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Abstract

Water stress (WS) predisposes peanut plants to fungal infection resulting in pre-harvest
aflatoxin contamination. Major changes during water stress including oxidative stress,
lead to destruction of photosynthetic apparatus and other macromolecules within cells.
Two peanut cultivars with diverse drought tolerance characteristics were subjected to
WS, and their leaf proteome was compared using two-dimensional electrophoresis
complemented with MALDI-TOF/TOF mass spectrometry. Ninety-six protein spots were
differentially abundant to water stress in both cultivars that corresponded to 60 non-
redundant proteins. Protein interaction prediction analysis suggests that 42 unique
proteins showed interactions in tolerant cultivar while 20 showed interactions in the
susceptible cultivar, activating other proteins in directed system response networks. Four
proteins: glutamine ammonia ligase, chitin class Il, actin isoform B, and beta tubulin,
involved in metabolism, defense and cellular biogenesis, are unique in tolerant cultivar
and showed positive interactions with other proteins. In addition, four proteins:
serine/threonine protein phosphate PP1, choline monooxygenase, peroxidase 43, and
SNF1-related protein kinase regulatory subunit beta-2, that play a role as cryoprotectants
through signal transduction, were induced in drought tolerant cultivar following WS.
Eleven interologs of these proteins were found in Arabidopsis interacting with several
proteins and it is believed that similar mechanisms/pathways exist in peanut.
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Introduction

Peanut (Arachis hypogaea L.) is one of the world’s most important grain legumes.
It is primarily grown for high quality edible oil and protein and it is the third most
important source of plant protein [1]. A majority of peanut production occurs in semiarid
regions of the world, where seasonal drought causes considerable reductions in plant
growth, yield, and quality. Furthermore, drought enhances the infestation of Aspergillus
flavus, leading to aflatoxin contamination of peanut seed thereby making them inedible
for humans and livestock [2]. In addition, drought affects the ability of peanut seed to
produce phytoalexins, resulting in aflatoxin contamination [3]. One of the major known
molecular responses that plants exhibit to drought stress is the alteration of gene
expression in relation to different pathways associated with stress perception, signal
transduction, regulators and the synthesis of a number of stress related compounds [4].
These conditions postulate to alleviate the effect of stress and lead to the adjustment of
the cellular environment conferring plant tolerance [5]. Genes differentially expressed in
response to drought were identified using the cDNA microarray, and the gene expression
levels were validated using real time PCR, resulting in the identification of new genes
that may play a role in plant response to drought [6-8]. However, thorough understanding
of the molecular changes that occur during water stress (WS) are limited [9], mainly due
to low polymorphism in the peanut, which exhibits a narrow genetic base showing low
genetic variation [10-12].

Water stress (WS) induces changes in cellular and biochemical components
during which signaling cascades are initiated, leading to the activation or suppression of

certain genes [13, 14]. The changes in gene expression lead to the modulation of proteins



involved in the stress. Therefore, analysis of proteins is critical to define functional
genomics linking proteins to genomic repertoire. Most cellular processes are regulated by
protein-protein interactions (PPI), post-translational protein modifications, and enzymatic

activities, which cannot be identified by gene expression studies.

Proteomics and bioinformatics approaches are increasingly being applied to address
biochemical and physiological effects in response to biotic and abiotic stresses in various
plants [15-21]. Two-dimensional electrophoresis (2-DE) has been successfully used to
discover genetic variation among cultivars [22], post-translational products of various
genes in several plant species subjected to a wide range of abiotic stresses such as UV
radiation, heavy metals, saline, and drought [23-26]. Over hundred proteins were
identified using high-throughput 2-DE implicated in cell wall modification, signal
transduction, metabolism, and cell defense in the cell wall and extracellular matrix in

chickpea leaves exposed to dehydration stress [27].

Until now, 2-DE proteomic studies of peanut have enabled identification and
characterization of seed proteins from cultivated peanut and identification of genetic
variation among peanut cultivars [28, 29]. Proteomics has been used to successfully
identify diverse seed storage proteins, various aspects of leaf development, and genetic
diversity in sub species of Arachis [30, 31]. Drought tolerant (DT) cultivars maintained
seed protein content in high abundance during WS while susceptible cultivars failed to
maintain their quantities, suggesting the potential use of these protein(s) as markers to
screen peanut germplasm for drought tolerance from these studies. In peanut, quantitative
differences in proteins were analyzed using 2-DE for selected US minicore germplasm

and 49 proteins were identified in leaf responding to water stress [32]. However, the



protein-protein interactions (PPI) in peanut cultivars have not been studied. Although PPI
analysis was carried out for the development of the basal region in rice seedlings [33] and
early-stage soybean seedlings under flooding stress and non-stress [34], a comparison
between PPI of tolerant and susceptible cultivars has not been reported in peanut. Over
200 peanut cultivars obtained from USA and India, were evaluated for determining
genetic diversity in leaf and seed protein composition and their response to water stress
[35]. We have characterized leaf proteome of tolerant peanut cultivar Vemana as a first
step towards to identifying compositional changes in their proteins pertaining to various
stresses [36]. In this study, we have identified water stress responsive (WSR) proteins of
the two contrast cultivars for drought tolerance to unravel the underlying mechanisms
involved in their differential response to dehydration. Vemana is known to be highly
drought-tolerant and has an excellent yield, while Florunner is a popular cultivar despite
its susceptibility to drought. Vemana is widely grown under rain-fed conditions in
semiarid regions tolerant to drought and has recorded high pod yield even in drought
years [37]. Florunner was derived from a cross between early runner and Florispan grown
in US [38]. The present study reveals the identity and functions of low and high abundant
proteins and newly induced leaf proteins in DT and DS cultivars due to water stress, and
discusses their possible role in tolerance mechanism. Changes in leaf proteome revealed
the ability of tolerant cultivar to withstand dehydration-induced damage. A catalog of the
proteome changes occurring under water stress, as determined by proteome profiling, was
constructed and further coordination of proteins within the tissue was investigated. This
is also our first report on peanut PPl analysis based on a differential equation model of

expression profile.



Materials and Methods

Plant material, growth and maintenance: Peanut (Arachis hypogaea L.) cultivars with
varying drought tolerance characteristics were obtained from ANGR Agricultural
University, India and University of Florida, Mariana, FL. Two distinct cultivars, drought-
tolerant (Vemana) and drought-susceptible (Florunner), were used in this study. Seeds
were surface sterilized with 70% ethanol and washed with water. Peanut plants were
grown individually in 10-liter pots containing MetroMix-702 soil (Scotts Company,
Marysville, USA) at USDA facility, Tifton, GA. The plants were maintained at a
temperature of 30/28°C day/night, in natural light conditions and 5% relative humidity.
Sodium lamps were used to maintain 15/9 light /dark photoperiod (270 mol/sec).

Water stress treatment and determination of soil water potential: An average of 200
ml of water was added to each control treatment to maintain Field Capacity (FC) at
~100% until harvest. The gradual water stress was implicated on 50-day old plants for 15
days by withdrawing water. Fully expanded mature leaves were collected in six replicates
from an irrigated control while collections for stressed plants were carried out at three
different periods: (i) 3 days after stress (DAS), (ii) 7 DAS, (iii) 15 DAS. To randomize
biological variations, 50 leaflets were collected from four to five plants randomly down
the main stem between 4-10 nodes. Collected leaves were pooled, frozen in liquid
nitrogen and stored at-80°C until further use. For all plants in the experiment, soil water
potential was measured in triplicate at 3-day intervals, using Quick Draw soil moisture
probe (Model 2900F1, Soil moisture Equipment Corp., Santa Barbara, CA).
Measurement of relative water content: Leaf tissues were collected at regular intervals

from both control and stressed plants and relative leaf water content was measured as



fresh weight, after collection, and fully turgid weight, after 24 h of rehydration [39].
Then, the tissues were oven dried at 80°C for 48 h to calculate dry weight in triplicates.
Relative water content was calculated as follows: Relative Water Content = (Fresh weight
— Dry weight) / (Turgid weight — Dry weight).

Leaf chlorophyll content: Leaf chlorophyll content was measured using a SPAD
chlorophyll meter (SPAD 502, Minolta, Tokyo) and recorded at each time point.
Electrolyte leakage assay: Electrolyte leakage was assayed by estimating the ions
leached from the leaflets. Samples from control and treated plants were collected and
placed in 20 ml of water. After incubating for 4 h at room temperature, the conductivity
(C1) was recorded using a conductivity meter. The second set of tissues was autoclaved in
water and its conductivity was recorded (Cz). Electrolyte leakage was calculated using
the formula: [1-(C1/C>) x 100].

Measurement of total sugars: Total soluble sugars in the ethanol soluble fractions were
determined using a modified extraction method [40]. Leaf tissue (300 mg) was crushed in
5 ml of 98% ethanol. The insoluble fraction of the extract was washed with 70% ethanol.
All soluble fractions were centrifuged at 3500 g for 10 min. The supernatants were used
for determination of soluble sugars using anthrone reagent. Glucose was used for the
determination of the standard curve.

Ascorbate peroxidase assay: The leaf tissue was homogenized in 50 mM of KPO4
buffer (pH 7.0). The homogenate was centrifuged at 16,000 g for 20 min at 4°C. The
supernatant was transferred and ascorbate peroxidase was assayed from the decrease in
absorbance at 290 nm as ascorbate is oxidized by its activity [41]. Absorbance of non-

enzymatic oxidation of ascorbate by H>O. was used as control.



Total protein extraction: Leaf tissue (2 g) was ground into a powder under liquid
nitrogen, suspended in 5 ml solution of acetone containing 20% TCA, and then
homogenized for 2 min on ice. The homogenate was centrifuged (20000 g at 4°C for 15
min) and the resulting pellet was washed three times with ethanol, and then once with
acetone. Total Protein was extracted using 500 ul of rehydration buffer (7 M urea, 2%
CHAPS [w/v], 2 M thiourea, 0.2% DTT [w/v]), as described previously [36]. Protein
concentration was measured using the Bradford method [42].

2-DE Protein mapping and gel image analysis: An aliquot (250 pg in 150 ul) of the
protein extract was loaded on to the tube gels and isoelectric focusing was performed as
described earlier [36]. Electrophoresis was carried out in a BioRad Protein Il system at a
constant current of 20 mA/gel. The gels were stained with colloidal Coomassie Brilliant
Blue R-250 to visualize protein spots. Gels were scanned using gel documentation system
(Gel Doc XR, BioRad, Hercules, CA) and analyzed using PD Quest software, VV8.0.1 to
normalize the gel images and to create a master gel profile. For normalization and
consistency, three replicated gels from each treatment were used. The gel area (at least
95% of the total gel area) was defined using selected proteins bordering each side of the
gels as landmarks. Protein spots across the gel replicates were matched by landmarks and
positioned consistently, in all replicated gels. The Analysis Set (master gel profile),
derived from three replicated gels of matched spots that were present on all the gels, was
created, and the spots were analyzed and characterized. The master profiles representing
each treatment were compared to determine the differences in relative protein abundance.
Principle Component Analysis of protein expression data derived from control and stress

treatments was performed using the XLSTAT software (Addinsoft, NY).



Mass spectrometry and protein identification: Protein spots showing quantitative
variation were excised from 2-DE gels and in-gel trypsin digestion was performed as per
the standard procedures [43]. Peptide mass spectra were collected on MALDI-TOF/TOF,
(ABI1 4700, AB Systems, Foster City, CA) and protein identification was performed using
the automated result dependent analysis (RDA) of ABI GPS Explorer softwareV3.5. The
method’s critical parameters were chosen as follows: Digestion enzyme = trypsin with
one missed cleavage, MS (precursor-ion) peak filtering = 800-4000 m/z interval,
monoisotopic, minimum signal-to-noise (S/N) ratio =10, mass tolerance = 100 ppm.
MSMS (fragment-ion) peak filtering: monoisotopic, M + H* minimum S/N = 3, MS/MS
fragment tolerance = 0.2 Da. During the initial MS scan, data was analyzed as peptide
mass fingerprinting (PMF). GPS Explorer™ Software introduces a unifying parameter
called confidence interval (CI), which rates the confidence level of the MASCOT (Matrix
Science) protein score or ion score (for each MS/MS event). Proteins that were identified
by PMF with high confidence (C.1.% > 95%) were automatically subjected to in silico
trypsin digestion and their five most prevalent corresponding peptides—precursor ions
present in the MS spectra were selected for RDA_1 (top protein confirmation) MS/MS
analysis. The sample spots not yielding high confidence ID after PMF and RDA 1
analysis underwent the second MS/MS scan (RDA _2) by selecting the first thirteen most
intensive precursor ions in the MS spectra for MS/MS analysis. The spectral data from all
three scans (PMF, RDA 1 and RDA_2) were searched against Viridiplantae database
using the algorithm [44]. At least 2-peptide matches were required for positive

identifications.



Functional annotation and predicting subcellular localization: The protein spots that
were identified from 2-DE were mapped to Uniprot. The accessions were queried using
Batch Entrez, which is an automated system used to retrieve sequences mapped to
different proteins. Gene ontology of identified proteins was performed using Blast2Go
v2.3.6 [45]. A file of FASTA sequences of the identified and/or quantified protein set
was batch retrieved from NCBI. Blast2Go was fed with the FASTA file and subsequently
map GO, EC, Interpro terms and then to annotate the sequences. Target P program was
used for functional classification and subcellular localization [45].

Hierarchical cluster analysis of expression profiles: Ninety-six data series of induction
along the time points were divided into clusters based on a distance among the data series
for DS and DT cultivar separately. The distance was measured by a distance function
based on a logarithmic scale [46]. A hierarchical clustering was performed using the
clustering method and un-weighted pair group method with arithmetic mean.
Protein-protein interaction analysis: Mathematical gene interaction network
optimization software (MINOS) was used to estimate protein interactions in the tolerant
and susceptible cultivars separately. A mathematical approach was used to estimate the
interactions for the DT and DS cultivars. This approach was based on the S-system
differential equation that simulated an expression profile [34]. Protein orthologs were
identified in Arabidopsis using ENTREZ query and UNIPROT and the sequences that
were found to be redundant were excluded. Interactions for these proteins were further
analyzed using Arabidopsis thaliana protein interaction database [47].

Quantitative reverse transcription polymerase chain reaction analysis (RT- gPCR):

Leaf samples (100 mg) collected from all stages of treatment were ground in liquid
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nitrogen. Total RNA was isolated using a modified CTAB-based protocol [48] and
further purified with the RNeasy Plant Mini kit (Qiagen, Valencia, CA, USA). Total
RNA from each sample was reverse-transcribed using an iScript cDNA Synthesis kit
(Bio-Rad, Hercules, CA, USA). Primers were designed using NCBI database and the
Primer 3Plus as shown in Suppl. Table I [49]. RT- gPCR was performed on Bio-Rad
iCycler using the cDNA product (20 ng) in a 20ul reaction mixture that includes 1uL of
forward and reverse primers of the corresponding transcripts, using SYBR® Green
Universal mix (BioRad). PCR conditions were optimized for amplification of each gene
before conducting relative quantitative experiment, using the specific primer pair and
visualizing the PCR products by agarose gel electrophoresis. The PCR conditions were as
follows: 95° C for 30 s, then 45 cycles of 95° C for 10 s and 60° C for 30s. Data was
acquired at 60°C. Data was normalized using the actin gene Ct value and extent of
change was calculated using the Ct value of the calibrator (control samples -no water
stress treatment) using the formula 2"24€T, All assays for each gene were performed using
five independent biological replicates for each gene in each treatment under identical
conditions. The statistical significance of the results was evaluated with the Student’s t-
test (p<0.05). All calculations were performed using Graphpad software V5.0.

Results:

Two contrasting cultivars for drought (Vemana and Florunner) were used to study
the relative abundance of proteins affected by water stress (WS). Fifty-day old peanut
plants were subjected to WS by withholding irrigation for 15 days. The visual symptoms,
such as wilting, appeared on the plants after 3 days with the damage escalating until it

became irreversible (in 15 days). During this period soil water content decreased from
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19.2% at 25% Field Capacity (FC) to 4.8%. The soil water potential on 3d, 7d and 15d of
WS were measured as 10, 15 and 25 kPa, respectively showing progressive water deficit
during the stress treatment.

Relative water content (RWC): Upon applying dehydration stress, both VVemana and
Florunner exhibited a steady decrease in RWC at the 3™ day. However, after 3 days, a
constant decline in RWC in Florunner indicated the severity of dehydration. Vemana,
which is drought tolerant, remained stable with 76% RWC at 15 day stress period, while
RWC of Florunner decreased to 57% (Figure 1a).

Electrolyte leakage: The capacity to avoid or repair membrane damage during
dehydration processes can be measured by the status of electrolyte leakage in both DT
and DS cultivars under dehydration. The electrolytes of Vemana were found to maintain
itself constantly until 3 days of WS, showing a marginal increase in the later stages of
dehydration until 15 days stress (Figure 1b). Conversely, Florunner showed a sharp rise
in electrolyte leakage to the WS.

SPAD chlorophyll content: To understand the photosynthetic capabilities of tolerant and
susceptible cultivar, the status of photosynthetic pigments was determined under
dehydration. The SPAD value for Vemana is 37.6% and 30.76% for Florunner. Under
dehydration stress (15 days), the SPAD values fell to 34.2% for Vemana and 23.8% for
Florunner (Figure 1c).

Total sugars: Vemana and Florunner cultivars are not similar in their production of
soluble sugars in leaves under control conditions. Florunner has greater amounts of

soluble sugars than Vemana (Figure 1d). However, the content of soluble sugars
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increased 2-fold in Vemana in response to stress at 15 days, while in Florunner there was
a slight reduction in sugar content.

Water stress responsive proteins: Analysis of the 2-DE gels by digital image analysis
and visual spot-by-spot validation of the match derived from gels indicated that more
than 90% of the proteins on 2-DE were of high quality (Table 1). The analysis also
revealed 300 detected protein spots in DT and 298 in DS cultivars, respectively.
Comparison of unstressed control DT and DS cultivar protein profiles revealed five
unique protein spots (#38, 39, 64, 66, and 67) in DT and another five unique protein spots
(#88, 89, 90, 91, and 92) in DS cultivar. Tolerant cultivar showed a slight increase of
1.3% in total proteins, contrasting susceptible cultivar that showed 9% decrease in their
proteins due to water stress.

Protein spots demonstrating a ratio of at least 1.5 fold between control and
stressed plants of either DT or DS were defined as relative abundant proteins, based on
the co-relation coefficient (r>0.95) [50]. Comparative analysis of protein profiles
revealed ninety-six proteins’ quantitative variation following water stress (82 proteins
common to both cultivars, 5 each unique protein spots to DT and DS, and 4 newly
induced in DT cultivar) that satisfies the 95% confidence interval (p value<0.05) (Figure
2). Principal component analysis (PCA) on this data set was performed to identify the
relative contributions between stressed and control individuals and between tolerant and
susceptible cultivars. The analysis in DT showed 91% variability and in DS, 85.3%
variability among protein spots compared to their respective controls. The unsupervised
PCA demonstrated that tolerant cultivar segregated into stress and control groups showed

maximum change in protein quantities compared to susceptible cultivar (Figure 3).
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Protein identification and characterization of water stress responsive proteins
(WSR): Ninety-six differentially abundant WSR proteins across 2 or more time points
were identified by mass spectrometry in either DT or DS cultivars with 95% confidence
interval (Table 2). All of these 96 spots accounted for 60 non-redundant proteins, since
similar proteins were spotted in multiple locations with differences in their isoelectric
points and/or molecular weights on 2-DE gel (Suppl. Figure 1). The identification of
multiple identities suggests the possible dehydration-induced post-translational
modification(s) of the candidate proteins, isoforms or members of multigene families.
The spectra of some proteins detected in two or more distinct spots indicate the truncation

of their N-terminus and/or C-terminus (Suppl. Table I1).

Functional classification of WSR proteins: Water stress responsive proteins were
categorized into seven functional groups based on their physiological role in plant
representing 83% of proteins (Suppl. Table I11). The identified proteins were associated
with photosynthesis (34), metabolism (28), protein synthesis (15), transport (10), stress
related (4), signal transduction and cellular biogenesis (5). The protein data was also
analyzed to determine their association with individual organelles. The results showed
that the majority of the proteins are localized in chloroplast (65) (Figure 4 a & b).

Expression clustering and dynamics of the of WSR protein networks in DT and DS
cultivars: The fold change in relative abundance of WSR proteins during the time course
of stress are described under major functional categories through cluster analysis to
elucidate various regulatory pathways operative at various stress levels (Figure 5).

Profiling of the 96 proteins was carried out at 4 time points over (0, 3, 7, and 15 d) in
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terms of fold change to stress (Suppl. Figure I1). Two-DE Gels with relative abundance of
selected proteins are represented in Suppl. Figures 11l and IV.

The WSR proteins were grouped into five clusters in both cultivars and the
clusters with n<6 were used for the study of co-expression patterns (Figure 6). In the DT
cultivar, majority of proteins have shown an upward trend with water stress. The most
abundant group was cluster T-V with 68 proteins gradually showing high abundance to
water stress at each time-point. Cluster T-V represented majority of proteins related to
photosynthesis (20), followed by metabolism (17), protein synthesis (13) and defense (4).
Cluster T-1, which included proteins classified into metabolism, showed a dramatic
upward trend and were newly induced to water stress in DT. Cluster T-1V was rich in
photosynthetic proteins. Clusters T-11 and T-111 have an exceptional trend in DT with a
majority of these proteins gradually reduced in abundance in water stressed tissue.

Proteins in DS cultivar were grouped in 5 clusters. The most abundant cluster, S-
Il included proteins related to photosynthesis. Three clusters of DS (S-1, S-11 and S-111)
showed gradual reduction in their protein abundance to WS. Most of these proteins were
associated with protein synthesis, photosynthesis, metabolism and transport. The protein
abundance was remarkably decreased in S-1 cluster, compared to S-11 and S-111. Members
of cluster S-1V included proteins related to protein synthesis and photosynthesis showed
slightly high in their abundance to water stress. Members of clusters S-V that included
proteins involved in protein synthesis, photosynthesis, metabolism, transport, defense,
signal-transduction showed a considerably downward trend during water stress.

Putative protein interaction networks of DT and DS cultivars to water stress: Time

course expression data was used to estimate the interaction among the proteins in both
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DT and DS cultivars to understand the altered biosynthetic process during the stress.
Forty-two proteins showed positive interaction in DT while 20 proteins in DS showed the
same, indicating the level of interactions in response to stress (Suppl. Table 1V). A total
of 17 proteins related to metabolism in Vemana had high intensities (>0.9) compared to 6
in Florunner, followed by 4 defense proteins in DT and 1 in DS, 3 signal transduction

proteins in DT and none in DS cultivars (Figure 7).

Ortholog protein interactions in Arabidopsis: The bona fide protein interactors
determined through Yeast 2 Hybrid, co-expression, Gene fusion, and Gold Standard
Positive methods were further analyzed to investigate functional links between different
proteins and developed protein interaction networks (Suppl. Figure V). Out of 96 water
stress responsive proteins, orthologs of 17 protein spots, corresponding to 11 non-

redundant proteins showed interactions in Arabidopsis (Table 3).

MRNA expression analysis of water stress responsive (WSR) proteins: Selected WSR
proteins, either unique to the stress response or showing over 2- fold change in their
abundance, were selected for mRNA expression analysis. Leaf tissue samples from
control and water stressed plants were collected for mRNA extraction and then analyzed
for RT-qgPCR. Upon water stress, the mRNA expression levels of CA, CALR, PER43,
PRx, gapAl, APX, and CHMO were up regulated in DT cultivar, while they were down
regulated in DS (Figure 8). The mRNA expression of EF1 and PAP1 were up regulated in

both DT and DS cultivars.

Determination of antioxidant activity: In order to determine the functional aspect of

ascorbate peroxidase (APX) enzyme, its activity was measured in both cultivars at
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different levels of water stress. While there was a 2-fold increase in activity in DT, there
was no significant change in APX activity of DS cultivar (Figure 9).
Discussion:

One of the significant early symptoms of water stress is the decrease in leaf
relative water content (RWC), representing variations in water potential, turgor potential
and osmotic adjustment in plant tissues [51]. It is likely that higher RWC at lowered
water potential maintains the growth and metabolic activities, including photosynthesis.
The ability of drought tolerant cultivar to maintain high RWC may be due to the more
osmotic regulation or less elastic nature of its cell wall [52]. However, in drought
susceptible cultivar, a constant decline in RWC to WS indicated failure of osmotic
adjustment to maintain the turgor pressure in the affected tissues.

A. Effect of water stress on protein synthesis (modification), photosynthesis, and
defense related proteins:

i). Protein synthesis and modification: Two heat shock proteins (HSP) were highly

abundant in the tolerant cultivar (DT) but were reduced in the susceptible cultivar (DS).
Protein disulfide isomerase-2 (PDI12) was abundant in DT and showed 2-side interaction,
while no interaction was shown in DS. PDI2 function as a chaperone, while high
abundance of HSP-70 prevents the aggregation of denatured proteins and helps in
refolding of non-native proteins by acting as molecular chaperones [53, 54]. Furthermore,
cyclophilin (CYP) and chaperonins were more abundant in DT. CH60 is an essential
molecular chaperone in the folding/assembly pathway of RuBisCO in higher plants
imparting their basal defense [55, 56]. In addition, elongation factor, another molecular

chaperone, was abundant in water stressed DT [57]. Although the mRNA expression
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levels of EF were increased during water stress in DS, the protein abundance was low at
all stress levels in DS cultivar. Similarly, 50S ribosomal protein L12-chloroplastic
(RK12) was abundant in DT, and showed a 1-side interaction in DT and no interaction in
DS [58]. GrpE Protein homolog facilitates exchange of ADP for ATP and was found
high in abundance in DT [59].

i1). Photosynthesis: Maximum number of proteins associated with photosynthesis, such as

plastocyanin, chlorophyll a/b binding protein, and RuBisCO, were high in abundance in
water stressed DT cultivar. Earlier reports showed reduced amounts of RuBisCO in
stressed plants [60], however, in this study, DT cultivar showed high abundance of
RuBisCO protein. Enzymes of the Calvin cycle, such as sedoheptulose-1, 7-
bisphosphatase, NADP-dependent glyceraldehyde-3-phosphate dehydrogenase, and
phosphoribulokinase, involved in carbon fixation, were highly abundant in DT. The low
abundance of these proteins in DS might cause oxidative stress, leading to the destruction
of photosynthetic apparatus, changes in the conformation of chloroplast proteins and thus
causing imbalances in the ions and homeostasis of water stressed tissues in susceptible
cultivar [61]. Higher abundance of glyceraldehyde phosphate dehydrogenase in the DT
cultivar suggests the early acceleration of the glycolytic pathway upon stress. Thus, in
Vemana (DT), the photosynthesis mechanism seems to be less affected as is evident from
the abundance of more photosynthetic proteins such as photosystem | and Il which
ensures electron flow to NADP+ to electron transport chain and preventing oxidative
stress.

iii). Defense, signal transduction and cellular biogenesis: Tubulin and actin, which play a

major role in cytoskeleton re-arrangement [62], were more abundant in stressed tissue of
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DT cultivar. Calreticulin, an important calcium-binding protein, was high in abundance in
DT, playing a crucial role in signal transduction, Ca®* storage and release, protein
synthesis, and molecular chaperone activity [63]. Calreticulin mRNA transcript was
expressed until stress level 2 in DS; however, it could not translate to protein in stressed
tissue. Fibrillin, a structural activity protein, was steadily apparent in DT, while it was
low in the DS; although its expression at transcript level was high in DS in response to
stress. Fibrillin has a one-sided positive interaction in the DT, while the protein exhibited
2-sided negative interaction in DS cultivar. Putative brassinosteroid insensitive 1-
associated receptor kinase 1 (OsSERK1), a group of receptor kinases that activates
intracellular signaling pathways in response to external stress stimuli [64], was reduced in
both DT and DS. However, OsSSERK1 exhibited 2-sided interaction in DT, while no
interaction was found in DS. PRx has a 2-sided promoting interaction in DT cultivar,
whereas this protein exhibits a negative interaction in the DS cultivar. Increased
abundance of ascorbate peroxidase enzyme (APX) and the increased activity during the
stress in DT contribute to the production of ascorbate through galactose metabolism, and
restore the oxidation levels [65]. Although APX did not show any interaction in DT

cultivar, this protein exhibited a 2-sided negative interaction in DS cultivar.

B. High abundance of metabolism related proteins involved in cell wall composition
modification in drought tolerant cultivar: Methionine synthase, responsible for S-
adenosyl methionine synthesis, was highly abundant in DT. The cumulative function of
methionine synthase and methyl transferases provide activated methyl groups in the
biosynthesis of lignin monomers, thus strengthening the cell wall components and

maintaining their integrity during stress [66]. In addition, glycine rich protein was
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abundant in DT, regulating cell wall composition modification [67]. In contrast, both the
proteins were suppressed in DS cultivar to WS.

Proteins involved in carbohydrate metabolism and carbon fixation were found in
higher abundance in DT while suppressed in DS, suggesting a transient reduction of
carbon flux in DS. Quinone oxidoreductase was increased in abundance in DT due to
WS, while it was not detected in stressed tissue of DS cultivar. Carbonic anhydrase (CA),
which plays key role in electron transport during photosynthetic process, was highly
abundant in the DT cultivar, while it was suppressed in DS following WS. The mRNA
expression of CA observed during initial stress point did not translate to protein in the DS
cultivar. The protein known to play an anti-oxidative role in overcoming photo oxidative
injury and oxidative stress, showed 2-sided interactions, suggesting its response in DT to
balance for water stress [68]. The abundance of photorespiration protein glycine
dehydrogenase (GLDP2) increased over WS in DT suggests that the plant response to
stress damage. Fructose bisphosphate aldolase (FBAZ2), triosephosphate isomerase (TIM)
involved in carbon metabolism, increased in DT under stress condition to provide energy
and carbon skeletons [69]. High abundance of transketolase (TKT3) increases the
availability of intermediates in both the Calvin cycle and non-oxidative pentose
phosphate pathways to maintain the carbon metabolism in DT cultivar [70].

Proteins associated with signaling act as a surveillance system and engage in
efficient signaling cascade, which allows for the early detection of any impeding adverse
environments. Higher abundance of RNA binding protein in DT and its 2-sided
interactions suggests the involvement in post-transcriptional regulatory events in

response to changes in environmental conditions [71]. Protein 14-3-3 like was detected in
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higher abundance to WS in DT. These 14-3-3 proteins have ability to bind to signaling
proteins, ATPases, protein kinases, phosphatases, and transmembrane receptors that aid
in the regulation of stress responsive proteins [72]. The binding of 14-3-3 protein to other
phosphorylated stress responsive proteins in Vemana (DT) might result in rapid
adaptation of enzymatic activities and metabolic pathways in response to WS.

C. Potential water stress induced programed cell death in susceptible cultivar:
Proteins involved in electron transport energy are severely affected to WS in susceptible
cultivar. ATP synthase epsilon chain and ATP synthase beta subunit were detected a
higher abundance in DT, suggesting their putative role in the cellular process to meet
energy demand and alleviate water deficit stress by increasing ATP supply to meet
increased stress related energy demand [73]. Elevated levels of Cation/Hydrogen
exchanger in DT contribute to K" uptake for turgor generation and to accrue osmotic
balance under the stress [74]. In addition, high abundance in Cytochrome C oxidase
subunit 6B-1 (COX) in DT enhances electron transport chain in mitochondria, while the
absence of COX in DS due to stress, induced programed cell death [75].

D. Unique and newly induced proteins to water stress enhanced cytoskeleton and
cell wall component modifications in drought tolerant cultivar: Four proteins,
glutamine ammonia ligase, chitin class I, actin isoform B, and beta tubulin, were unique
to tolerant cultivar. Glutamate ammonia ligase was detected in high abundance due to
WS, has 2-sided interactions, and is known to enhance ammonium assimilation and
metabolism [76]. Chitinase class 1l (Chi2) and actin isoform B showed 2-sided
interaction in DT while both the proteins were not present in DS. Chitinase was detected

in more abundance in response to environmental stress in majority crop plants, while
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actin responds as drought adaptation, by strengthening the cytoskeleton of the stressed
tissue [77, 78]. The high abundance of beta tubulin to WS suggests the stress-facilitated
cytoskeleton remodeling via tubulin in DT.

Four new proteins: serine/threonine protein phosphate (PP1), choline
monooxygenase (CMO), peroxidase 43 (PER43) and SNF1-related protein kinase
regulatory subunit 3-2 (KINB1), were induced in DT cultivar following WS, while none
of these proteins were detected in the DS. PP1 has a role in signaling pathway to
modulate the stress responses [79]. CMO regulates S-adenosyl-L-methionine synthase for
betaine synthesis, which protects plant from environmental stress [80]. PER43, one of the
ROS metabolizing enzymes localized in the cell wall, is involved in the lignification and
suberization of the plant cell wall [81]. Induction of PER43 in DT, both at transcript and
protein levels, suggested the positive correlation of enhancement in the biosynthesis of
cell wall components, improving cell wall integrity in tolerant cultivar. Induction of
KINB1 in Vemana suggests the response to an osmotic stress and its expression is
reported to enhance the starch accumulation [82]. Although KINB1 transcript was
expressed in DS at initial stress levels, it could not be translated to the protein.

E. mRNA expression profiles: Although most of the mRNA expression levels were in
agreement with their protein abundance levels, there was a mixed response of some
transcript expression and protein accumulation profiles. For example, APX transcript is
not shown but its protein showed in DS at low concentrations. Choline monooxygenase
protein was not detected in DS, while its mMRNA was expressed in lower amounts.
Fibrillin was in low abundance in both cultivars while its transcript expression levels

were high in both. Both GapAl and PRx transcript levels were down regulated, while the
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proteins were more abundant in DS cultivar. PER43 was not detected at both mRNA and
protein level in DS cultivar.

F. Ortholog protein interactions in Arabidopsis: Out of 11 interacting unique proteins,
4 were localized in chloroplast, while the remaining 7 localized to mitochondria or other
organelles (Table 3). In addition, eight interacting unique proteins showed interactions
(as shown in MINQOS, Figure 7) in DT and six unique proteins in DS cultivar,
respectively. The four proteins localized to chloroplast and all their interacting partners,
also localized to chloroplast, were deemed to be significant because of ATP synthesis in
leaf tissue. The interactant of ATPER1, namely ATPERXQ, may be piggybacking
between chloroplast and mitochondria, shown through co-expression networks. Recent
progress on evaluating the PPl was made using six-point classification scoring schema.
The methods proposed have shown a bona fide approach of annotating proteins to check

whether or not the interactors were present in the organism of interest [83].
Conclusions:

The accumulation of sugars plays an important role in drought avoidance through
maintaining relative water content, osmotic adjustment with the high abundance of
proteins and regulating redox status. The main effects of the mimicked drought were
detected through changes in the abundance of proteins involved in signal perception,
defense, metabolism, and photosynthesis, suggesting a connection to those processes
involved in drought avoidance and/or tolerance. Vemana, the drought tolerant cultivar,
showed a high abundance of these proteins compared to Florunner. The enzymes
involved in cell wall lignification, such as methionine synthases and peroxisome 43,

function as a constitutive physical barrier to minimize the water loss (Figure 10). Water
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stress apparently induces the production of signaling proteins including cyclophilin,
choline monooxygenase, and serine/threonine protein phosphate PP1 in tolerant cultivar.
The 14-3-3 protein interacts with H+ ATPases and protein kinases, and regulates the
abundance of other water stress-responsive proteins, such as ascorbate peroxide, and
helps to prevent lipid peroxidation and protein oxidation of cell wall components.
Proteins: glutamate ammonia ligase, chitin class Il, actin isoform B and beta tubulin were
detected in Vemana act to provide additional stress induced signal perception and
transduction. More proteins showed interactions in DT compared to DS cultivar.
Interactions between the proteins belong to metabolism, defense and signal transduction
in DT cultivar provide enhanced tolerance to the plant. Whether or not the interactants
have been orthology-mapped in the peanut is unknown until functional linkages in the
peanut are statistically implemented. We contemplate that the abundance of the
aforementioned proteins influence the other proteins, however, additional evaluation
based on a pull down assays on specific interlog are required to determine their
interactions. The candidate proteins can further be used as a bait to explore more possible

interactants.
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Table Legends:

Table 1: Reproducibility of two-dimensional electrophoresis gels

Table 2: Identification of water stress responsive proteins in peanut leaf

Table 3: Orthologous proteins showing potential interactors in Arabidopsis thaliana
Figure Legends:

Figure 1: Effect of dehydration on Water status, Cell membrane stability, Photosynthetic
efficiency, and Total sugar contents. 50-day old peanut cultivars Vemana and Florunner
were used for comparative estimation of (A) relative water content, (B) electrolyte
leakage, (C) photosynthetic efficiency and, (D) sugar accumulation in a time-dependent
manner under water stress. All experiments were done in triplicates, and average mean
values were plotted against time with standard deviation.

Figure 2: Effect of water stress on leaf protein composition of drought-tolerant (DT) and
-susceptible (DS) peanut cultivars. Circles indicate unique protein spots to DT and while
inverted triangle indicate unique protein spots in DS cultivars. Triangle indicates newly
induced proteins in DT cultivar following 15-day stress.

Figure 3: Principal Component Analysis (PCA) plot of proteins from drought tolerant
(DT) and -susceptible (DS) cultivars. PCA is based on the 96 spot features exhibiting
statistically significant (ANOVA p<0.01) changes in abundance in all gel images.
Variation of 91.33% and 85.39% were observed in PC1 of DT and DS cultivars.

Figure 4: Gene ontology classification of water stress responsive proteins according to
their (A) biological function and, (B) location in the cell categories as per the annotation

in the Viridiplantae taxonomic databases.
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Figure 5: Protein profiles of functional groups during water stress. Heat map of the log 2
relative abundance of proteins through the stress was created using Genesis v1.0 [86]
with the MS/MS quantitative data. For each protein, the sequence description assigned
with BLAST2GO is provided. Proteins are grouped according to their function. Each
block represents time course (from left to right; control, Stress-1 (3-d), Stress-2 (7-d) and,
Stress-3 (15-d). Blocks in grey indicate absence of the corresponding protein.

Figure 6: Hierarchical cluster depicting the expression profile of water stress responsive
(WSR) proteins in DT and DS cultivars. (A): The temporally changed profiles of 96
WSR proteins were divided into 5 clusters in both DT and DS. Expression profile in tree
algorithm cluster for individual proteins are indicated in gray lines, while the median
expression profile is marked in red for each cluster. The interval of tics in the vertical
axis corresponds to a ten-fold change. The number of proteins in each cluster (N) is given
in the left lower corner with the cluster name. The area of a circle is proportional to the
number of proteins. The clusters with n>x, were taken into consideration for the study of
co-expression patterns for functionally similar proteins. (B): Algorithm cluster tree
shown by a heat map based on a fold induction against control data of each protein.
Stress 1, 2 and 3 indicates a fold induction after 3, 7, and 15day after initiating water
stress, respectively. Functional classification is denoted by colored cell. Colored line in
the middle of the figure connects same proteins in DT and DS cultivar for major proteins.
Figure 7: Protein interactions in DT and DS cultivars. Functional group of each protein
is indicated in different colors. A: Protein interactions in DT peanut showing more
interactions compared to DS (B). The number of interacting proteins involved in various

biological functions is shown in C. More proteins involved in protein synthesis and
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metabolism are associated with interactions in DT cultivar than DS. D. Formula used to
determine the interaction of proteins. The estimated interactions were evaluated based on
a goodness-of-fit calculated from “multiple-correlation coefficient” (R) between an
expression profile and simulated profile of a protein positioned on the downstream side
of an interaction. Significant interactions of individual proteins were indicated based on
the first deciles (top 10%) of multiple co-relation co-efficient R. For each protein, we
calculated the average of the R corresponding to the interactions that the protein
regulated the expression of the other proteins and determine the intensity of their
interactions between the proteins, Where: xi. i protein expression; i i"" protein
production velocity coefficient; gij: coefficient of i protein production velocity and jt"
protein expression; i. i protein degradation velocity coefficient; hi: coefficient of i
protein degradation velocity and j protein expression.

Figure 8: Effects of water stress on expression levels of key genes in peanut leaf.
Relative mRNA abundances were normalized against actin gene abundance. Stress 1: 3
days, Stress 2: 7 days, and Stress 3: 15 days water withholding respectively. RT-qPCR
was performed on Bio-Rad iCycler using the cDNA product corresponding to 20 ng of
total RNA in a 20 pl reaction mixture, that includes 1uL of forward and reverse primers
of the transcripts, for selected genes using SYBR green method. PCR conditions were:
95° C for 30 s, then 45 cycles of 95° C for 10 s and 60° C for 30s. Data was acquired at
60°C. Data was normalized using the Actin gene Ct value, and extent of change was
calculated using the Ct value of the calibrator (control samples -no water stress treatment)

using the formula 224,
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Figure 9: Enzymatic activities of ascorbate peroxidase (APX) under water stress. APX
activity is measured in terms of fold change over the three time points.

Figure 10: Model depicting pathways putatively functional in two distinct peanut
cultivars under water stress conferring drought tolerance. Proteins identified in this study
are indicated in boxes and displayed on the corresponding metabolic pathways. The
abundance level of individual proteins is shown in box with colors. ACT12-Actin; Act
Iso B-Actin isoform B; APX-aspartate peroxidase; CH21/CPN 60-chaperones; CMO-
Choline-choline monooxygenase; CYP-cyclophilin; DS-Drought susceptible; DT-
Drought tolerant; FBA2-Fructose bisphosphate aldolase; OSGRP2-Glycine rich proteins;
Mtr-Methionine synthase; PER43-Peroxidase 43; SOD-Superoxide dismutase; SAM-S-
adenosyl-L-methionine; PP1-Serine/threonine kinase; TKT3-Transketolase. The numbers

next to the boxes corresponding to the protein spots resolved in 2-DE gel.
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Table |

Table 1: Reproducibility of two-dimensional gels

Leaf tissue harvest time Average number of high quality protein spots visualized on 2-DE gel
and stress treatment

Drought Tolerant (Vemana) Drought Susceptible (Florunner)
Control 300 298
3 day stress 297 290
7 day stress 306 283
15 day stress 304 273

Average number of spots in 3 replicate gels

Spots having quality score as assigned by PD Quest version 8.2.1


http://ees.elsevier.com/jprot/download.aspx?id=524413&guid=788d3d2c-4553-4247-ae8d-ce6d852bc36d&scheme=1

Table Il

Table 2: Identification of water stress responsive proteins in peanut leaf

Spot
no.?

8*

11%

13*

14

15

32

40

59*

72

Homologous protein

Protein Synthesis / Modification
Heat shock protein, 70K, chloroplast
(HSP70)

Heat shock protein, 70K, chloroplast
(HSP70)

Chaperonin 60 alpha chain
precursor, chloroplast (CH60)

Protein disulfide-isomerase 2
(PDI2)

Chaperonin 60 alpha chain
precursor, chloroplast (CH60)

Chaperonin 60 subunt beta 1,
chloroplastic (CH 60)

Probable chaperonin 60 beta chain-
chloroplast (CH60)

Elongation factor 1-beta (EF1)
GrpE protein homolog (GRPE)
Chaperonin 21 (CH21)

Peptidylprolyl isomerase (EC
5.2.1.8) Cyclophilin (CYP)

Fold
change® in
Drought
Tolerant

3.23

1.97
2.54

2.09

1.93

1.50

15

2.33
1.98

1.74

1.53

Fold
change® in
Drought
Susceptible

0.5

Not found
0.57

0.42

0.72

0.39

0.46
0.2
0.11

0.65

0.12

Reference Organism

Cucumis sativus

Cucumis sativus
Brassica napa

Oryza sativa

Pisum sativum

Arabidopsis thaliana

Pisum sativum

Oryza sativa

Arabidopsis thaliana

Lycopersicum
esculentum
Madagascar
periwinkle

Accession
number®

T10248

T10248
538642

NP_177875.1

T06518

Q9FHA9

T06412

EF1B_ORYSA

Q9XQC7

QIM583

T10056

Mr (Da)

Theo?/
Exp°®

71171/
58099

75366/
59769

62945/
49087

NA

61941/
42398

63118/
42398

62945/
55153

24716/
33452

35699/
28978

NA

18273/
17886

pl-Theo?

Exp®

5.17/4.6

5.15/5.2
5.85/4.5

NA

5.15/5.4

5.73/5.5

5.85/5.2
4.36/4.8
457/4.1

NA

8.36/5.3

Peptide
count

18

18
11

NA

10

10

16

NA

Protein
score’

736

736

210

NA

210

95

362

7

134

NA

67


http://ees.elsevier.com/jprot/download.aspx?id=526665&guid=6879baa1-c59e-410f-a7e1-d3575e8cf70b&scheme=1

74*

80*

83

85

86"

22

23*

24

Chaperonin 21 (CH21) 1.22
Peptidylprolyl isomerase (EC 261
5.2.1.8) Cyclophilin (CYP) '
50S ribosomal protein L12- 151
chloroplastic (RK12) '
Peptidylprolyl isomerase (EC 107
5.2.1.8) Cyclophilin (CYP) '
Peptidylprolyl isomerase (EC 398
5.2.1.8) Cyclophilin (CYP) '
Photosynthesis

Ribulose 1,5-bisphosphate
carboxylase-oxygenase large 186

subunit (rbcL)

Ribulose 1,5-bisphosphate
carboxylase-oxygenase large 1.54
subunit (rbcL)

Sedoheptulose bisphosphatase 2.14
(SBPase)

Ribulose 1,5-bisphosphate
carboxylase-oxygenase large 3.86

subunit (rbcL)

Ribulose 1,5-bisphosphate
carboxylase-oxygenase large 3.44
subunit (rbcL)

Ribulose 1,5-bisphosphate

carboxylase (rbcL) 2.82

0.12

1.26

0.64

0.49

0.49

Not found

0.12

Not found

0.26

0.21

0.35

Lycopersicum
esculentum

Zea mays

Arabidopsis thaliana

Zea maize

Zea maize

Arachis hypogaea

Arachis hypogaea

Arabidopsis thaliana

Arachis hypogaea

Arachis hypogaea

Justicia odora

Q9M583

CSZM

CAA44226.1

CSZM

CSZM

020356

020356

Q940F8

020356

020356

P28428

NA NA
18337/
19000 8.91/8.9
NA NA
18337/
14564 8.91/5.2
NA NA
51493/
71321 6.19/6.38
51493/
71321 6.19/6.6
51666/
69935 6.05/6.45
47958/
38761 5.54/6.1
51493/
38998 6.19/6.45
51684/
39903 5.83/6.4

NA

NA

NA

18

18

16

18

18

17

NA

67

NA

67

NA

603

603

423

603

603

403



25

26

27

36

16

29

67

68*

88

Ribulose 1,5-bisphosphate
carboxylase-oxygenase large
subunit (rbcL)

Ribulose 1,5-bisphosphate
carboxylase-oxygenase large
subunit (rbcL)

Ribulose 1,5-bisphosphate
carboxylase-oxygenase large
subunit (rbcL)

Ribulose 1,5-bisphosphate

carboxylase-oxygenase large
subunit (rbcL)

Phosphoribulokinase (PRK)

Glyceraldehyde-3-phosphate
dehydrogenase (NADP)
(phosphorylating) A, chloroplast

(gapAl)

Glyceraldehyde-3-phosphate
dehydrogenase (NADP)
(phosphorylating) A, chloroplast

(gapAl)

Glyceraldehyde-3-phosphate
dehydrogenase (NADP)
(phosphorylating) A, chloroplast

(gapAl)
Glyceraldehyde-3-phosphate

dehydrogenase (NADP)
(phosphorylating) A, chloroplast

(gapAl)

4.01

0.50

Not found

4.28

1.12

1.50

3.19

2.34

Absent

0.36

0.37

Not found

0.23

Not found

Not found

Absent

0.11

Not found

Arachis hypogaea

Arachis hypogaea

Arachis hypogaea

Arachis hypogaea

Mesembryanthemum
crystallinum

Spinacia oleracea

Pisum sativum

Nicotiana tobaccum

Capsicum annuum

020356

020356

020356

020356

T12436

Q8VWP4

S43832

A24430

Q8VWP4

52036/
39876

51493/
39865

51493/
41201

51493/
31832

44086/
39875

36662/
38125

36662/
24976

36039/
24535

33492/
30439

6.33/6.81

6.19/7.12

6.19/7.2

6.19/5.1

6.03/4.9

8.3/8.6

8.3/8.1

6.0/8.8

6.0/8.2

18

18

18

18

11

11

11

603

603

603

603

325

370

370

370

296



31*

33

35

4

42

43
55

56*

57

58

60*

61

Ribulose 1,5-bisphosphate
carboxylase activase isoforml
(RCAA)

Ribulose-bisphosphate carboxylase
activase (EC 6.3.4) (RCAB)

Rubisco activase (RCA)

Sedoheptulose bisphosphatase (EC
3.1.3.37) precursor (SBPase)

Sedoheptulose bisphosphatase (EC
3.1.3.37) precursor (SBPase)

Probable photosystem 11 stability
protein (HCF136)

Photosystem Il oxygen-evolving
complex protein 1 precursor (PSBO)

Photosystem Il oxygen-evolving
complex protein 1 precursor (PSBO)

Chlorophyll a/b-binding protein
precursor (LHCAS3)

Ribose-5-phosphate isomerase
precursor (EC 5.3.1.6) (SOVF)

Chlorophyll a/b-binding protein
precursor (LHCAZ3)

Chlorophyll a/b-binding protein
precursor (LHCAZ3)

1.65

2.27

5.90

2.38

1.14

1.51

1.07

2.22

2.00

1.72

4.27

3.26

0.25

0.21

0.05

0.06

0.07

Not found

0.61

0.61

0.66

0.66

1.04

0.65

Hordeum vulgare

Hordeum vulgare

Vigna radiata

Arabidopsis thaliana

Arabidopsis thaliana

Arabidopsis thaliana

Pisum sativum

Pisum sativum

Fagus crenata

Spinacia oleracea

Fagus crenata

Zea Maize

Q40073

A23703

098997

S51838

QO40F8

T51828

S04132

S04132

048657

Q8RUT3

048657

A29119

47112/
32876

47197/
32812

47871/
32521

42387
2,342

51493/
25690

44076/
28550

34871/
22768

34871/
22768

28023/
25567

30844/
20982

28029/
19875

27977/
19540

8.62/4.55

8.62/5.2

7.59/4.55

6.17/5.1

6.19/4.74

6.79/5.5

6.25/4.79

6.25/5.3

5.13/6.15

6.54/4.9

5.29/5.25

5.29/5.4

10

10

19

11

438

438

226

197

452

243

269

269

167

87

167

167



90*

91

62

7

81

84

92

76

17
669

73

75

Chlorophyll a/b-binding protein
type 11l (LHCA3)

Chlorophyll a/b-binding protein
type 11l (LHCA3)

Photosystem 11 type Il chlorophyll
a/b binding protein (CABII)

Chlorophyll a/b-binding protein
type 111 (LHCA3)

Ribulose-bisphosphate carboxylase
small chain (RBCS)

Ribulose-bisphosphate carboxylase
small chain precursor (RBCS)

Photosystem Il oxygen-evolving
complex protein 2 (PSPB1)

Photosystem Il oxygen-evolving
complex protein 2 (PSPB1)

Defense/ Stress related

Beta tubulin (TUBB)

Chitinase class Il (Chi2)

Peroxiredoxin precursor (PRx)

Ascorbate peroxidase (APX)

Signal transduction/ Cellular
biogenesis

Absent

Absent

2.88

2.15

1.13

Not found

Absent

1.62

2.34

1.96

2.17

2.49

0.13

0.23

0.5

0.25

Not found

0.59

0.38

0.99

Absent

Absent

0.66

Not found

Alonsoa meridionalis

Alonsoa meridionalis

Sorghum bicolor

Alonsoa meridionalis

Phaseolus vulgaris

Malus domestica

Arabidopsis thaliana

Arabidopsis thaliana

Glycine max

Arachis hypogea

Phaseolus vulgaris

Cicer arietinum

Q9M538

Q9M538

081608

QIM538

S20509

1Q2241

Q42029

Q42029

P28551

S65070

QYFE12

QISXT2

20814/
18542

20814/
18435

20399/
19654

20814/
18764

15648/
17874

20198/
14100

17525/
15558

14330/
17543

45721/
39054

28906/
24950

28604/
16758
19253/
17835

5.17/5.3

5.17/5.7

4.69/5.9

5.17/6.3

8.64/8.67

9.07/4.7

4.91/5.9

9.71/6.2

5.63/5.3

6.29/7.9

5.17/5.1

4.6/5.92

20

228

228

105

228

212

112

82

82

451

238

197

391



12

37

38@

44"

54

34

39@

Calcium-binding protein calreticulin
(CALR)

Actin (ACT12)
Actin isoform B (ACT iso B)

Putative brassinosteroid insensitive
1 associated receptor kinase 1
(OsSERK1)

Fibrillin, Homolog to plastid-lipid-
associated protein, chromoplast
(PAP1)

Metabolism

Plastid transketolase (TKT3)

Probable glycine dehydrogenase
(decarboxylating) (GLDP2)

Methionine synthase (Mtr)
14-3-3-like protein (14-3-3)

Glutamate-ammonia ligase (GLN2)

2.04

2.33

3.23

0.21

2.09

1.51

1.52

1.54

1.80

1.95

Not found

Not found

Absent

0.54

0.26

0.14

0.16

Not found

0.07

Absent

Prunus armeniaca

Gossypium hirsutum

Mimosa pudica

Oryza sativa

Brassica napus

Nicotiana tabacum

Arabidopsis thaliana

Coffea arabica

Pisum sativum

Dacus carota

QIXF98

Q7XZ19

T51183

Q8WO0BS

Q9ZS79

C3RXI5

T02615

QIM619

Q9TONO

T14292

48386/
42958

41708/
31259

41702/
32558

NA

25857/
20975

80312/
61246

113702/

24430/
59123

29340/
28595

47733/
30759

4.4/4.2

5.37/5.4

5.31/5.4

NA

5.12/4.7

6.58/6.2

6.18/6.36

5.69/6.4

4.68/4.0

5.63/5.9

10

13

16

NA

11

232

419

435

NA

213

126

212

82

206

151



46

47*

48

49

50

51*

52

63*

79

64

65*

69

Probable fructose-bisphosphate
aldolase precursor, chloroplast-(EC
4.1.2.13) (FBA2)

Probable fructose-bisphosphate
aldolase precursor, chloroplast-(EC
4.1.2.13) (FBA2)

Probable fructose-bisphosphate
aldolase precursor, chloroplast-(EC
4.1.2.13) (FBA2)

Probable fructose-bisphosphate
aldolase precursor, chloroplast-(EC
4.1.2.13) (FBA2)

Probable fructose-bisphosphate
aldolase precursor, chloroplast-(EC
4.1.2.13) (FBA2)

Carbonic anhydrase (CAHX)

RNA-binding protein (rbp33)

Carbonate dehydratase precursor
chloroplast /cytoplasm (CAHX)

Carbonate dehydratase precursor
chloroplast/Cytoplasm (CAHX)

Putative quinone oxidoreductase
(gor)

Triosephosphate isomerase (T1M)

Triosephosphate isomerase (T1M)

0.25

3.23

2.60

5.02

1.12

2.44

1.01

1.08

2.44

2.30

2.66

2.45

0.06

0.54

0.43

0.41

Not found

Not found

0.65

0.29

1.47

Absent

Not found

0.11

Pisum sativum

Solanum tubersum

Oryza sativa

Flaveria trinervia

Pisum sativum

Phaseolus aureus

Persea americana

Flaveria bidentis

Flaveria bidentis

Cicer arietinum

Physcomitrella
patens

Oryza sativa

529047

TO07418

T03679

QYARE1

529047

QIXQBO

Q8SMHS8

S48675

561882

Q8L5Q7
A9SAR?2

Q8LR75

38460/
27505

38460/
27465

42121/
27345

12779/
28125

38460/
27915

35462/
28500

32926/
24345

35625/
19557

35625/
19765

21778/
19515
12790/
20532
27256/
22457

5.89/6.15

5.89/6.15

7.6/6.75

4.89/7.3

5.83/8.3

7.59/8.7

4.49/4.0

5.85/6.4

5.85/7.8

6.08/6.72

8.01/75

5.58/7.8

224

224

224

224

224

200

68

72

72

92

67

67



70

71
78*
87*

89

Bl @#

D5%*

E6 @

H1@*

10

18*

19

Carbonic anhydrase (CAHX)

Glycine-rich protein (OSGRP2)

Putative quinone oxidoreductase
(gor)

Glycine-rich protein (OSGRP2)
Triosephosphate isomerase (TIM)

Serine/threonine protein phosphate
PP1 EC (3.1.3.16) (PP1)

Choline monooxygenase (CMO)

Peroxidase 43 (PER43)

SNF 1 related protein kinase
regulatory subunit beta-2 (KINB1)

Transport

V-type proton ATPase catalytic
subunit A (protein F9K20.5) (VHA-
A)

H+ transporting two-sector ATPase
beta chain, mitochondrial (atpB)

H+ transporting two-sector ATPase
beta chain, mitochondrial (atpB)

151

2.96

4.64

1.99

Absent

27.4

324

28.6

13.5

1.50

1.01

1.09

Not found

0.53

Not found

0.48

Not found

Absent

Absent

Absent

Absent

Not found

0.19

0.24

Nicotiana tabacum

Oryza sativa
Cicer arietinum
Oryza sativa

Oryza sativa

Medicago varia

Arabidopsis thaliana

Arabidopsis thaliana

Arabidopsis thaliana

Arabidopsis thaliana

Zea maize;
Xanthophyllum sp.
'‘Coode 7760K'

Zea maize;
Xanthophyllum sp.
‘Coode 7760K'

Q9LWO1

022385
Q8L5Q7
022385

Q8LR75

P48488

Q9SZR0O

QI9SZH2

Q84VQ1

E96818

S11491

QIMTTS

34488/
21035
16017/
17656
21708/
18575
16017/
14534
27256/
29875

NA

NA

NA

NA

27374/
48650

59066/
33540

49104/
34550

6.41/7.6

7.82/4.65

6.51/6.75

7.82/6.23

5.58/8.8

NA

NA

NA

NA

5.83/4.8

6.01/5.5

5.25/5.4

NA

NA

NA

NA

14

19

19

200

97

92

97

67

NA

NA

NA

NA

235

924

924



H+ transporting two sector ATPase

20 alpha subunit (atpA) 1.11 0.21 Atropa belladonna Q8s8Y3 55419/ 5.26/5.6 12
32955
. Zea maize;
1 Httransporting two-sector ATPase 1.09 0.10 Xanthophyllumsp.  QOMTT8 52366/ 4 9959 19
beta chain, mitochondrial (atpB) . . 33452
Coode 7760K
H+ transporting two sector ATPase 55419/
28 alpha subunit (atpA) 1.72 0.02 Atropa belladonna Q8S8Y3 38924 5.26/8.4 12
. 55419/
30* H+ transporting two sector ATPase 1.53 0.02 Atropa belladonna Q8S8Y3 5.26/8.8 12
. 39005
alpha subunit (atpA)
H+-transporting two-sector ATPase 41420/
45 gamma chain precursor, chloroplast 0.20 0.10 Nicotiana tobaccum PWNTG 8.16/5.9 6
27547
(ATPC)
" Cation/hydrogen exchanger . . .
53 4.18 0.19 Arabidopsis thaliana ~ AAF24561.1 NA NA NA
(CHX16)
Cytochrome C oxidase subunit 6B-1 . 18900/
82 (COX6b-1) 2.71 Not found  Oryza sativa QI9SXV0 14578 4.27/4.0 5

465

924

465

465

70

NA

118

a Spot number as given on the 2-D gel image in Figure 2; b: Protein fold change is the mean spot densities in stressed leaf tissue over the
Irrigated control; c: Protein identification number as in Uniprot/NCBI Viridiplantae database; #Proteins identified de novo sequencing; @ Proteins
induced to water stress in drought tolerant cultivar; $Proteins unique to drought tolerant cultivar; dTheor: Theoretical value; e exp: Experimental
value; Mr: Molecular weight; pl: Isoelectric point; g Protein score: lon score of identified proteins; *Protein identified in more than one spot on 2-
DE. Not found: Protein spot was not detected in stressed tissue while present in the corresponding control. Absent: Protein is not detected in
either control or stressed tissue. All protein identification and characterization were submitted to PRIDE database
http://www.ebi.ac.uk/pride/startSearch.do (Experiment accession number 10105).



Table Il

Protein
spot no.

82
73
59, 74

44

72, 80, 85,
86

57, 60, 61
64,78
62
75

71, 87

Peanut Query
(Uniprot)

QISXV0
QIFE12
Q9M583
Q8WOBS
QYXQC7
048657
QSL5Q7
081608
QISXT2

022385

Table 3: Orthologous proteins showing potential interactors in Arabidopsis

Localization

Other
Chloroplast
Other
Chloroplast
Chloroplast
Chloroplast
Other
Other
Signal Peptide

Other

Putative Genes Mapped to

Arabidopsis

COX6B*
ATPERI1
BAND7/HIR2*
ATPERK1
GRPE*
LHB1B1*
FQR1/qor*
LHCB2.3*
APX1

CCR2/0SGRp2*

Interactors mapping in Arabidopsis
(Subcellular location is indicated in
paranthesis)

AHK2" CYTC-1*

ATPERXQ?®! (Mito); BAS1 (Others) Periredoxin"
(ChD

No interactors found
No interactors found

No interactors found

LHB1B2* (Chl); LHCB2.3* (Chl)
Quinone Reductase’; ATCBR"™; FNR 2™; FNR 1"
LHB1B1% LHCB2.2*; LHCB3*

ATHSFA2™"; ATTRX3"; RHL41"

No interactors found
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38

34

52

18, 19, 21

54

58

77,90, 91

14

6

23,27,
25,36, 26,
22,1,3

51,70

Q7XZI9

QYTONO

Q8SMHS

QIMTTS

Q9ZSZ9

Q8RU73

QIMS38

Q9FHA9

QIM619

020356

QIXQBO

Other

Other

Chloroplast
Other
Other

Chloroplast

Other

Chloroplast

Other

Other

Chloroplast

ACTI12/ACT12*

GRF2/GRF2*

RBP31/RBP31*
ATPB*

FIB*

Ribose 5-phosphate isomerase/
Ribose 5-phosphate isomerase *

LHCA3/LHCA3*

HSP60-3A,chaperonin, CPN-10,
HSP60-2,CPN60A,
CPN60B,EMB3007, EMB1444,
PPP/HSP60*

ATMS1

rbcL*

CA1/CipCal*

ACT1, ACT2, ACT3, ACT4,ACTS8,ARP2, ATARP4,
ATARP7, Actin, ATM1, AGB1, ACT11

GRF12, GRF10, GRF11,GRF13, GF,14, GRFS,
MAPKKKS, GRF6, GRF7, GRF3, GRFS5, GRF9, GF-

chi

CP33%(Chl) ; Kelch repeat® (Not found)

No interactors found

ABI2"P

No interactors found

ARR14"

No interactors found

ATMS28*; ATMS3"

No interactors found

ATTRX3"? (Chl); BCA6 % (Chl)

Methods used to identify interactions are: Yeast 2 Hybrid (p); Gene fusion (g); GSP (h); Co expression (j); Text mining (b); Orthology
mapping (f); Phylogenetic Profiling (k); Gene Ontology (m); * indicates the interaction in peanut; Chl: Chloroplast; Mito: Mitochondria
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Figure 1: Effect of dehydration on Water status, Cell membrane stability, Photosynthetic

efficiency, and Total sugar contents. 50 day old peanut cultivars Vemana and Florunner were
used for comparative estimation of RWC (A), electrolyte leakage (B), photosynthetic efficiency
(C), sugar accumulation (D) in a time-dependent manner under water stress. All experiments

were done in triplicates, and average mean values were plotted against time with standard

deviation.
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Figure 2: Effect of water stress (WS) on leaf protein composition of drought-tolerant (DT) and -
susceptible (DS) peanut cultivars. Circles indicate unique protein spots to DT and while inverted
triangle indicate unique protein spots in DS cultivars. Triangle indicates newly induced proteins
to water stress in DT cultivar following 15 day WS.
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Figure 3: PCA score plot of proteins from drought tolerant (DT) and drought susceptible (DS) cultivars. This analysis was based on the 96 spot features exhibiting
statistically significant (ANOVA p < 0.01) changes in protein abundance in all gel images. Variation of 91.33% and 85.39% were observed in DT and DS cultivars

respectively. Water stress was induced by withholding water for 15 days.
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= Photosynthesis 34

= Metabolism 28

= Protein synthesis 15

= Transport 10

A
= Defense 4
= Signal transduction and Cellular
biogenesis 5
= Chloroplast 65
= Cytoplasm 8
B

= Mitochondria 5

= Membrane 2

= Cytoskeleton 2

= Extracellular 1

= Endoplasmic reticulum 1

= Unknown 12

Figure 4: Gene ontology classification of water stress responsive proteins according to their (A) biological function and, (B) location in the cell categories as per the annotation
in the Viridiplantae taxonomic databases.
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DT (Vemana)

Stress 1
Stress 2
Stress 3

2

2
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3
3
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4

4
5

5

6

6

7
8

9

17

A. Protein Synthesis / modification

Heat shock protein, 70K

Heat shock protein, 70K

Chaperonin 60 alpha chain precursor
Protein disulfide-isomerase
Chaperonin 60 alpha chain precursor
Chaperonin 60 subunit beta
Probable chaperonin 60 beta chain
Elongation factor 1-beta

GrpE protein homolog

Chaperonin 21

Peptidylprolyl isomerase

Chaperonin 21

Peptidylprolyl isomerase

50S ribosomal protein L12
Peptidylprolyl isomerase
Peptidylprolyl isomerase

B. Photosynthesis

Ribulose 1.5-bisphosphate carboxylase-oxygenase large subunit
Sedoheptulose biphosphate
Ribulose 1,5-bisphosphate carboxylase-oxygenase large subunit

16 Phosphoribulokinase
22 Ribulose 1.5-bisphosphate carboxylase-oxygenase large subunit

3 Ribulose 1,5-bisphosphate carboxylase-oxygenase large subunit

24 Ribulose 1.5-bisphosphate carboxylase

5 Ribulose 1.5-bisphosphate carboxylase-oxygenase large subunit

26 Ribulose 1,5-bisphosphate carboxylase-oxygenase large subunit

7 Ribulose 1.5-bisphosphate carboxylase-oxygenase large subunit

29 Glyceraldehyde-3-phosphate dehydrogenase (NADP) (phosphorylating) A. chloroplast

1 Ribulose 1,5-bisphosphate carboxylase activase isoform1
3 Ribulose-bisphosphate carboxylase activase
5 Rubisco activase

36 Ribulose 1.5-bisphosphate carboxylase-oxygenase large subunit

1 Sedoheptulose-bisphosphatase (EC 3.1.3.37) precursor

42 Sedoheptulose bisphosphatase

3 Probable photosystem Il stability protein HCF136
5 Photosystem Il oxygen-evolving complex protein 1

56 Photosystem Il oxygen-evolving complex protein 1

7 Chlorophyll a/b-binding protein precursor

58 Ribose-5-phosphate isomerase precursor (EC 5.3.1.6)
60 Chlorophyll a/b-binding protein precursor

1 Chlorophyll a/b-binding protein precursor

62 Photosystem Il type Il chlorophyll a/b binding protein

7 Glyceraldehyde-3-phosphate dehydrogenase (NADP) (phosphorylating) A,

68 Glyceraldehyde-3-phosphate dehydrogenase (NADP) (phosphorylating) A.
76 Photosystem Il oxygen-evolving complex protein 2

7 Chlorophyll a/b-binding protein type lll (Fragment)
1 Ribulose-bisphosphate carboxylase small chain

84 Ribulose-bisphosphate carboxylase small chain precursor
88 Glyceraldehyde-3-phosphate dehydrogenase (NADP) (phosphorylating) A. chloroplast
90 Chlorophyll a/b-binding protein type lll (Fragment)

1 Chlorophyll a/b-binding protein type Iil (Fragment)

92 Photosystem Il oxygen-evolving complex protein 2

C. Defense

Beta tubulin

66 Chitinase class I

Peroxiredoxin precursor

75 Ascorbate peroxidase

DS (Florunner)

20 1:1 20
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DS (Florunner)
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v v wnn
gge
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v

DT (Vemana)

Stress 1
Stress 2
Stress 3

D. Signal Transduction

Calcium-binding protein
Actin

Actin isoform B

Putative brassinosteroid
Fibrillin

E. Metabolism

4 Plastid transketolase

5 Probable glycine dehydrogenase

6 Methionine synthase

34 14-3-3-like protein

39 Glutamate-ammonia ligase

46 Probable fructose-bisphosphate aldolase

= | 47 Probable fructose-bisphosphate aldolase

48 Probable fructose-bisphosphate aldolase

49 Probable fructose-bisphosphate aldolase precursor
50 Probable fructose-bisphosphate aldolase precursor
51 Carbonic anhydrase

52 RNA-binding protein

63 Carbonate dehydratase precursor chloroplast

64 Putative quinone oxidoreductase

65 Triosephosphate isomerase

69 Triosephosphate isomerase

70 Carbonic anhydrase

s 71 Glycine-rich protein

78 Putative quinone oxidoreductase

79 Carbonate dehydratase precursor chloroplast

87 Glycine-rich protein

89 Triosephosphate isomerase

B1 Serine/threonine protein phosphate PP1

D5 Choline monooxygenase

E6 Peroxidase 43

H1 SNF 1 related protein kinase regulatory subunit beta-2

F. Transport

10 V-type proton ATPase catalytic subunit A

18 H+ transporting two-sector ATPase beta chain, mitochondrial
19 H+ transporting two-sector ATPase beta chain, mitochondrial
20 H+ transporting two sector ATPase alpha subunit

21 H+ transporting two-sector ATPase beta chain, mitochondrial
28 H+ transporting two sector ATPase alpha subunit

30 H+transporting two sector ATPase alpha subunit

45 H+-transporting two-sector ATPase gamma chain precursor
53 Cation/hydrogen exchanger

Giwns 82 Cytochrome C oxidase subunit 6B-1

Figure 5: Protein profiles of functional groups during water stress. Heat map of the log 2 relative abundance of proteins
through the stress was created using Genesis v1.0 with the MS/MS quantitative data. For each protein, the sequence
description assigned with BLAST2GO is provided. Proteins are grouped according to their role in cellular processes. Each
block represents time course (from left to right; control, Stress 1 (3-day), Stress 2 (7-day) and, Stress 3 (15-day). Blocks in
grey indicate absence of the corresponding protein.
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Figure 6: Hierarchical cluster depicting the expression profile of water stress responsive (WSR) proteins in DT and DS cultivars. (A): The
temporally changed profiles of 96 Water stress responsive proteins were divided into 5 clusters in both DT and DS. Expression profile in tree
algorithm cluster for individual proteins are indicated in gray lines, while the median expression profile is marked in red for each cluster. The
interval of tics in the vertical axis corresponds to a ten-fold change. The number of proteins in each cluster (N) is given in the left lower corner
with the cluster name. The area of a circle is proportional to the number of proteins. The clusters with n>x, were taken into consideration for
the study of co-expression patterns for functionally similar proteins. (B): Algorithm cluster tree shown by a heat map based on a fold induction
against control data of each protein. Stress 1, 2 and 3 indicates a fold induction after 3, 7, and 15day after initiating water stress, respectively.
Functional classification is denoted by colored cell. Colored line in the middle of the figure connects same proteins in DT and DS cultivar for
major proteins.



http://ees.elsevier.com/jprot/download.aspx?id=526668&guid=9689a390-ca04-430c-af2f-04d08ce3846f&scheme=1

2 ®5

0
28" o7 EDT
9 ops

11 1010

n n
dxi _ 8y hij
=0 -Bi X;
dt J J
D. i- i=

Figure 7: Protein interactions in DT and DS cultivars. Functional group of each protein is indicated in different colors. A: Protein interactions in
DT peanut showing more interactions compared to DS (B). The number of interacting proteins involved in various biological functions is shown
in C. More proteins involved in protein synthesis and metabolism are associated with interactions in DT cultivar than DS. D. Formula used to
determine the interaction of proteins. The estimated interactions were evaluated based on a goodness-of-fit calculated from “multiple-
correlation coefficient” (R) between an expression profile and simulated profile of a protein positioned on the downstream side of an interaction.
Significant interactions of individual proteins were indicated based on the first deciles (top 10%) of multiple co-relation co-efficient R. For each
protein, we calculated the average of the R corresponding to the interactions that the protein regulated the expression of the other proteins and
determine the intensity of their interactions between the proteins, Where: x; it" protein expression; ;. i protein production velocity coefficient; g;:
coefficient of i protein production velocity and j* protein expression; ;. i protein degradation velocity coefficient; h;: coefficient of i protein
degradation velocity and jth protein expression.
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Figure 8: Effects of water stress on mRNA expression levels of key genes in peanut leaf. Relative mRNA abundances
were normalized against actin gene abundance. Stress 1: 3 days, Stress 2: 7 days, and Stress 3: 15 days water
withholding respectively.
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Figure 9: Effects of water stress on expression levels of key genes in
peanut leaf. Relative mRNA abundances were normalized against actin
gene abundance.
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