2011a).
The integration of genomics, proteomics, transcriptomics,
and metabolomics is important for future research in green
systems biology to improve its application in cereal crops
(Weckwerth, 2011a). In this review, the available proteomics
data sets for cereal crops under drought stress have been
summarized providing a basic starting point for a comparative
overview of the drought stress proteome variations in cereal
crops.

AUTHOR CONTRIBUTIONS

AG, PC, and WW conceived and wrote the manuscript.

FUNDING

AG is supported by the Austrian Science Fund (FWE Der
Wissenschaftsfonds), Grant agreement number W1257-B20.

ACKNOWLEDGMENTS

We apologize to all colleagues whose work was not cited or
insufficiently cited in this review.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fpls.2017.
00757/full#supplementary-material

Supporting Figure 1 | Phosphoenolpyruvate carboxylases (PEPCs)
isoforms in Pearl Millet (Ghatak et al., 2016).

Supporting Table 1 | Comparison between drought stress EST markers
(Choudhary et al., 2015) and drought stress proteomic markers (Ghatak
et al., 2016).

Supporting Table 2 | Comparative proteomic analysis between wheat and
pearl millet.

Ahmad, P., Ashraf, M., Younis, M., Hu, X., Kumar, A., Akram, N. A, et al. (2012).
Role of transgenic plants in agriculture and biopharming. Biotechnol. Adv. 30,
524-540. doi: 10.1016/j.biotechadv.2011.09.006

Ahmed, I. M., Dai, H., Zheng, W., Cao, F., Zhang, G., Sun, D., et al. (2013).
Genotypic differences in physiological characteristics in the tolerance to
drought and salinity combined stress between Tibetan wild and cultivated
barley. Plant Physiol. Biochem. 63, 49-60. doi: 10.1016/j.plaphy.2012.
11.004

Frontiers in Plant Science | www.frontiersin.org

18

June 2017 | Volume 8 | Article 757


http://www.icrisat.org/tag/icrisat-annual-report-2015/
http://www.icrisat.org/tag/icrisat-annual-report-2015/
http://journal.frontiersin.org/article/10.3389/fpls.2017.00757/full#supplementary-material
https://doi.org/10.1002/mas.20056
https://doi.org/10.3389/fpls.2016.01466
https://doi.org/10.1016/j.biotechadv.2011.09.006
https://doi.org/10.1016/j.plaphy.2012.11.004
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

Ghatak et al.

Crop Proteomics and Global Climate Change

Albert, H. A., Martin, T., and Sun, S. S. M. (1992). Structure and Expression of a
Sugarcane Gene Encoding a Housekeeping Phosphoenolpyruvate Carboxylase.
Plant Mol. Biol. 20, 663-671. doi: 10.1007/BF00046451

Albo, A. G., Mila, S., Digilio, G., Motto, M., Aime, S., and Corpillo, D. (2007).
Proteomic analysis of a genetically modified maize flour carrying CrylAb gene
and comparison to the corresponding wild-type. Maydica 52, 443-455.

Ali, G. M., and Komatsu, S. (2006). Proteomic analysis of rice leaf sheath during
drought stress. J. Proteome Res. 5, 396-403. doi: 10.1021/pr050291g

Alkaraki, G. N., Clark, R. B, and Sullivan, C. Y. (1995). Effects of phosphorus
and water-stress levels on growth and phosphorus uptake of bean and sorghum
cultivars. J. Plant Nutr. 18, 563-578. doi: 10.1080/01904169509364923

Allouis, S., Qi, X., Lindup, S., Gale, M. D., and Devos, K. M. (2001). Construction
of a BAC library of pearl millet, Pennisetum glaucum. Theor. Appl. Genet. 102,
1200-1205. doi: 10.1007/s001220100559

Alvarez, S., Choudhury, S., and Pandey, S. (2014). Comparative quantitative
proteomics analysis of the ABA response of roots of drought-sensitive and
drought-tolerant wheat varieties identifies proteomic signatures of drought
adaptability. J. Proteome Res. 13, 1688-1701. doi: 10.1021/pr401165b

Alvarez, S., Marsh, E. L., Schroeder, S. G., and Schachtman, D. P. (2008).
Metabolomic and proteomic changes in the xylem sap of maize under drought.
Plant Cell Environ. 31, 325-340. doi: 10.1111/j.1365-3040.2007.01770.x

Andon, N. L, Hollingworth, S, Koller, A, Greenland, A.

J. Yates, J. R. 1III, and Haynes, P. A. (2002). Proteomic
characterization ~ of ~ wheat amyloplasts using identification  of
proteins by tandem mass spectrometry. Proteomics 2, 1156-1168.

doi: 10.1002/1615-9861(200209)2:9<1156::AID-PROT1156>3.0.CO;2-4

Ashoub, A, Beckhaus, T., Berberich, T., Karas, M., and Briiggemann, W. (2013).
Comparative analysis of barley leaf proteome as affected by drought stress.
Planta 237, 771-781. doi: 10.1007/s00425-012-1798-4

Bahrman, N., Negroni, L., Jaminon, O., and Le Gouis, J. (2004). Wheat
leaf proteome analysis using sequence data of proteins separated
by  two-dimensional electrophoresis.  Proteomics 4,  2672-2684.
doi: 10.1002/pmic.200300798

Bazargani, M. M., Sarhadi, E., Bushehri, A.-A. S., Matros, A., Mock, H.-
P., Naghavi, M.R., et al. (2011). A proteomics view on the role of
drought-induced senescence and oxidative stress defense in enhanced
stem reserves remobilization in wheat. J. Proteomics 74, 1959-1973.
doi: 10.1016/j.jprot.2011.05.015

Beddington, J. R., Asaduzzaman, M., Clark, M. E., Ferniandez Bremauntz, A.,
Guillou, M. D., Howlett, D. J. B, et al. (2012). What next for agriculture after
durban? Science 335, 289-290. doi: 10.1126/science.1217941

Belton, P. S., Delgadillo, I, Halford, N. G., and Shewry, P. R. (2006).
Kafirin = structure and functionality. J. Cereal Sci. 44, 272-286.
doi: 10.1016/j.jcs.2006.05.004

Benesovd, M., Hold, D., Fischer, L., Jedelsky, P. L., Hnilicka, F., Wilhelmovd, N.,
et al. (2012). The physiology and proteomics of drought tolerance in maize:
early stomatal closure as a cause of lower tolerance to short-term dehydration?
PLoS ONE 7:€38017. doi: 10.1371/journal.pone.0038017

Bennetzen, J. L., and Freeling, M. (1997). The unified grass genome: synergy in
synteny. Genome Res. 7, 301-306.

Bennetzen, J. L., and Ma, J. (2003). The genetic colinearity of rice and other cereals
on the basis of genomic sequence analysis. Curr. Opin. Plant Biol. 6, 128-133.
doi: 10.1016/S1369-5266(03)00015-3

Besnard, G., Offmann, B., Robert, C., Rouch, C., and Cadet, F. (2002). Assessment
of the C-4 phosphoenolpyruvate carboxylase gene diversity in grasses
(Poaceae). Theor. Appl. Genet. 105, 404-412. doi: 10.1007/s00122-001-0851-7

Bidinger, F. R, and Blummel, M. (2007). Determinants of ruminant nutritional
quality of pearl millet [Pennisetum glaucum (L.) R. Br.] stover - I. Effects of
management alternatives on stover quality and productivity. Field Crops Res.
103, 119-128. doi: 10.1016/j.fcr.2007.05.006

Bidinger, F. R., Nepolean, T. Hash, C. T., Yadav, R. S, and Howarth,
C. J. (2007). Quantitative trait loci for grain yield in pear] millet
under variable postflowering moisture conditions. Crop Sci. 47, 969-980.
doi: 10.2135/cropsci2006.07.0465

Blavet, N., Urinovska, J., Jerabkova, H., Chamrad, I., Vrana, J., Lenobel, R., et al.
(2017). UNcleProt (Universal Nuclear Protein database of barley): the first
nuclear protein database that distinguishes proteins from different phases of
the cell cycle. Nucleus 8, 70-80. doi: 10.1080/19491034.2016.1255391

Blummel, M., Bidinger, F. R., and Hash, C. T. (2007). Management and cultivar
effects on ruminant nutritional quality of pearl millet (Pennisetum glaucum (L.)
R. Br.) stover - II. Effects of cultivar choice on stover quality and productivity.
Field Crops Res. 103, 129-138. doi: 10.1016/j.fcr.2007.05.007

Boggess, M. V., Lippolis, J. D., Hurkman, W. J., Fagerquist, C. K., Briggs,
S. P, Gomes, A. V., et al. (2013). The need for agriculture phenotyping:
“moving from genotype to phenotype.” J. Proteomics 93, 20-39.
doi: 10.1016/j.jprot.2013.03.021

Boudet, A. M. (2000). Lignins and lignification: selected issues. Plant Physiol.
Biochem. 38, 81-96. doi: 10.1016/S0981-9428(00)00166-2

Brenchley, R., Spannagl, M., Pfeifer, M., Barker, G. L. A., D’amore, R., Allen, A. M.,
etal. (2012). Analysis of the breadwheat genome using whole-genome shotgun
sequencing. Nature 491, 705-710. doi: 10.1038/nature11650

Brink, R. A. (1958). Paramutation at the R-Locus in Maize. Cold Spring Harb. Symp.
Quant. Biol. 23, 379-391. doi: 10.1101/SQB.1958.023.01.036

Budak, H., Akpinar, B. A, Unver, T., and Turktas, M. (2013). Proteome
changes in wild and modern wheat leaves upon drought stress by two-
dimensional electrophoresis and nanoLC-ESI-MS/MS. Plant Mol. Biol. 83,
89-103. doi: 10.1007/s11103-013-0024-5

Buffo, R. A., Weller, C. L., and Parkhurst, A. M. (1997). Optimization of
sulfur dioxide and lactic acid steeping concentrations for wet-milling of grain
sorghum. Trans. Asae 40, 1643-1648. doi: 10.13031/2013.21403

Caruso, G., Cavaliere, C., Foglia, P., Gubbiotti, R., Samperi, R., and Lagana, A.
(2009). Analysis of drought responsive proteins in wheat (Triticum durum)
by 2D-PAGE and MALDI-TOF mass spectrometry. Plant Sci. 177, 570-576.
doi: 10.1016/j.plantsci.2009.08.007

Ceasar, S. A., and Ignacimuthu, S. (2009). Genetic engineering of millets:
current status and future prospects. Biotechnol. Lett. 31, 779-788.
doi: 10.1007/s10529-009-9933-4

Cerny, M., Kuklovd, A., Hoehenwarter, W., Fragner, L., Novak, O., Rotkova,
G., et al. (2013). Proteome and metabolome profiling of cytokinin action in
Arabidopsis identifying both distinct and similar responses to cytokinin down-
and up-regulation. J. Exp. Bot. 64, 4193-4206. doi: 10.1093/jxb/ert227

Chang, W. W. P., Huang, L., Shen, M., Webster, C., Burlingame, A. L., and
Roberts, J. K. M. (2000). Patterns of protein synthesis and tolerance of anoxia
in root tips of maize seedlings acclimated to a low-oxygen environment, and
identification of proteins by mass spectrometry. Plant Physiol. 122, 295-317.
doi: 10.1104/pp.122.2.295

Chaturvedi, P., Doerfler, H., Jegadeesan, S., Ghatak, A., Pressman, E., Castillejo, M.
A., etal. (2015). Heat-treatment-responsive proteins in different developmental
stages of tomato pollen detected by targeted mass accuracy precursor alignment
(tMAPA). J. Proteome Res. 14, 4463-4471. doi: 10.1021/pr501240n

Chaturvedi, P., Ghatak, A., and Weckwerth, W. (2016). Pollen proteomics:
from stress physiology to developmental priming. Plant Reprod. 29, 119-132.
doi: 10.1007/s00497-016-0283-9

Chaturvedi, P., Ischebeck, T., Egelhofer, V., Lichtscheidl, I., and Weckwerth, W.
(2013). Cell-specific analysis of the tomato pollen proteome from pollen mother
cell to mature pollen provides evidence for developmental priming. J. Proteome
Res. 12, 4892-4903. doi: 10.1021/pr400197p

Chen, Y., Hoehenwarter, W., and Weckwerth, W. (2010). Comparative analysis
of phytohormone-responsive phosphoproteins in Arabidopsis thaliana using
TiO2-phosphopeptide enrichment and mass accuracy precursor alignment.
Plant J. 63, 1-17. doi: 10.1111/j.1365-313x.2010.04218.x

Cheng, L., Wang, Y., He, Q,, Li, H., Zhang, X, and Zhang, F. (2016). Comparative
proteomics illustrates the complexity of drought resistance mechanisms in two
wheat (Triticum aestivum L.) cultivars under dehydration and rehydration.
BMC Plant Biol. 16:188. doi: 10.1186/s12870-016-0871-8

Cheng, Z., Dong, K., Ge, P., Bian, Y., Dong, L., Deng, X., et al. (2015).
Identification of leaf proteins differentially accumulated between wheat
cultivars distinct in their levels of drought tolerance. PLoS ONE 10:e0125302.
doi: 10.1371/journal.pone.0125302

Chmielewska, K., Rodziewicz, P., Swarcewicz, B., Sawikowska, A., Krajewski,
P., Marczak, L., et al. (2016). Analysis of Drought-Induced Proteomic and
Metabolomic Changes in Barley (Hordeum vulgare L.) Leaves and Roots
Unravels Some Aspects of Biochemical Mechanisms Involved in Drought
Tolerance. Front. Plant Sci. 7:1108. doi: 10.3389/fpls.2016.01108

Choudhary, M., Jayanand, and Padaria, J. C. (2015). Transcriptional profiling in
pearl millet (Pennisetum glaucum L.R. Br.) for identification of differentially

Frontiers in Plant Science | www.frontiersin.org

June 2017 | Volume 8 | Article 757


https://doi.org/10.1007/BF00046451
https://doi.org/10.1021/pr050291g
https://doi.org/10.1080/01904169509364923
https://doi.org/10.1007/s001220100559
https://doi.org/10.1021/pr401165b
https://doi.org/10.1111/j.1365-3040.2007.01770.x
https://doi.org/10.1002/1615-9861(200209)2:9<1156::AID-PROT1156>3.0.CO;2-4
https://doi.org/10.1007/s00425-012-1798-4
https://doi.org/10.1002/pmic.200300798
https://doi.org/10.1016/j.jprot.2011.05.015
https://doi.org/10.1126/science.1217941
https://doi.org/10.1016/j.jcs.2006.05.004
https://doi.org/10.1371/journal.pone.0038017
https://doi.org/10.1016/S1369-5266(03)00015-3
https://doi.org/10.1007/s00122-001-0851-7
https://doi.org/10.1016/j.fcr.2007.05.006
https://doi.org/10.2135/cropsci2006.07.0465
https://doi.org/10.1080/19491034.2016.1255391
https://doi.org/10.1016/j.fcr.2007.05.007
https://doi.org/10.1016/j.jprot.2013.03.021
https://doi.org/10.1016/S0981-9428(00)00166-2
https://doi.org/10.1038/nature11650
https://doi.org/10.1101/SQB.1958.023.01.036
https://doi.org/10.1007/s11103-013-0024-5
https://doi.org/10.13031/2013.21403
https://doi.org/10.1016/j.plantsci.2009.08.007
https://doi.org/10.1007/s10529-009-9933-4
https://doi.org/10.1093/jxb/ert227
https://doi.org/10.1104/pp.122.2.295
https://doi.org/10.1021/pr501240n
https://doi.org/10.1007/s00497-016-0283-9
https://doi.org/10.1021/pr400197p
https://doi.org/10.1111/j.1365-313x.2010.04218.x
https://doi.org/10.1186/s12870-016-0871-8
https://doi.org/10.1371/journal.pone.0125302
https://doi.org/10.3389/fpls.2016.01108
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

Ghatak et al.

Crop Proteomics and Global Climate Change

expressed drought responsive genes. Physiol. Mol. Biol. Plants 21, 187-196.
doi: 10.1007/s12298-015-0287-1

Crétin, C., Santi, S., Keryer, E., Lepiniec, L., Tagu, D., Vidal, J., et al. (1991).
The Phosphoenolpyruvate Carboxylase Gene Family of Sorghum - Promoter
Structures, Amino-Acid-Sequences and Expression of Genes. Gene 99, 87-94.
doi: 10.1016/0378-1119(91)90037-C

Cugq, B., Gontard, N., and Guilbert, S. (1998). Proteins as agricultural polymers
for packaging production. Cereal Chem. 75, 1-9. doi: 10.1094/CCHEM.1998.
75.1.1

Dembinsky, D., Woll, K., Saleem, M., Liu, Y., Fu, Y., Borsuk, L. A,, et al. (2007).
Transcriptomic and proteomic analyses of pericycle cells of the maize primary
root. Plant Physiol. 145, 575-588. doi: 10.1104/pp.107.106203

Devos, K. M., and Al E. (1995). Molecular tool for the nuclear pearl millet genome.
Int. Sorghum Millet Newsl. 36, 64-66.

Devos, K. M., and Gale, M. D. (2000). Genome relationships: the grass model in
current research. Plant Cell 12, 637-646. doi: 10.1105/tpc.12.5.637

Doebley, J. (2004). The genetics of maize evolution. Annu. Rev. Genet. 38, 37-59.
doi: 10.1146/annurev.genet.38.072902.092425

Dong, M., Gu, J., Zhang, L., Chen, P., Liu, T., Deng, J., et al. (2014). Comparative
proteomics analysis of superior and inferior spikelets in hybrid rice during
grain filling and response of inferior spikelets to drought stress using isobaric
tags for relative and absolute quantification. J. Proteomics 109, 382-399.
doi: 10.1016/j.jprot.2014.07.001

Donnelly, B. E., Madden, R. D., Ayoubi, P., Porter, D. R., and Dillwith, . W. (2005).
The wheat (Triticum aestivium L.) leaf proteome. Proteomics 5, 1624-1633.
doi: 10.1002/pmic.200401042

Duncan, O., Trosch, J., Fenske, R., Taylor, N. L., and Millar, A. H. (2017).
Resource: mapping the Triticum aestivum proteome. Plant J. 89, 601-616.
doi: 10.1111/tpj.13402

Earl, H. J., and Davis, R. F. (2003). Effect of drought stress on leaf and whole
canopy radiation use efficiency and yield of maize. Agron. J. 95, 688-696.
doi: 10.2134/agronj2003.0688

Endo, A. Sawada, Y., Takahashi, H., Okamoto, M., Ikegami, K., Koiwai,
H., et al. (2008). Drought induction of Arabidopsis 9-cis-epoxycarotenoid
dioxygenase occurs in vascular parenchyma cells. Plant Physiol. 147,
1984-1993. doi: 10.1104/pp.108.116632

Faghani, E., Gharechahi, J., Komatsu, S., Mirzaei, M., Khavarinejad, R. A., Najafi,
F., et al. (2015). Comparative physiology and proteomic analysis of two
wheat genotypes contrasting in drought tolerance. J. Proteom. 114, 1-15.
doi: 10.1016/j.jprot.2014.10.018

Fenn, J. B.,, Mann, M., Meng, C. K., Wong, S. F., and Whitehouse, C. M. (1989).
Electrospray ionization for mass-spectrometry of large biomolecules. Science
246, 64-71. doi: 10.1126/science.2675315

Finnie, C., and Svensson, B. (2009). Barley seed proteomics from spots to
structures. J. Proteomics 72, 315-324. doi: 10.1016/j.jprot.2008.12.001

Finnie, C., Andersen, B., Shahpiri, A., and Svensson, B. (2011). Proteomes of the
barley aleurone layer: a model system for plant signalling and protein secretion.
Proteomics 11, 1595-1605. doi: 10.1002/pmic.201000656

Ford, K. L., Cassin, A., and Bacic, A. (2011). Quantitative proteomic analysis of
wheat cultivars with differing drought stress tolerance. Front. Plant Sci. 2:44.
doi: 10.3389/fpls.2011.00044

Fujii, H., and Zhu, J. K. (2009). Arabidopsis mutant deficient in 3
abscisic acid-activated protein kinases reveals critical roles in growth,
reproduction, and stress. Proc. Natl. Acad. Sci. U.S.A. 106, 8380-8385.
doi: 10.1073/pnas.0903144106

Fujita, Y., Nakashima, K., Yoshida, T., Katagiri, T., Kidokoro, S., Kanamori, N.,
et al. (2009). Three SnRK2 Protein Kinases are the Main Positive Regulators of
Abscisic Acid Signaling in Response to Water Stress in Arabidopsis. Plant Cell
Physiol. 50, 2123-2132. doi: 10.1093/pcp/pcp147

Ge, P., Ma, C.,, Wang, S., Gao, L., Li, X, Guo, G,, et al. (2012). Comparative
proteomic analysis of grain development in two spring wheat
varieties under drought stress. Anal. Bioanal. Chem. 402, 1297-1313.
doi: 10.1007/s00216-011-5532-z

Gehrig, H., Heute, V., and Kluge, M. (2001). New partial sequences of
phosphoenolpyruvate carboxylase as molecular phylogenetic markers. Mol.
Phylogenet. Evol. 20, 262-274. doi: 10.1006/mpev.2001.0973

Ghatak, A., Chaturvedi, P., Nagler, M., Roustan, V., Lyon, D., Bachmann, G,,
etal. (2016). Comprehensive tissue-specific proteome analysis of drought stress

responses in Pennisetum glaucum (L.) R. Br. (Pearl millet). J. Proteomics 143,
122-135. doi: 10.1016/j.jprot.2016.02.032

Ghatak, A., Chaturvedi, P., Paul, P., Agrawal, G. K., Rakwal, R., Kim, S. T., et al. (in
press). Proteomics survey of solanaceae family: current status and challenges
ahead. J. Proteomics. doi: 10.1016/j.jprot.2017.05.016

Gill, B. S, Appels, R., Botha-Oberholster, A. M., Buell, C. R., Bennetzen,
J. L., Chalhoub, B., et al. (2004). A Workshop Report on Wheat

Genome Sequencing: International Genome Research on Wheat
Consortium.  Genetics 168, 1087-1096. doi:  10.1534/genetics.104.
034769

Giuliani, M. M., Palermo, C., De Santis, M. A., Mentana, A., Pompa, M., Giuzio,
L., et al. (2015). Differential expression of durum wheat gluten proteome
under water stress during grain filling. J. Agric. Food Chem. 63, 6501-6512.
doi: 10.1021/acs.jafc.5b01635

Glinski, M., and Weckwerth, W. (2006). The role of mass spectrometry in plant
systems biology. Mass Spectrom. Rev. 25, 173-214. doi: 10.1002/mas.20063

Gonzalez, M. C., Echevarria, C., Vidal, J., and Cejudo, F. J. (2002). Isolation
and characterisation of a wheat phosphoenolpyruvate carboxylase
gene. Modelling of the encoded protein. Plant Sci. 162, 233-238.
doi: 10.1016/S0168-9452(01)00548-9

Gonzélez, M. C., Osuna, L., Echevarria, C., Vidal, ], and Cejudo, F. J.
(1998). Expression and localization of phosphoenolpyruvate carboxylase in
developing and germinating wheat grains. Plant Physiol. 116, 1249-1258.
doi: 10.1104/pp.116.4.1249

Gorg, A., Weiss, W., and Dunn, M. J. (2004). Current two-dimensional
electrophoresis technology for proteomics. Proteomics 4, 3665-3685.
doi: 10.1002/pmic.200401031

Gu, H. B, Zhu, P. C, Jiao, Y., Meng, Y., and Chen, M. (2011). PRIN:
a predicted rice interactome network. BMC Bioinformatics 12:161.
doi: 10.1186/1471-2105-12-161

Guo, P. G., Baum, M., Grando, S., Ceccarelli, S., Bai, G. H., Li, R. H., et al. (2009).
Differentially expressed genes between drought-tolerant and drought-sensitive
barley genotypes in response to drought stress during the reproductive stage. J.
Exp. Bot. 60, 3531-3544. doi: 10.1093/jxb/erp194

Guo, Y., and Song, Y. (2009). Differential proteomic analysis of apoplastic proteins
during initial phase of salt stress in rice. Plant Signal. Behav. 4, 121-122.
doi: 10.4161/psb.4.2.7544

Gupta, P. K, Balyan, H. S., and Mir, R. R. (2008). Wheat genetics in the post-
genomics era. Curr. Sci. 95, 1660-1662.

Hajheidari, M., Eivazi, A., Buchanan, B. B., Wong, J. H., Majidi, I, and Salekdeh, G.
H. (2007). Proteomics uncovers a role for redox in drought tolerance in wheat.
J. Proteome Res. 6, 1451-1460. doi: 10.1021/pr060570j

Han, X. M., Aslanian, A., and Yates, J. R. (2008). Mass spectrometry for proteomics.
Curr. Opin. Chem. Biol. 12, 483-490. doi: 10.1016/j.cbpa.2008.07.024

Hao, P., Zhu, J., Gu, A,, Lv, D., Ge, P., Chen, G,, et al. (2015). An integrative
proteome analysis of different seedling organs in tolerant and sensitive
wheat cultivars under drought stress and recovery. Proteomics 15, 1544-1563.
doi: 10.1002/pmic.201400179

He, D. L., and Yang, P. (2013). Proteomics of rice seed germination. Front. Plant
Sci. 4:246. doi: 10.3389/fpls.2013.00246

Heazlewood, J. L., Howell, K. A., and Millar, A. H. (2003). Mitochondrial complex
I from Arabidopsis and rice: orthologs of mammalian and fungal components
coupled with plant-specific subunits. Biochim. Biophys. Acta Bioenergetics 1604,
159-169. doi: 10.1016/S0005-2728(03)00045-8

Helmy, M., Tomita, M., and Ishihama, Y. (2011). OryzaPG-DB: rice proteome
database based on shotgun proteogenomics. BMC Plant Biol. 11:63.
doi: 10.1186/1471-2229-11-63

Hochholdinger, F., Woll, K, Guo, L., and Schnable, P. S. (2005). The
accumulation of abundant soluble proteins changes early in the development
of the primary roots of maize (Zea mays L.). Proteomics 5, 4885-4893.
doi: 10.1002/pmic.200402034

Hoehenwarter, W., Larhlimi, A., Hummel, J., Egelhofer, V., Selbig, J., Van Dongen,
J. T, et al. (2011). MAPA distinguishes genotype-specific variability of highly
similar regulatory protein isoforms in potato tuber. J. Proteome Res. 10,
2979-2991. doi: 10.1021/pr101109a

Hoehenwarter, W., Thomas, M., Nukarinen, E., Egelhofer, V., Roéhrig, H.,
Weckwerth, W., et al. (2013). Identification of novel in vivo MAP
kinase substrates in Arabidopsis thaliana through use of tandem metal

Frontiers in Plant Science | www.frontiersin.org

20

June 2017 | Volume 8 | Article 757


https://doi.org/10.1007/s12298-015-0287-1
https://doi.org/10.1016/0378-1119(91)90037-C
https://doi.org/10.1094/CCHEM.1998.75.1.1
https://doi.org/10.1104/pp.107.106203
https://doi.org/10.1105/tpc.12.5.637
https://doi.org/10.1146/annurev.genet.38.072902.092425
https://doi.org/10.1016/j.jprot.2014.07.001
https://doi.org/10.1002/pmic.200401042
https://doi.org/10.1111/tpj.13402
https://doi.org/10.2134/agronj2003.0688
https://doi.org/10.1104/pp.108.116632
https://doi.org/10.1016/j.jprot.2014.10.018
https://doi.org/10.1126/science.2675315
https://doi.org/10.1016/j.jprot.2008.12.001
https://doi.org/10.1002/pmic.201000656
https://doi.org/10.3389/fpls.2011.00044
https://doi.org/10.1073/pnas.0903144106
https://doi.org/10.1093/pcp/pcp147
https://doi.org/10.1007/s00216-011-5532-z
https://doi.org/10.1006/mpev.2001.0973
https://doi.org/10.1016/j.jprot.2016.02.032
https://doi.org/10.1016/j.jprot.2017.05.016
https://doi.org/10.1534/genetics.104.034769
https://doi.org/10.1021/acs.jafc.5b01635
https://doi.org/10.1002/mas.20063
https://doi.org/10.1016/S0168-9452(01)00548-9
https://doi.org/10.1104/pp.116.4.1249
https://doi.org/10.1002/pmic.200401031
https://doi.org/10.1186/1471-2105-12-161
https://doi.org/10.1093/jxb/erp194
https://doi.org/10.4161/psb.4.2.7544
https://doi.org/10.1021/pr060570j
https://doi.org/10.1016/j.cbpa.2008.07.024
https://doi.org/10.1002/pmic.201400179
https://doi.org/10.3389/fpls.2013.00246
https://doi.org/10.1016/S0005-2728(03)00045-8
https://doi.org/10.1186/1471-2229-11-63
https://doi.org/10.1002/pmic.200402034
https://doi.org/10.1021/pr101109a
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

Ghatak et al.

Crop Proteomics and Global Climate Change

oxide affinity chromatography. Mol. Cell. Proteomics 12, 369-380.
doi: 10.1074/mcp.M112.020560

Hoehenwarter, W., van Dongen, J. T., Wienkoop, S., Steinfath, M., Hummel, J.,
Erban, A, etal. (2008). A rapid approach for phenotype-screening and database
independent detection of cSNP/protein polymorphism using mass accuracy
precursor alignment. Proteomics 8, 4214-4225. doi: 10.1002/pmic.200701047

Hu, H., Dai, M., Yao, J., Xiao, B., Li, X., Zhang, Q., et al. (2006). Overexpressing a
NAM, ATAF and CUC (NAC) transcription factor enhances drought resistance
and salt tolerance in rice. Proc. Natl. Acad. Sci. U.S.A. 103, 12987-12992.
doi: 10.1073/pnas.0604882103

Hu, X, Li, N, Wu, L, Li, C, Li, C.,, Zhang, L., et al. (2015a). Quantitative
iTRAQ-based proteomic analysis of phosphoproteins and ABA-regulated
phosphoproteins in maize leaves under osmotic stress. Sci. Rep. 5:15626.
doi: 10.1038/srep15626

Hu, X, Wu, L, Zhao, F, Zhang, D., Li, N. Zhu, G, et al. (2015b).
Phosphoproteomic analysis of the response of maize leaves to drought, heat and
their combination stress. Front. Plant Sci. 6:298. doi: 10.3389/fpls.2015.00298

Hu, Y., Li, W. C,, Xu, Y. Q,, Li, G. ], Liao, Y., and Fu, F. L. (2009). Differential
expression of candidate genes for lignin biosynthesis under drought stress in
maize leaves. . Appl. Genet. 50, 213-223. doi: 10.1007/BF03195675

Huang, H., Moller, I. M., and Song, S. Q. (2012). Proteomics of desiccation
tolerance during development and germination of maize embryos. J. Proteomics
75, 1247-1262. doi: 10.1016/}.jprot.2011.10.036

Hurkman, W. J., Tanaka, C. K., Vensel, W. H., Thilmony, R., and Altenbach,
S. B. (2004). Proteomic analysis of wheat endosperm proteins: changes in
response to development and high temperature. Gluten Proteins 169-172.
doi: 10.1039/9781847552099-00169

Imin, N., Kerim, T., Weinman, J. J., and Rolfe, B. G. (2001). Characterisation
of rice anther proteins expressed at the young microspore stage. Proteomics
1, 1149-1161. doi: 10.1002/1615-9861(200109)1:9<1149::AID-PROT1149>3.0.
CO;2-R

International Rice Genome Sequencing Project (2005). The map-based sequence
of the rice genome. Nature 436, 793-800. doi: 10.1038/nature03895

Ischebeck, T., Valledor, L., Lyon, D., Gingl, S., Nagler, M., Meijén, M., et al.
(2014). Comprehensive cell-specific protein analysis in early and late pollen
development from diploid microsporocytes to pollen tube growth. Mol. Cell.
Proteomics 13, 295-310. doi: 10.1074/mcp.M113.028100

Tuchi, S., Kobayashi, M., Taji, T., Naramoto, M., Seki, M., Kato, T., et al.
(2001). Regulation of drought tolerance by gene manipulation of 9-cis-
epoxycarotenoid dioxygenase, a key enzyme in abscisic acid biosynthesis in
Arabidopsis. Plant J. 27, 325-333. doi: 10.1046/j.1365-313x.2001.01096.x

Izui, K., Ishijima, S., Yamaguchi, Y., Katagiri, F., Murata, T., Shigesada, K,
et al. (1986). Cloning and Sequence-Analysis of Cdna-Encoding Active
Phosphoenolpyruvate Carboxylase of the C4-Pathway from Maize. Nucleic
Acids Res. 14, 1615-1628. doi: 10.1093/nar/14.4.1615

Jedmowski, C., Ashoub, A., Beckhaus, T., Berberich, T., Karas, M., and
Briiggemann, W. (2014). Comparative Analysis of Sorghum bicolor Proteome
in Response to Drought Stress and following Recovery. Int. J. Proteomics
2014:395905. doi: 10.1155/2014/395905

Jha, P., Shashi, Rustagi, A., Agnihotri, P. K., Kulkarni, V. M., and Bhat, V. (2011).
Efficient Agrobacterium-mediated transformation of Pennisetum glaucum (L.)
R. Br. using shoot apices as explant source. Plant Cell Tiss. Organ Cult. 107,
501-512. doi: 10.1007/s11240-011-0001-0

Ji, K, Wang, Y., Sun, W., Lou, Q., Mei, H., Shen, S., et al. (2012). Drought-
responsive mechanisms in rice genotypes with contrasting drought
tolerance during reproductive stage. J. Plant Physiol. 169, 336-344.
doi: 10.1016/j.jplph.2011.10.010

Jiang, S. S., Liang, X. N, Li, X, Wang, S. L., Lv, D. W., Ma, C. Y,, et al. (2012).
Wheat drought-responsive grain proteome analysis by linear and nonlinear
2-DE and MALDI-TOF mass spectrometry. Int. J. Mol. Sci. 13, 16065-16083.
doi: 10.3390/ijms131216065

Jones, E. S., Breese, W. A, Liu, C. J., Singh, S. D., Shaw, D. S., and Witcombe, J.
R. (2002). Mapping quantitative trait loci for resistance to downy mildew in
pear] millet: field and glasshouse screens detect the same QTL. Crop Sci. 42,
1316-1323. doi: 10.2135/cropsci2002.1316

Kacem, N. S., Mauro, S., Muhovski, Y., Delporte, F., Renaut, J., Djekoun, A.,
et al. (2016). Diagonal two-dimensional electrophoresis (D-2DE): a new
approach to study the effect of osmotic stress induced by polyethylene

glycol in durum wheat (Triticum durum Desf.). Mol. Biol. Rep. 43, 897-909.
doi: 10.1007/s11033-016-4028-5

Kamal, A. H. M., Kim, K. H., Shin, K. H., Choi, J. S., Baik, B. K., Tsujimoto, H.,
etal. (2010). Abiotic stress responsive proteins of wheat grain determined using
proteomics technique. Aust. J. Crop Sci. 4, 196-208.

Kamal, A. H., Cho, K., Choi, J. S., Bae, K. H., Komatsu, S., Uozumi, N.,
et al. (2013). The wheat chloroplastic proteome. J. Proteomics 93, 326-342.
doi: 10.1016/j.jprot.2013.03.009

Kaminaka, H., Morita, S., Tokumoto, M., Masumura, T., and Tanaka, K.
(1999). Differential gene expressions of rice superoxide dismutase isoforms
to oxidative and environmental stresses. Free Radic. Res. 31, S219-S225.
doi: 10.1080/10715769900301541

Kang, G., Li, G., Xu, W,, Peng, X., Han, Q., Zhu, Y., et al. (2012). Proteomics reveals
the effects of salicylic acid on growth and tolerance to subsequent drought stress
in wheat. J. Proteome Res. 11, 6066-6079. doi: 10.1021/pr300728y

Kanno, Y., Hanada, A., Chiba, Y., Ichikawa, T., Nakazawa, M., Matsui, M., et al.
(2012). Identification of an abscisic acid transporter by functional screening
using the receptor complex as a sensor. Proc. Natl. Acad. Sci. U.S.A. 109,
9653-9658. doi: 10.1073/pnas.1203567109

Karas, M., and Hillenkamp, F. (1988). Laser desorption ionization of proteins
with molecular masses exceeding 10000 daltons. Anal. Chem. 60, 2299-2301.
doi: 10.1021/ac00171a028

Karimizadeh, R., Mohammadi, M., Ghaffaripour, S., Karimpour, F., and
Shefazadeh, M. K. (2011). Evaluation of physiological screening techniques for
drought-resistant breeding of durum wheat genotypes in Iran. Afr. J. Biotechnol.
10, 12107-12117. doi: 10.5897/AJB11.933

Kaul, S., Koo, H. L., Jenkins, J., Rizzo, M., Rooney, T., Tallon, L. J., et al. (2000).
Analysis of the genome sequence of the flowering plant Arabidopsis thaliana.
Nature 408, 796-815. doi: 10.1038/35048692

Kausar, R., Arshad, M., Shahzad, A., and Komatsu, S. (2013). Proteomics analysis
of sensitive and tolerant barley genotypes under drought stress. Amino Acids
44, 345-359. doi: 10.1007/s00726-012-1338-3

Ke, Y., Han, G., He, H., and Li, J. (2009). Differential regulation of proteins and
phosphoproteins in rice under drought stress. Biochem. Biophys. Res. Commun.
379, 133-138. doi: 10.1016/j.bbrc.2008.12.067

Kerim, T., Imin, N., Weinman, J. J., and Rolfe, B. G. (2003). Proteome analysis
of male gametophyte development in rice anthers. Proteomics 3, 738-751.
doi: 10.1002/pmic.200300424

Kermicle, J. L. (1970). Dependence of R-Mottled Aleurone Phenotype in Maize on
Mode of Sexual Transmission. Genetics 66, 69-85.

Kholova, J., Hash, C. T., Kumar, P. L., Yadav, R. S., Kocova, M., and Vadez, V.
(2010). Terminal drought-tolerant pearl millet [Pennisetum glaucum (L.) R. Br.]
have high leaf ABA and limit transpiration at high vapour pressure deficit. J.
Exper. Bot. 61, 1431-1440. doi: 10.1093/jxb/erq013

Kholova, J., Nepolean, T., Hash, C. T., Supriya, A., Rajaram, V., Senthilvel, S., et al.
(2012). Water saving traits co-map with a major terminal drought tolerance
quantitative trait locus in pearl millet [Pennisetum glaucum (L.) R. Br.]. Mol.
Breed. 30, 1337-1353. doi: 10.1007/s11032-012-9720-0

Kim, S. T., Kim, S. G., Agrawal, G. K., Kikuchi, S., and Rakwal, R. (2014).
Rice proteomics: a model system for crop improvement and food security.
Proteomics 14, 593-610. doi: 10.1002/pmic.201300388

Kim, T. H., Béhmer, M., Hu, H., Nishimura, N., and Schroeder, J. 1. (2010).
Guard cell signal transduction network: advances in understanding abscisic
acid, CO2, and Ca2+ signaling. Annu. Rev. Plant Biol. 61, 561-591.
doi: 10.1146/annurev-arplant-042809-112226

Klingler, J. P., Batelli, G., and Zhu, J. K. (2010). ABA receptors: the START
of a new paradigm in phytohormone signalling. J. Exp. Bot. 61, 3199-3210.
doi: 10.1093/jxb/erq151

Koller, A., Washburn, M. P, Lange, B. M., Andon, N. L., Deciu, C., Haynes, P. A,,
et al. (2002). Proteomic survey of metabolic pathways in rice. Proc. Natl. Acad.
Sci. U.S.A. 99, 11969-11974. doi: 10.1073/pnas.172183199

Komatsu, S. (2006). Plant proteomics databases: their status in 2005. Curr.
Bioinform. 1, 33-36. doi: 10.2174/157489306775330651

Komatsu, S., Kajiwara, H., and Hirano, H. (1993). A rice protein library - a data-file
of rice proteins separated by 2-dimensional electrophoresis. Theor. Appl. Genet.
86, 935-942. doi: 10.1007/BF00211044

Komatsu, S., and Yano, H. (2006). Update and challenges on proteomics in rice.
Proteomics 6, 4057-4068. doi: 10.1002/pmic.200600012

Frontiers in Plant Science | www.frontiersin.org

21

June 2017 | Volume 8 | Article 757


https://doi.org/10.1074/mcp.M112.020560
https://doi.org/10.1002/pmic.200701047
https://doi.org/10.1073/pnas.0604882103
https://doi.org/10.1038/srep15626
https://doi.org/10.3389/fpls.2015.00298
https://doi.org/10.1007/BF03195675
https://doi.org/10.1016/j.jprot.2011.10.036
https://doi.org/10.1039/9781847552099-00169
https://doi.org/10.1002/1615-9861(200109)1:9<1149::AID-PROT1149>3.0.CO;2-R
https://doi.org/10.1038/nature03895
https://doi.org/10.1074/mcp.M113.028100
https://doi.org/10.1046/j.1365-313x.2001.01096.x
https://doi.org/10.1093/nar/14.4.1615
https://doi.org/10.1155/2014/395905
https://doi.org/10.1007/s11240-011-0001-0
https://doi.org/10.1016/j.jplph.2011.10.010
https://doi.org/10.3390/ijms131216065
https://doi.org/10.2135/cropsci2002.1316
https://doi.org/10.1007/s11033-016-4028-5
https://doi.org/10.1016/j.jprot.2013.03.009
https://doi.org/10.1080/10715769900301541
https://doi.org/10.1021/pr300728y
https://doi.org/10.1073/pnas.1203567109
https://doi.org/10.1021/ac00171a028
https://doi.org/10.5897/AJB11.933
https://doi.org/10.1038/35048692
https://doi.org/10.1007/s00726-012-1338-3
https://doi.org/10.1016/j.bbrc.2008.12.067
https://doi.org/10.1002/pmic.200300424
https://doi.org/10.1093/jxb/erq013
https://doi.org/10.1007/s11032-012-9720-0
https://doi.org/10.1002/pmic.201300388
https://doi.org/10.1146/annurev-arplant-042809-112226
https://doi.org/10.1093/jxb/erq151
https://doi.org/10.1073/pnas.172183199
https://doi.org/10.2174/157489306775330651
https://doi.org/10.1007/BF00211044
https://doi.org/10.1002/pmic.200600012
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

Ghatak et al.

Crop Proteomics and Global Climate Change

Komatsu, S., Kamal, A. H. M., and Hossain, Z. (2014). Wheat proteomics:
proteome modulation and abiotic stress acclimation. Front. Plant Sci. 5:684.
doi: 10.3389/fpls.2014.00684

Komatsu, S., Muhammad, A. and Rakwal, R. (1999). Separation and
characterization of proteins from green and etiolated shoots of rice (Oryza
sativa L.): towards a rice proteome. Electrophoresis 20, 630-636. doi: 10.1002/
(SICI)1522-2683(19990301)20:3<630::AID-ELPS630>3.0.CO;2-Z

Koziol, A. G., Marquez, B. K., Huebsch, M. P., Smith, J. C., and Altosaar, 1.
(2012). The starch granule associated proteomes of commercially purified
starch reference materials from rice and maize. J. Proteomics 75, 993-1003.
doi: 10.1016/j.jprot.2011.10.019

Ku, M. S. B, Kanomurakami, Y., and Matsuoka, M. (1996). Evolution
and expression of C-4 photosynthesis genes. Plant Physiol. 111, 949-957.
doi: 10.1104/pp.111.4.949

Kuromori, T., Miyaji, T., Yabuuchi, H., Shimizu, H., Sugimoto, E., Kamiya,
A, et al. (2010). ABC transporter AtABCG25 is involved in abscisic acid
transport and responses. Proc. Natl. Acad. Sci. U.S.A. 107, 2361-2366.
doi: 10.1073/pnas.0912516107

Lasztity, B. (1996). Dynamics of nutrient accumulation in aboveground parts of
sorghum. Novenytermeles 45, 271-279.

Lepiniec, L., Santi, S., Keryer, E, Amiet, V., Vidal, J., Gadal, P., et al
(1991). Complete Nucleotide-Sequence of One Member of the Sorghum

Phosphoenolpyruvate Carboxylase Gene Family. Plant Mol. Biol. 17,
1077-1079. doi: 10.1007/BF00037146
Lepiniec, L., Vidal, J., Chollet, R., Gadal, P.,, and Cretin, C. (1994).

Phosphoenolpyruvate carboxylase - structure, regulation and evolution.
Plant Sci. 99, 111-124. doi: 10.1016/0168-9452(94)90168-6

Liu, C. J., Witcombe, J. R,, Pittaway, T. S., Nash, M., Hash, C. T., Busso, C. S., et al.
(1994). An Rflp-Based Genetic-Map of Pearl-Millet (Pennisetum-Glaucum).
Theor. Appl. Genet. 89, 481-487. doi: 10.1007/BF00225384

Liu, H,, Sultan, M. A. R. F,, Liu, X. L.,, Zhang, J., Yu, F,, and Zhao, H. X,
(2015). Physiological and comparative proteomic analysis reveals different
drought responses in roots and leaves of drought-tolerant wild wheat (Triticum
boeoticum). PLoS ONE 10:¢121852. doi: 10.1371/journal.pone.0121852

Liu, J. X., and Bennett, J. (2011). Reversible and irreversible drought-induced
changes in the anther proteome of rice (Oryza sativa L.) Genotypes IR64 and
Moroberekan. Mol. Plant 4, 59-69. doi: 10.1093/mp/ssq039

Liu, Y., Chaturvedi, P., Fu, J., Cai, Q., Weckwerth, W., and Yang, P. (2016).
Induction and quantitative proteomic analysis of cell dedifferentiation during
callus formation of lotus (Nelumbo nucifera Gaertn.spp. baijianlian). J.
Proteomics 131, 61-70. doi: 10.1016/j.jprot.2015.10.010

Lobell, D. B., and Gourdji, S. M. (2012). The influence of climate change on global
crop productivity. Plant Physiol. 160, 1686-1697. doi: 10.1104/pp.112.208298

Lonosky, P. M., Zhang, X., Honavar, V. G., Dobbs, D. L., Fu, A, and Rodermel, S.
R. (2004). A proteomic analysis of maize chloroplast biogenesis. Plant Physiol.
134, 560-574. doi: 10.1104/pp.103.032003

Ma, W., Muthreich, N., Liao, C., Franz-Wachtel, M., Schutz, W., Zhang, F. S,,
et al. (2010). The mucilage proteome of maize (Zea mays L.) primary roots.
J. Proteome Res. 9, 2968-2976. doi: 10.1021/pr901168v

Majeran, W., Friso, G., Ponnala, L., Connolly, B., Huang, M. S., Reidel, E., et al.
(2010). Structural and metabolic transitions of C-4 Leaf development and
differentiation defined by microscopy and quantitative proteomics in maize.
Plant Cell 22, 3509-3542. doi: 10.1105/tpc.110.079764

Mamone, G., Ferranti, P., Chianese, L., Scafuri, L., and Addeo, F. (2000).
Qualitative and quantitative analysis of wheat gluten proteins by
liquid chromatography and electrospray mass spectrometry. Rapid
Commun. Mass Spectrom. 14, 897-904. doi: 10.1002/(SICI)1097-
0231(20000530)14:10<897::AID-RCM962>3.0.CO;2-Z

Matros, A., Kaspar, S., Witzel, K., and Mock, H. P. (2011). Recent progress in liquid
chromatography-based separation and label-free quantitative plant proteomics.
Phytochemistry 72, 963-974. doi: 10.1016/j.phytochem.2010.11.009

McClintock, B. (1930). A cytological demonstration of the location of an
interchange between two non-homologous chromosomes of Zea mays. Proc.
Natl. Acad. Sci. U.S.A. 16, 791-796. doi: 10.1073/pnas.16.12.791

Méchin, V., Balliau, T., Chateau-Joubert, S., Davanture, M., Langella, O.,
Négroni, L., et al. (2004). A two-dimensional proteome map of maize
endosperm. Phytochemistry 65, 1609-1618. doi: 10.1016/j.phytochem.2004.
04.035

Mikami, S., Hori, H., and Mitsui, T. (2001). Separation of distinct compartments
of rice Golgi complex by sucrose density gradient centrifugation. Plant Sci. 161,
665-675. doi: 10.1016/S0168-9452(01)00455-1

Mirzaei, M., Pascovici, D., Atwell, B. J., and Haynes, P. A. (2012a). Differential
regulation of aquaporins, small GTPases and V-ATPases proteins in rice
leaves subjected to drought stress and recovery. Proteomics 12, 864-877.
doi: 10.1002/pmic.201100389

Mirzaei, M., Soltani, N., Sarhadi, E., George, I. S., Neilson, K. A., Pascovici, D.,
et al. (2014). Manipulating root water supply elicits major shifts in the shoot
proteome. J. Proteome Res. 13, 517-526. doi: 10.1021/pr400696u

Mirzaei, M., Soltani, N., Sarhadi, E., Pascovici, D., Keighley, T., Salekdeh, G. H.,
et al. (2012b). Shotgun proteomic analysis of long-distance drought signaling
in rice roots. J. Proteome Res. 11, 348-358. doi: 10.1021/pr2008779

Mishra, R. N., Reddy, P. S., Nair, S., Markandeya, G., Reddy, A. R,, Sopory, S. K.,
et al. (2007). Isolation and characterization of expressed sequence tags (ESTs)
from subtracted cDNA libraries of Pennisetum glaucum seedlings. Plant Mol.
Biol. 64, 713-732. doi: 10.1007/s11103-007-9193-4

Mitra, J. (2001). Genetics and genetic improvement of drought resistance in crop
plants. Curr. Sci. 80, 758-763.

Morgan, R. N., Wilson, J. P., Hanna, W. W, and Ozias-Akins, P. (1998). Molecular
markers for rust and pyricularia leaf spot disease resistance in pearl millet.
Theor. Appl. Genet. 96, 413-420. doi: 10.1007/s001220050757

Morgenthal, K., Wienkoop, S., Scholz, M., Selbig, J., and Weckwerth, W.
(2005). Correlative GC-TOF-MS-based metabolite profiling and LC-MS-based
protein profiling reveal time-related systemic regulation of metabolite-protein
networks and improve pattern recognition for multiple biomarker selection.
Metabolomics 1, 109-121. doi: 10.1007/s11306-005-4430-9

Mustilli, A. C., Merlot, S., Vavasseur, A., Fenzi, F., and Giraudat, J. (2002).
Arabidopsis OST1 protein kinase mediates the regulation of stomatal aperture
by abscisic acid and acts upstream of reactive oxygen species production. Plant
Cell 14, 3089-3099. doi: 10.1105/tpc.007906

Muthurajan, R., Shobbar, Z. S., Jagadish, S. V., Bruskiewich, R., Ismail, A., Leung,
H., et al. (2011). Physiological and proteomic responses of rice peduncles to
drought stress. Mol. Biotechnol. 48, 173-182. doi: 10.1007/s12033-010-9358-2

Nigele, T., and Weckwerth, W. (2014). Mathematical modeling reveals that
metabolic feedback regulation of SnRK1 and hexokinase is sufficient to control
sugar homeostasis from energy depletion to full recovery. Front. Plant Sci.
5:365. doi: 10.3389/fpls.2014.00365

Nakashima, K., Fujita, Y., Kanamori, N., Katagiri, T., Umezawa, T., Kidokoro, S.,
et al. (2009a). Three Arabidopsis SnRK2 Protein Kinases, SRK2D/SnRK2.2,
SRK2E/SnRK2.6/OST1 and SRK2I/SnRK2.3, Involved in ABA Signaling are
Essential for the Control of Seed Development and Dormancy. Plant Cell
Physiol. 50, 1345-1363. doi: 10.1093/pcp/pcp083

Nakashima, K., Ito, Y., and Yamaguchi-Shinozaki, K. (2009b). Transcriptional
regulatory networks in response to abiotic stresses in Arabidopsis and grasses.
Plant Physiol. 149, 88-95. doi: 10.1104/pp.108.129791

Nestler, J., Schiitz, W., and Hochholdinger, F. (2011). Conserved and unique
features of the maize (Zea mays L.) root hair proteome. J. Proteome Res. 10,
2525-2537. doi: 10.1021/pr200003k

Nishimura, N., Sarkeshik, A., Nito, K., Park, S. Y., Wang, A., Carvalho, P. C,,
et al. (2010). PYR/PYL/RCAR family members are major in-vivo ABI1 protein
phosphatase 2C-interacting proteins in Arabidopsis. Plant J. 61, 290-299.
doi: 10.1111/§.1365-313X.2009.04054.x

Nozu, Y., Tsugita, A., and Kamijo, K. (2006). Proteomic analysis of rice leaf,
stem and root tissues during growth course. Proteomics 6, 3665-3670.
doi: 10.1002/pmic.200600043

Nukarinen, E., Négele, T., Pedrotti, L., Wurzinger, B., Mair, A., Landgraf, R., et al.
(2016). Quantitative phosphoproteomics reveals the role of the AMPK plant
ortholog SnRKI1 as a metabolic master regulator under energy deprivation. Sci.
Rep. 6:31697. doi: 10.1038/srep31697

Oda, Y., Huang, K., Cross, F. R, Cowburn, D., and Chait, B. T. (1999).
Accurate quantitation of protein expression and site-specific phosphorylation.
Proc. Natl. Acad. Sci. US.A. 96, 6591-6596. doi: 10.1073/pnas.96.
12.6591

Osakabe, Y., Osakabe, K., Shinozaki, K., and Tran, L. S. (2014). Response of plants
to water stress. Front. Plant Sci. 5:86. doi: 10.3389/fpls.2014.00086

Oukarroum, A., El Madidi, S., Schansker, G., and Strasser, R. J. (2007). Probing the
responses of barley cultivars (Hordeum vulgare L.) by chlorophyll a fluorescence

Frontiers in Plant Science | www.frontiersin.org

22

June 2017 | Volume 8 | Article 757


https://doi.org/10.3389/fpls.2014.00684
https://doi.org/10.1002/(SICI)1522-2683(19990301)20:3<630::AID-ELPS630>3.0.CO;2-Z
https://doi.org/10.1016/j.jprot.2011.10.019
https://doi.org/10.1104/pp.111.4.949
https://doi.org/10.1073/pnas.0912516107
https://doi.org/10.1007/BF00037146
https://doi.org/10.1016/0168-9452(94)90168-6
https://doi.org/10.1007/BF00225384
https://doi.org/10.1371/journal.pone.0121852
https://doi.org/10.1093/mp/ssq039
https://doi.org/10.1016/j.jprot.2015.10.010
https://doi.org/10.1104/pp.112.208298
https://doi.org/10.1104/pp.103.032003
https://doi.org/10.1021/pr901168v
https://doi.org/10.1105/tpc.110.079764
https://doi.org/10.1002/(SICI)1097-0231(20000530)14:10<897::AID-RCM962>3.0.CO;2-Z
https://doi.org/10.1016/j.phytochem.2010.11.009
https://doi.org/10.1073/pnas.16.12.791
https://doi.org/10.1016/j.phytochem.2004.04.035
https://doi.org/10.1016/S0168-9452(01)00455-1
https://doi.org/10.1002/pmic.201100389
https://doi.org/10.1021/pr400696u
https://doi.org/10.1021/pr2008779
https://doi.org/10.1007/s11103-007-9193-4
https://doi.org/10.1007/s001220050757
https://doi.org/10.1007/s11306-005-4430-9
https://doi.org/10.1105/tpc.007906
https://doi.org/10.1007/s12033-010-9358-2
https://doi.org/10.3389/fpls.2014.00365
https://doi.org/10.1093/pcp/pcp083
https://doi.org/10.1104/pp.108.129791
https://doi.org/10.1021/pr200003k
https://doi.org/10.1111/j.1365-313X.2009.04054.x
https://doi.org/10.1002/pmic.200600043
https://doi.org/10.1038/srep31697
https://doi.org/10.1073/pnas.96.12.6591
https://doi.org/10.3389/fpls.2014.00086
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

Ghatak et al.

Crop Proteomics and Global Climate Change

OLKJIP under drought stress and re-watering. Environ. Exp. Bot. 60, 438-446.
doi: 10.1016/j.envexpbot.2007.01.002

Pandey, A., Rajamani, U., Verma, J., Subba, P., Chakraborty, N., Datta, A., et al.
(2010). Identification of extracellular matrix proteins of rice (Oryza sativa
L.) Involved in dehydration-responsive network: a proteomic approach. J.
Proteome Res. 9, 3443-3464. doi: 10.1021/pr901098p

Pandey, S., Nelson, D. C,, and Assmann, S. M. (2009). Two novel GPCR-type
G proteins are abscisic acid receptors in Arabidopsis. Cell 136, 136-148.
doi: 10.1016/j.cell.2008.12.026

Parry, M. A, and Hawkesford, M. J. (2012). An integrated approach
to crop genetic improvement. J. Integr. Plant Biol. 54, 250-259.
doi: 10.1111/j.1744-7909.2012.01109.x

Paterson, A. H., Bowers, J. E., Bruggmann, R., Dubchak, I, Grimwood, J.,
Gundlach, H,, et al. (2009). The Sorghum bicolor genome and the diversification
of grasses. Nature 457, 551-556. doi: 10.1038/nature07723

Paul, P., Chaturvedi, P., Selymesi, M., Ghatak, A., Mesihovic, A., Scharf, K. D.,
et al. (2015). The membrane proteome of male gametophyte in Solanum
lycopersicum. J. Proteomics. 131, 48-60. doi: 10.1016/j.jprot.2015.10.009

Pechanova, O., Pechan, T., Ozkan, S., McCarthy, F. M., Williams, W. P., and Luthe,
D. S. (2010). Proteome profile of the developing maize (Zea mays L.) rachis.
Proteomics 10, 3051-3055. doi: 10.1002/pmic.200900833

Pechanova, O., Takéc, T., Samaj, J.» and Pechan, T. (2013). Maize proteomics: an
insight into the biology of an important cereal crop. Proteomics 13, 637-662.
doi: 10.1002/pmic.201200275

Peng, Z. Y., Wang, M, Li, F, Lv, H, Li, C, and Xia, G. M. (2009). A
Proteomic Study of the Response to Salinity and Drought Stress in an
Introgression Strain of Bread Wheat. Mol. Cell. Proteomics 8, 2676-2686.
doi: 10.1074/mcp.M900052-MCP200

Peremarti, A., Mare, C., Aprile, A., Roncaglia, E., Cattivelli, L., Villegas,
D., et al. (2014). Transcriptomic and proteomic analyses of a pale-
green durum wheat mutant shows variations in photosystem components
and metabolic deficiencies under drought stress. BMC Genomics 15:125.
doi: 10.1186/1471-2164-15-125

Plomion, C., Lalanne, C., Claverol, S., Meddour, H., Kohler, A., Bogeat-Triboulot,
M. B., et al. (2006). Mapping the proteome of poplar and application to
the discovery of drought-stress responsive proteins. Proteomics 6, 6509-6527.
doi: 10.1002/pmic.200600362

Porubleva, L., Vander Velden, K., Kothari, S., Oliver, D. J., and Chitnis,
P. R. (2001). The proteome of maize leaves: use of gene sequences
and expressed sequence tag data for identification of proteins with
peptide mass fingerprints. Electrophoresis 22, 1724-1738. doi: 10.1002/1522-
2683(200105)22:9<1724::AID-ELPS1724>3.0.CO;2-2

Qi, X,, Pittaway, T. S., Lindup, S., Liu, H., Waterman, E., Padi, F. K,, et al. (2004).
An integrated genetic map and a new set of simple sequence repeat markers
for pearl millet, Pennisetum glaucum. Theor. Appl. Genet. 109, 1485-1493.
doi: 10.1007/s00122-004-1765-y

Qin, Y., Song, W, Xiao, S., Yin, G., Zhu, Y., Yan, Y., et al. (2014). Stress-related
genes distinctly expressed in unfertilized wheat ovaries under both normal and
water deficit conditions whereas differed in fertilized ovaries. J. Proteomics 102,
11-27. doi: 10.1016/j.jprot.2014.02.028

Que, S. F,, Li, K., Chen, M., Wang, Y. F,, Yang, Q. B., Zhang, W. F,, et al. (2012).
PhosphoRice: a meta-predictor of rice-specific phosphorylation sites. Plant
Methods 8:5. doi: 10.1186/1746-4811-8-5

Rabello, A. R., Guimaraes, C. M., Rangel, P. H., da Silva, F. R,, Seixas, D., De Souza,
E., et al. (2008). Identification of drought-responsive genes in roots of upland
rice (Oryza sativa L). BMC Genomics 9:485. doi: 10.1186/1471-2164-9-485

Rabello, F. R, Villeth, G. R., Rabello, A. R., Rangel, P. H., Guimaraes, C.
M., Huergo, L. F., et al. (2014). Proteomic analysis of upland rice (Oryza
sativa L.) exposed to intermittent water deficit. Protein J. 33, 221-230.
doi: 10.1007/s10930-014-9554-1

Rakwal, R., and Agrawal, G. K. (2003). Rice proteomics: current status and future
perspectives. Electrophoresis 24, 3378-3389. doi: 10.1002/elps.200305586

Riccardi, F., Gazeau, P., de Vienne, D, and Zivy, M. (1998). Protein
changes in response to progressive water deficit in maize - Quantitative
variation and polypeptide identification. Plant Physiol. 117, 1253-1263.
doi: 10.1104/pp.117.4.1253

Riccardi, F., Gazeau, P., Jacquemot, M. P., Vincent, D., and Zivy, M.

(2004). Deciphering genetic variations of proteome responses to

water deficit in maize leaves. Plant Physiol. Biochem. 42, 1003-1011.
doi: 10.1016/j.plaphy.2004.09.009

Rizhsky, L., Liang, H., and Mittler, R. (2002). The combined effect of drought stress
and heat shock on gene expression in tobacco. Plant Physiol. 130, 1143-1151.
doi: 10.1104/pp.006858

Rollins, J. A., Habte, E., Templer, S. E., Colby, T., Schmidt, J., and von Korff,
M. (2013). Leaf proteome alterations in the context of physiological and
morphological responses to drought and heat stress in barley (Hordeum vulgare
L.). J. Exp. Bot. 64, 3201-3212. doi: 10.1093/jxb/ert158

Roy, A., Rushton, P. J.,, and Rohila, J. S. (2011). The potential of proteomics
technologies for crop improvement under drought conditions. CRC. Crit. Rev.
Plant Sci. 30, 471-490. doi: 10.1080/07352689.2011.605743

Sakuma, Y., Maruyama, K., Osakabe, Y., Qin, F., Seki, M., Shinozaki, K., et al.
(2006). Functional analysis of an Arabidopsis transcription factor, DREB2A,
involved in drought-responsive gene expression. Plant Cell 18, 1292-1309.
doi: 10.1105/tpc.105.035881

Salekdeh, G. H., Siopongco, J., Wade, L. J., Ghareyazie, B., and Bennett, J. (2002).
Proteomic analysis of rice leaves during drought stress and recovery. Proteomics
2, 1131-1145. doi: 10.1002/1615-9861(200209)2:9<1131::AID-PROT1131>3.0.
CO;2-1

Saruhashi, M., Kumar Ghosh, T., Arai, K., Ishizaki, Y., Hagiwara, K., Komatsu,
K., et al. (2015). Plant Raf-like kinase integrates abscisic acid and hyperosmotic
stress signaling upstream of SNF1-related protein kinase2. Proc. Natl. Acad. Sci.
U.S.A. 112, E6388-E6396. doi: 10.1073/pnas.1511238112

Schnable, P. S., Ware, D., Fulton, R. S., Stein, J. C., Wei, F., Pasternak, S., et al.
(2009). The B73 maize genome: complexity, diversity, and dynamics. Science
326, 1112-1115. doi: 10.1126/science.1178534

Sehgal, D., Rajaram, V., Armstead, I. P., Vadez, V., Yadav, Y. P, Hash, C. T,
et al. (2012). Integration of gene-based markers in a pearl millet genetic map
for identification of candidate genes underlying drought tolerance quantitative
trait loci. BMC Plant Biol. 12:9. doi: 10.1186/1471-2229-12-9

Shakhatreh, Y., Haddad, N., Alrababah, M., Grando, S., and Ceccarelli, S. (2010).
Phenotypic diversity in wild barley [Hordeum vulgare L. ssp spontaneum (C.
Koch) Thell.] accessions collected in Jordan. Genet. Res. Crop Evol. 57, 131-146.
doi: 10.1007/510722-009-9457-8

Shakhatreh, Y., Kafawin, O., Ceccarelli, S., and Saoub, H. (2001). Selection
of barley lines for drought tolerance in low-rainfall areas. J. Agron.
Crop Sci.  Zeitschrift  Fur Acker Und Pflanzenbau 186, 119-127.
doi: 10.1046/.1439-037X.2001.00459.x

Sharma, P. C, Sehgal, D., Singh, D., Singh, G., and Yadav, R. S. (2011). A major
terminal drought tolerance QTL of pearl millet is also associated with reduced
salt uptake and enhanced growth under salt stress. Mol. Breed. 27, 207-222.
doi: 10.1007/s11032-010-9423-3

Sharma, P. C., Singh, D., Sehgal, D., Singh, G., Hash, C. T., and Yadav, R. S.
(2014). Further evidence that a terminal drought tolerance QTL of pearl
millet is associated with reduced salt uptake. Environ. Exp. Bot. 102, 48-57.
doi: 10.1016/j.envexpbot.2014.01.013

Sheen, J. (1999). C-4 gene expression. Annu. Rev. Plant Physiol. Plant Mol. Biol. 50,
187-217. doi: 10.1146/annurev.arplant.50.1.187

Shen, S., Matsubae, M., Takao, T., Tanaka, N., and Komatsu, S. (2002). A
proteomic analysis of leaf sheaths from rice. J. Biochem. 132, 613-620.
doi: 10.1093/oxfordjournals.jbchem.a003264

Shewry, P. R., and Tatham, A. S. (1990). The prolamin storage proteins of cereal
seeds - structure and evolution. Biochem. J. 267, 1-12. doi: 10.1042/bj26
70001

Shuy, L., Lou, Q., Ma, C., Ding, W., Zhou, J., Wu, ., et al. (2011). Genetic, proteomic
and metabolic analysis of the regulation of energy storage in rice seedlings
in response to drought. Proteomics 11, 4122-4138. doi: 10.1002/pmic.201
000485

Singh, R., and Jwa, N. S. (2013). Understanding the responses of rice to
environmental stress using proteomics. J. Proteome Res. 12, 4652-4669.
doi: 10.1021/pr400689j

Skylas, D. J., Copeland, L., Rathmell, W. G., and Wrigley, C. W. (2001). The wheat-
grain proteome as a basis for more efficient cultivar identification. Proteomics
1, 1542-1546. doi: 10.1002/1615-9861(200111)1:12<1542::AID-PROT1542>3.
0.COs2-K

Stockinger, E. J., Gilmour, S. J., and Thomashow, M. F. (1997). Arabidopsis
thaliana CBF1 encodes an AP2 domain-containing transcriptional activator

Frontiers in Plant Science | www.frontiersin.org

23

June 2017 | Volume 8 | Article 757


https://doi.org/10.1016/j.envexpbot.2007.01.002
https://doi.org/10.1021/pr901098p
https://doi.org/10.1016/j.cell.2008.12.026
https://doi.org/10.1111/j.1744-7909.2012.01109.x
https://doi.org/10.1038/nature07723
https://doi.org/10.1016/j.jprot.2015.10.009
https://doi.org/10.1002/pmic.200900833
https://doi.org/10.1002/pmic.201200275
https://doi.org/10.1074/mcp.M900052-MCP200
https://doi.org/10.1186/1471-2164-15-125
https://doi.org/10.1002/pmic.200600362
https://doi.org/10.1002/1522-2683(200105)22:9<1724::AID-ELPS1724>3.0.CO;2-2
https://doi.org/10.1007/s00122-004-1765-y
https://doi.org/10.1016/j.jprot.2014.02.028
https://doi.org/10.1186/1746-4811-8-5
https://doi.org/10.1186/1471-2164-9-485
https://doi.org/10.1007/s10930-014-9554-1
https://doi.org/10.1002/elps.200305586
https://doi.org/10.1104/pp.117.4.1253
https://doi.org/10.1016/j.plaphy.2004.09.009
https://doi.org/10.1104/pp.006858
https://doi.org/10.1093/jxb/ert158
https://doi.org/10.1080/07352689.2011.605743
https://doi.org/10.1105/tpc.105.035881
https://doi.org/10.1002/1615-9861(200209)2:9<1131::AID-PROT1131>3.0.CO;2-1
https://doi.org/10.1073/pnas.1511238112
https://doi.org/10.1126/science.1178534
https://doi.org/10.1186/1471-2229-12-9
https://doi.org/10.1007/s10722-009-9457-8
https://doi.org/10.1046/j.1439-037X.2001.00459.x
https://doi.org/10.1007/s11032-010-9423-3
https://doi.org/10.1016/j.envexpbot.2014.01.013
https://doi.org/10.1146/annurev.arplant.50.1.187
https://doi.org/10.1093/oxfordjournals.jbchem.a003264
https://doi.org/10.1042/bj2670001
https://doi.org/10.1002/pmic.201000485
https://doi.org/10.1021/pr400689j
https://doi.org/10.1002/1615-9861(200111)1:12<1542::AID-PROT1542>3.0.CO;2-K
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

Ghatak et al.

Crop Proteomics and Global Climate Change

that binds to the C-repeat/DRE, a cis-acting DNA regulatory element
that stimulates transcription in response to low temperature and water
deficit. Proc. Natl. Acad. Sci. U.S.A. 94, 1035-1040. doi: 10.1073/pnas.94.
3.1035

Strable, J., and Scanlon, M. J. (2009). Maize (Zea mays): a model organism for
basic and applied research in plant biology. Cold Spring Harb. Protoc. 2009:pdb
emo132. doi: 10.1101/pdb.emo132

Supriya, A., Senthilvel, S., Nepolean, T., Eshwar, K., Rajaram, V., Shaw, R,
et al. (2011). Development of a molecular linkage map of pearl millet
integrating DArT and SSR markers. Theor. Appl. Genet. 123, 239-250.
doi: 10.1007/s00122-011-1580-1

Talame, V., Ozturk, N. Z., Bohnert, H. J., and Tuberosa, R. (2007). Barley transcript
profiles under dehydration shock and drought stress treatments: a comparative
analysis. J. Exp. Bot. 58, 229-240. doi: 10.1093/jxb/erl163

Taylor, M. G., and Vasil, I. K. (1991). Histology of, and Physical Factors
Affecting, Transient Gus Expression in Pearl-Millet (Pennisetum-Glaucum (L)
R Br) Embryos Following Microprojectile Bombardment. Plant Cell Rep. 10,
120-125. doi: 10.1007/BF00232041

Tester, M., and Langridge, P. (2010). Breeding technologies to increase
crop production in a changing world. 327, 818-822.
doi: 10.1126/science.1183700

Tian, T., You, Q., Zhang, L., Yi, X,, Yan, H., Xu, W,, et al. (2016). SorghumFDB:
sorghum functional genomics database with multidimensional network
analysis. Database (Oxford) 2016. doi: 10.1093/database/baw099

Tran, L. S., Shinozaki, K., and Yamaguchi-Shinozaki, K. (2010). Role of cytokinin
responsive two-component system in ABA and osmotic stress signalings. Plant
Signal. Behav. 5, 148-150. doi: 10.4161/psb.5.2.10411

Tsugita, A., Kawakami, T., Uchiyama, Y., Kamo, M., Miyatake, N., and Nozu, Y.
(1994). Separation and Characterization of Rice Proteins. Electrophoresis 15,
708-720. doi: 10.1002/elps.1150150198

Umezawa, T., Sugiyama, N., Takahashi, F., Anderson, J. C., Ishihama, Y.,
Peck, S. C,, et al. (2013). Genetics and phosphoproteomics reveal a protein
phosphorylation network in the abscisic acid signaling pathway in Arabidopsis
thaliana. Sci. Signal. 6:1s8. doi: 10.1126/scisignal.2003509

Umezawa, T., Takahashi, F., and Shinozaki, K. (2014). Phosphorylation
networks in the abscisic Acid signaling pathway. Enzymes 35, 27-56.
doi: 10.1016/B978-0-12-801922-1.00002-6

UN (2012). http://www.un.org/en/development/desa/
publications/world-population- prospects- the-2012-revision.html

Vadez, V., Hash, T. Bidinger, F. R, and Kholova, J. (2012). IL1.5
Phenotyping pear]l millet for adaptation to drought. Front. Physiol. 3:386.
doi: 10.3389/fphys.2012.00386

Valledor, L., Furuhashi, T., Hanak, A. M., and Weckwerth, W. (2013). Systemic
cold stress adaptation of Chlamydomonas reinhardtii. Mol. Cell. Proteomics 12,
2032-2047. doi: 10.1074/mcp.M112.026765

Valledor, L., Furuhashi, T., Recuenco-Muioz, L., Wienkoop, S., and Weckwerth,
W. (2014). System-level network analysis of nitrogen starvation and recovery
in Chlamydomonas reinhardtii reveals potential new targets for increased lipid
accumulation. Biotechnol. Biofuels 7:171. doi: 10.1186/s13068-014-0171-1

Vensel, W. H., Tanaka, C. K., Cai, N., Wong, ]. H., Buchanan, B. B., and Hurkman,
W.J. (2005). Developmental changes in the metabolic protein profiles of wheat
endosperm. Proteomics 5, 1594-1611. doi: 10.1002/pmic.200401034

Vincent, D., Lapierre, C., Pollet, B, Cornic, G., Negroni, L., and Zivy, M.
(2005). Water deficits affect caffeate O-methyltransferase, lignification, and
related enzymes in maize leaves. A proteomic investigation. Plant Physiol. 137,
949-960. doi: 10.1104/pp.104.050815

Vitimvas, P., Urban, M. O., Skoddcek, Z., Kosovd, K., Pitelkova, L., Vitamvids,
J., et al. (2015). Quantitative analysis of proteome extracted from barley
crowns grown under different drought conditions. Front. Plant Sci. 6:479.
doi: 10.3389/fpls.2015.00479

Vu, L. D,, Stes, E., Van Bel, M., Nelissen, H., Maddelein, D., Inzé, D., et al. (2016).
Up-to-Date Workflow for Plant (Phospho)proteomics Identifies Differential
Drought-Responsive Phosphorylation Events in Maize Leaves. J. Proteome Res.
15, 4304-4317. doi: 10.1021/acs.jproteome.6b00348

Wang, L., Fu, ], Li, M., Fragner, L., Weckwerth, W., and Yang, P. (2016a).
Metabolomic and Proteomic Profiles Reveal the Dynamics of Primary
Metabolism during Seed Development of Lotus (Nelumbo nucifera). Front.
Plant Sci. 7:750. doi: 10.3389/fpls.2016.00750

Science

Available online at:

Wang, L., Nagele, T., Doerfler, H., Fragner, L., Chaturvedi, P., Nukarinen,
E., et al. (2016b). System level analysis of cacao seed ripening reveals
a sequential interplay of primary and secondary metabolism leading to
polyphenol accumulation and preparation of stress resistance. Plant ]. 87,
318-332. doi: 10.1111/tpj.13201

Wang, N., Zhao, ], He, X, Sun, H. Zhang, G, and Wu, F. (2015).
Comparative proteomic analysis of drought tolerance in the two contrasting
Tibetan wild genotypes and cultivated genotype. BMC Genomics 16:432.
doi: 10.1186/512864-015-1657-3

Wang, X., Vignjevic, M., Jiang, D., Jacobsen, S., and Wollenweber, B. (2014).
Improved tolerance to drought stress after anthesis due to priming before
anthesis in wheat (Triticum aestivum L.) var. Vinjett. J. Exp. Bot. 65, 6441-6456.
doi: 10.1093/jxb/eru362

Weckwerth, W. (2003). Metabolomics in systems biology. Annu. Rev. Plant Biol.
54, 669-689. doi: 10.1146/annurev.arplant.54.031902.135014

Weckwerth, W. (2008). Integration of metabolomics and proteomics in
molecular plant physiology-coping with the complexity by data-dimensionality
reduction. Physiol. Plant. 132, 176-189. doi: 10.1111/j.1399-3054.2007.01011.x

Weckwerth, W. (2011a). Green systems biology - From single genomes, proteomes
and metabolomes to ecosystems research and biotechnology. J. Proteomics 75,
284-305. doi: 10.1016/j.jprot.2011.07.010

Weckwerth, W. (2011b). Unpredictability of metabolism-the key role
of metabolomics science in combination with next-generation
genome  sequencing.  Anal.  Bioanal. ~ Chem. 400, 1967-1978.

doi: 10.1007/s00216-011-4948-9

Weckwerth, W., Wenzel, K., and Fiehn, O. (2004). Process for the integrated
extraction, identification and quantification of metabolites, proteins and RNA
to reveal their co-regulation in biochemical networks. Proteomics 4, 78-83.
doi: 10.1002/pmic.200200500

Wendelboe-Nelson, C., and Morris, P. C. (2012). Proteins linked to drought
tolerance revealed by DIGE analysis of drought resistant and susceptible barley
varieties. Proteomics 12, 3374-3385. doi: 10.1002/pmic.201200154

Wery, J., Silim, S. N., Knights, E. J., Malhotra, R. S., and Cousin, R. (1994).
Screening Techniques and Sources of Tolerance to Extremes of Moisture
and Air-Temperature in Cool-Season Food Legumes. Euphytica 73, 73-83.
doi: 10.1007/BF00027184

Wienkoop, S., Larrainzar, E., Niemann, M., Gonzalez, E. M., Lehmann, U., and
Weckwerth, W. (2006). Stable isotope-free quantitative shotgun proteomics
combined with sample pattern recognition for rapid diagnostics. J. Sep. Sci. 29,
2793-2801. doi: 10.1002/jssc.200600290

Wienkoop, S., Morgenthal, K., Wolschin, F., Scholz, M., Selbig, J., and Weckwerth,
W. (2008). Integration of metabolomic and proteomic phenotypes: analysis
of data covariance dissects starch and RFO metabolism from low and
high temperature compensation response in Arabidopsis thaliana. Mol. Cell.
Proteomics 7, 1725-1736. doi: 10.1074/mcp.M700273-MCP200

Wienkoop, S., Zoeller, D., Ebert, B., Simon-Rosin, U., Fisahn, J., Glinski,
M., et al. (2004). Cell-specific protein profiling in Arabidopsis thaliana
trichomes: identification of trichome-located proteins involved in
sulfur metabolism and detoxification. Phytochemistry 65, 1641-1649.
doi: 10.1016/j.phytochem.2004.03.026

Wittmann-Liebold, B., Graack, H. R., and Pohl, T. (2006). Two-dimensional
gel electrophoresis as tool for proteomics studies in combination with
protein identification by mass spectrometry. Proteomics 6, 4688-4703.
doi: 10.1002/pmic.200500874

Wolschin, F., Chen, Y., and Weckwerth, W. (2006). Multisite Protein
Phosphorylation in  Plants-Technical Considerations and Biological
Implications. Curr. Proteomics 3, 217-231. doi: 10.2174/157016406780655540

Wu, Y. Q., Mirzaei, M., Pascovici, D., Chick, J. M., Atwell, B. J., and Haynes, P.
A. (2016). Quantitative proteomic analysis of two different rice varieties reveals
that drought tolerance is correlated with reduced abundance of photosynthetic
machinery and increased abundance of ClpD1 protease. J. Proteomics 143,
73-82. doi: 10.1016/j.,jprot.2016.05.014

Xiong, J. H., Fu, B. Y., Xu, H. X,, and Li, Y. S. (2010). Proteomic analysis of PEG-
simulated drought stress-responsive proteins of rice leaves using a pyramiding
rice line at the seedling stage. Botan. Stud. 51, 137-145.

Xu, H., Zhang, W., Gao, Y., Zhao, Y., Guo, L., and Wang, J. (2012). Proteomic
analysis of embryo development in rice (Oryza sativa). Planta 235, 687-701.
doi: 10.1007/s00425-011-1535-4

Frontiers in Plant Science | www.frontiersin.org

24

June 2017 | Volume 8 | Article 757


https://doi.org/10.1073/pnas.94.3.1035
https://doi.org/10.1101/pdb.emo132
https://doi.org/10.1007/s00122-011-1580-1
https://doi.org/10.1093/jxb/erl163
https://doi.org/10.1007/BF00232041
https://doi.org/10.1126/science.1183700
https://doi.org/10.1093/database/baw099
https://doi.org/10.4161/psb.5.2.10411
https://doi.org/10.1002/elps.1150150198
https://doi.org/10.1126/scisignal.2003509
https://doi.org/10.1016/B978-0-12-801922-1.00002-6
http://www.un.org/en/development/desa/publications/world-population-prospects-the-2012-revision.html
http://www.un.org/en/development/desa/publications/world-population-prospects-the-2012-revision.html
https://doi.org/10.3389/fphys.2012.00386
https://doi.org/10.1074/mcp.M112.026765
https://doi.org/10.1186/s13068-014-0171-1
https://doi.org/10.1002/pmic.200401034
https://doi.org/10.1104/pp.104.050815
https://doi.org/10.3389/fpls.2015.00479
https://doi.org/10.1021/acs.jproteome.6b00348
https://doi.org/10.3389/fpls.2016.00750
https://doi.org/10.1111/tpj.13201
https://doi.org/10.1186/s12864-015-1657-3
https://doi.org/10.1093/jxb/eru362
https://doi.org/10.1146/annurev.arplant.54.031902.135014
https://doi.org/10.1111/j.1399-3054.2007.01011.x
https://doi.org/10.1016/j.jprot.2011.07.010
https://doi.org/10.1007/s00216-011-4948-9
https://doi.org/10.1002/pmic.200200500
https://doi.org/10.1002/pmic.201200154
https://doi.org/10.1007/BF00027184
https://doi.org/10.1002/jssc.200600290
https://doi.org/10.1074/mcp.M700273-MCP200
https://doi.org/10.1016/j.phytochem.2004.03.026
https://doi.org/10.1002/pmic.200500874
https://doi.org/10.2174/157016406780655540
https://doi.org/10.1016/j.jprot.2016.05.014
https://doi.org/10.1007/s00425-011-1535-4
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

Ghatak et al.

Crop Proteomics and Global Climate Change

Yadav, R. S., Bidinger, F. R, Hash, C. T., Yadav, Y. P., Yadav, O. P., Bhatnagar, S.
K., et al. (2003). Mapping and characterisation of QTL x E interactions for
traits determining grain and stover yield in pearl millet. Theor. Appl. Genet.
106, 512-520. doi: 10.1007/s00122-002-1081-3

Yadav, R. S., Hash, C. T., Bidinger, F. R., Cavan, G. P., and Howarth, C. J. (2002).
Quantitative trait loci associated with traits determining grain and stover yield
in pearl millet under terminal drought-stress conditions. Theor. Appl. Genet.
104, 67-83. doi: 10.1007/s001220200008

Yadav, R. S., Hash, C. T., Bidinger, F. R, Devos, K. M., and Howarth,
C. J. (2004). Genomic regions associated with grain vyield and
aspects of post-flowering drought tolerance in pearl millet across
stress environments and tester background. Euphytica 136, 265-277.
doi: 10.1023/B:EUPH.0000032711.34599.3a

Yadav, R. S., Sehgal, D., and Vadez, V. (2011). Using genetic mapping and genomics
approaches in understanding and improving drought tolerance in pearl millet.
J. Exp. Bot. 62, 397-408. doi: 10.1093/jxb/erq265

Yahata, E., Maruyama-Funatsuki, W., Nishio, Z., Tabiki, T, Takata, K., Yamamoto,
Y., etal. (2005). Wheat cultivar-specific proteins in grain revealed by 2-DE and
their application to cultivar identification of flour. Proteomics 5, 3942-3953.
doi: 10.1002/pmic.200402103

Yang, F., Jorgensen, A. D., Li, H., Sondergaard, I, Finnie, C., Svensson, B., et al.
(2011). Implications of high-temperature events and water deficits on protein
profiles in wheat (Triticum aestivum L. cv. Vinjett) grain. Proteomics 11,
1684-1695. doi: 10.1002/pmic.201000654

Yang, L., Jiang, T., Fountain, J. C, Scully, B. T., Lee, R. D., Kemerait, R. C., et al.
(2014). Protein profiles reveal diverse responsive signaling pathways in kernels
of two maize inbred lines with contrasting drought sensitivity. Int. J. Mol. Sci.
15, 18892-18918. doi: 10.3390/ijms151018892

Zang, X., and Komatsu, S. (2007). A proteomics approach for identifying
osmotic-stress-related proteins in Phytochemistry 68, 426-437.
doi: 10.1016/j.phytochem.2006.11.005

rice.

Zhang, M., Lv, D.,, Ge, P.,, Bian, Y., Chen, G, Zhu, G, et al. (2014).
Phosphoproteome analysis reveals new drought response and defense
mechanisms of seedling leaves in bread wheat (Triticum aestivum L.). J.
Proteomics 109, 290-308. doi: 10.1016/j.jprot.2014.07.010

Zhao, F., Zhang, D., Zhao, Y., Wang, W., Yang, H., Tai, F., et al. (2016a). The
difference of physiological and proteomic changes in maize leaves adaptation
to drought, heat, and combined both stresses. Front. Plant Sci. 7:1471.
doi: 10.3389/fpls.2016.01471

Zhao, Y., Wang, Y., Yang, H, Wang, W., Wu, J,, and Hu, X. (2016b).
Quantitative Proteomic Analyses Identify ABA-Related Proteins and Signal
Pathways in Maize Leaves under Drought Conditions. Front. Plant Sci. 7:1827.
doi: 10.3389/fpls.2016.01827

Zhong, B. X., Karibe, H., Komatsu, S., Ichimura, H., Nagamura, Y., Sasaki, T., et al.
(1997). Screening of rice genes from a cDNA catalog based on the sequence
data-file of proteins separated by two-dimensional electrophoresis. Breed. Sci.
47,245-251. doi: 10.1270/jsbbs1951.47.245

Zhu, J., Chen, S., Alvarez, S., Asirvatham, V. S., Schachtman, D. P, Wu, Y.,
et al. (2006). Cell wall proteome in the maize primary root elongation zone.
I. Extraction and identification of water-soluble and lightly ionically bound
proteins. Plant Physiol. 140, 311-325. doi: 10.1104/pp.105.070219

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2017 Ghatak, Chaturvedi and Weckwerth. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Plant Science | www.frontiersin.org

25

June 2017 | Volume 8 | Article 757


https://doi.org/10.1007/s00122-002-1081-3
https://doi.org/10.1007/s001220200008
https://doi.org/10.1023/B:EUPH.0000032711.34599.3a
https://doi.org/10.1093/jxb/erq265
https://doi.org/10.1002/pmic.200402103
https://doi.org/10.1002/pmic.201000654
https://doi.org/10.3390/ijms151018892
https://doi.org/10.1016/j.phytochem.2006.11.005
https://doi.org/10.1016/j.jprot.2014.07.010
https://doi.org/10.3389/fpls.2016.01471
https://doi.org/10.3389/fpls.2016.01827
https://doi.org/10.1270/jsbbs1951.47.245
https://doi.org/10.1104/pp.105.070219
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

	Cereal Crop Proteomics: Systemic Analysis of Crop Drought Stress Responses Towards Marker-Assisted Selection Breeding
	Introduction
	Drought Stress
	Cereal Crop Proteomics under Drought Stress
	Wheat
	Rice
	Maize
	Barley
	Sorghum
	Pearl Millet
	Summary and Simplified Scheme of Drought Stress Proteome and Signaling Perception and Transduction Responses in Cereal Crops
	Conclusion and Future Prospects
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


