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11. OBJECTIVES OF THE PROJECT : 

   Detection of differentially expressed protein spots in drought - stressed groundnut plants   

    through 2D-PAGE and their sequencing by MALDI-TOF/TOF 

 

 Identification of differentially expressed proteins under drought stress by 2D- DIGE 

 

 Profiling of drought induced proteins in ICGV91114 groundnut by LC-MS/MS 

 

 Validation of selected proteins for drought stress tolerance by qRT-PCR 

 

12. WHETHER OBJECTIVES WERE ACHIEVED (GIVE DETAILS): Yes 
 
 
 
 
 
Work done (Please give details) 

 Objective – 1:  
 

      Detection of differentially expressed protein spots in drought - stressed groundnut     

      plants through 2D-PAGE and their sequencing by MALDI-TOF/TOF: 

 

   A. Isolation of Drought Tolerant Proteins: 

1. Plant material:  

Four varieties of peanut (Arachis hypogaea L.) viz. ICGV 91114, ICGS 76, J 11 and JL 24 with 

varying degrees of drought tolerance were obtained from the International Crops Research 

Institute for the Semi-Arid Tropics (ICRISAT), Patancheru, Hyderabad, India. ICGV 91114 is 

a high yielding (2.5-3.0 ton/ha) bunch variety with 48% oil and 27% protein content, matures 

in 90-95 days and has an ability to withstand prolonged drought spells, tolerant to mid-season 

and end-of-season drought. ICGS 76 is another high yielding (1.3-1.8 ton/ha), Virginia bunch 

variety with an oil content of 43% and matures in 120 days. It is tolerant to bud necrosis and 

has good recovery from mid-season drought. J 11 is a Spanish bunch type, adaptable under a 

wide range of agro-climatic conditions and resistant to collar-rot and aflatoxin. JL 24 also a 

high yielding (1.5-2.0 ton/ha) Spanish bunch variety, matures in 90-95 days, and one of the 

most popular national varieties sown in the areas where end-season drought is common due to 

its drought susceptibility.  
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2. Imposition of drought stress 

Four seeds per pot, from each variety, were sown in pots filled with a mixture of soil and 

nutrients, at the plant Genetics experimental farm, Department of Genetics, Osmania 

University, Hyderabad. They were watered regularly thrice a week for 20 days until the water 

stress was imposed. Drought was imposed by withholding water to the 20-day-old seedlings 

for 10, 15 and 20 days to ICGV 91114 while 10 and 20 days to other three cultivars, 

maintaining their respective controls. Fully expanded fresh leaf samples were collected at 

random, from each of the stressed plants of all the four varieties along with their respective 

controls on 31st, 36th and 41st days respectively. Leaf samples were collected from all the 4 

plants at random from each replicate, pooled variety-wise, quickly frozen in liquid nitrogen and 

stored at -80°C prior to protein extraction. The experiment was laid out in a completely 

randomized block design with three replications each and the seedlings / plants were 

maintained in the glass house during the experiment. 

3. Relative water content (RWC) 

The RWC was estimated in 10, 15 and 20 days drought stressed ICGV 9114 and 10 and 20 

days water stressed plants in other 3 varieties along with their respective controls. After 

recording fresh weight of the collected leaves from 31st, 36th and 41st day-old seedlings, stored 

overnight in de-ionised water, in refrigerator, at 4oC and the next day the turgid weight of the 

blotted leaves was recorded. Later, the dry weight of leaves, incubated in hot-air-oven at 60oC 

for 24 h, was recorded. RWC was estimated as per the following formula. 

 Fresh weight – Dry weight 

Relative Water Content (RWC) = ------------------------------------   

 Turgid weight – Dry weight                                                                                 

4. Isolation and purification of proteins: 

Two grams of fresh leaf tissue (pooled from 3 replicates) of each variety was ground to fine 

powder in liquid nitrogen in a chilled mortar using pestle, homogenized twice with 20 ml of 

cold acetone containing 10% trichloro-acetic acid (TCA) and 0.07% β-mercapto-ethanol (β-

ME) for 30 seconds and incubated overnight at -20oC. The homogenate was centrifuged at 

20,000 g for 30 minutes and the supernatant was discarded and the pellet was homogenized 

again with fresh acetone containing 10% TCA and 0.07% β-ME. This pre-protein extraction 
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procedure was repeated 3-4 times until all the pigments from the leaf tissue were removed. 

Later, this pellet was homogenized with cold acetone containing only 0.07% β-ME without 

TCA and centrifuged at 10,000 g for 20 minutes. This step was repeated twice and the pellet 

was air dried overnight.  

The total leaf proteins were extracted by thoroughly vortexing and homogenising  the pellet in 

5 ml of protein extraction buffer (8.8 M urea, 2.0 M thiourea, 4% CHAPS (3-[3-

cholamidopropyl dimethylammo-o]-1-propanesulfonate), 20 mM Di-thiotheritol (DTT), 10% 

protease inhibitors cocktail and 0.01% biolytes). The homogenate was incubated at room 

temperature for one hour, centrifuged at 20,000 g for 30 minutes and filtered through a 0.45 

µM filter. This protein extraction was repeated thrice and all the supernatants were pooled and 

the protein was estimated using Bradford assay. 

B. Resolution of total leaf proteins into different protein spots by 2D-PAGE (2-DE) 

The above isolated and purified total leaf proteins were resolved by 2-DE in two steps; in the 

first dimension by iso-electric focusing (IEF) and in the second dimension by SDS-PAGE. 

Briefly, 250µg of leaf protein was loaded onto 7 cm IPG strips (Bio-Rad) with pH 4–7 and was 

kept overnight for rehydration. IEF of proteins was performed with 50 mA/strip with the 

following program: Step-I: 250 V for 20 min. at a linear slope, Step- II: 4,000 V for 2h, Step- 

III: 4,000 V, at a rapid slope for 10,000 Vh, and Step- IV: 4000 V at a linear slope for 30 min. 

Later, these strips were equilibrated with an equilibration buffer-I [6 M urea, 2% (w/v) SDS, 

20% (v/v) glycerol, 0.375 M Tris-HCl (pH 8.8) and 2% (w/v) DTT] for 15 min and then for 

another 15 min with equilibration buffer-II [6 M urea, 2% (w/v) SDS, 20% (v/v) glycerol, 

0.375 M Tris-HCl (pH 8.8) and 2.5% (w/v) iodoacetamide]. At the end of equilibration, the 

strips were loaded onto the SDS-PAGE for second dimension. 

 In the second dimension, SDS–PAGE of all the protein samples, along with a pre-stained 

broad range SDS-PAGE marker (Bio-Rad), was performed using 12 % (w/v) polyacrylamide 

gels with 5% (w/v) stacking gels. Electrophoresis was carried out (Bio-Rad PROTEAN unit) at 

a constant current of 20 mA/gel in 1-X Tris-Glycine electrophoretic running buffer. After 

electrophoresis, the gels were fixed in a mixture of 40% methanol and 10% glacial acetic acid, 

stained with 0.25% colloidal Coomassie Brilliant Blue R-250 (CBB) and de-stained in a 

mixture of 40% methanol and 10% glacial acetic acid solution.  
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C. Quantitative and qualitative analysis of protein spots using PD Quest Basic software: 

     

The CBB-stained polyacrylamide gels containing protein spots were scanned as digitized 

images using GS-710 Calibrated Imaging Densitometer (Bio-Rad) with a scan density of 42.3 

x 42.3 and saved as tagged image file formats. These protein spots were analyzed for 

quantification including spot detection, measurement, back ground subtraction and matching 

using PD Quest Basic software version 8.0.1 (Bio-Rad). The protein spots on the 

polyacrylamide gels obtained from control plants of all the 4 cultivars were differentiated into 

faint, small and large spots. These control gels were used as reference gels for comparison of 

spots on the polyacrylamide gels obtained from their respective stressed plants. The 

quantitative variations in the intensity of protein spots due to CBB staining of the 

polyacrylamide gels were corrected using normalization parameters and thus the Guassian 

images were created. The Guassian images exhibiting matching between the protein spots of 

controls and their respective stressed plants, of each of the 4 varieties, were retained and the 

rest unmatched spots were removed using spot editing tool. Protein spots across the gels of the 

control and stressed plants within a variety were subjected to auto- spot matching by the 

‘classic match tool’ in all the 4 cultivars. The unmatched spots on the member gels of the 

stressed plants were added to the reference gel (control gel image). Qualitative analysis to 

know the presence of the spots and quantification of spots to know their intensity was 

performed by employing the ‘analysis set manager’ tool. For quantification of protein spots in 

a set of gels within a variety, outside limits were set as 0.5 and 1.5. The spots showing < 0.5 

expression levels were considered as down-regulated, > 1.5 as more abundant and between 

these limits as unchanged or normal spots. On the basis of matching, differential spots were 

selected and analyzed as described below. Three replicate gels were analyzed for each sample 

to ensure reproducibility. 

 

D. In-gel tryptic digestion of protein spots of interest for PMF analysis by MALDI - TOF: 

1. In-gel tryptic digestion: 

The CBB stained 2 DE gels were washed with ultra-pure water, protein spots of interest were 

excised from gels, de-stained in 0.2 M NH4HCO3 in 40% acetonitrile (ACN) for 30 min. at 

room temp., kept for drying and subjected to in-gel tryptic (0.1 mg) digestion in an ice bath for 

30 min. Later, 20 ml of 50 mM NH4HCO3 was added and digestion was allowed to continue at 
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37oC overnight. After digestion, samples were extracted in 0.1 % trifluoroacetic acid (TFA) 

and 50 % ACN and stored at -20oC for MALDI-TOF analysis.  

2. PMF analysis by MALDI-TOF: 

The tryptic digested peptides were loaded into a constricted GELoader tip (Eppendorf, 

Hamburg, Germany) packed with POROS R2 chromatographic resin (Perseptive Biosystems, 

Framingham, MA) with 5 mm porosity for desalting and concentration. The columns were 

equilibrated with 20 ml of 5% formic acid (FA) into which the digested samples were added. 

Later, the bound peptides were washed with 20 ml of 5% FA and eluted directly onto the 

MALDI target with 0.5 ml of CHCA solution (5 mg/ml in ACN, 0.1% TFA, 70:30 v/v). These 

samples were analyzed in Applied Biosystems 5800 MALDI-TOF Proteomics Analyzer. The 

instrument was equipped with a nitrogen laser and operated in a positive-ion delayed extraction 

reflector mode. External calibration was performed by using a standard peptide/protein 

mixture. Usually, 250 individual spectra of each spot were averaged to produce a mass 

spectrum. The atmospheric air was used as collision gas to fragment the peptides and obtain 

the spectra. Peptide fragmentation was performed using collision-induced dissociation (CID), 

and 50 laser shots from five sample positions were summed up for each parent ion.  

E. Identification of peptides by comparing their mass with theoretical mass in the protein       

    database (NCBI / SWISS-PROT) 

Identification of proteins was performed by searching against National Centre for 

Biotechnology Information non-redundant (NCBInr) and SWISS-PROT databases using 

Mascot software (http://www.matrixscience.com), with Viridiplantae (green plants) as 

taxonomic category. The MASCOT search compares the experimental data with that of all the 

sequences in a database and returns list of hits with decreasing scores, a measure of reliability 

of identification. The following parameters were used for database search with MALDI-TOF 

PMF data: (NCBI nr 20070216, 4626804 sequences; 1596079197 residues; Taxonomy 

Viridiplantae 186963 sequences) , trypsin as digesting enzyme, 2 missed cleavages allowed, 

carbamido-methylation, methionine-oxidation and deamidation (NQ) (variable modifications), 

mono isotopic mass, peptide mass tolerance at ±100 ppm, unrestricted protein mass, 1+ peptide 

charge state. The search scores are represented as Probability based Mowse score -10*Log (P), 

where P is the probability that the observed match is a random event. Protein scores > 65 are 

considered significant (p< 0.05) in NCBI and scores >56 are considered significant in SWISS-

http://www.matrixscience.com)27,28/
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PROT database. For a positive identification in MALDI TOF- MS, the peptide score should 

exceed or equal to minimum significant score. For database search with MS/MS spectra, the 

following parameters were used: (CDS combined KBMS5.0.20050302, 1967674 sequences, 

672312456 residues; Taxonomy Viridiplantae, 177633 sequences), trypsin enzyme, carbamido-

methylation, methionine-oxidation, deamidation (NQ) (variable modification), monoisotopic 

mass value, unrestricted protein mass, peptide mass tolerance at ±1.0 Da, unrestricted protein 

mass, +1, +2, +3  peptide charge state with one missed cleavage allowed. The detected proteins 

were considered if they were identified by more than two peptides per spot. 

F. Statistical analysis: 

The data on RWC was recorded and analyzed through two-way analysis of variance and the 

values were expressed as mean and standard error. The significance of the treatment effects 

was tested at 5% probability level (P= 0.05) using Tukeys test, which is one of the Post Hoc 

multiple comparisons of Two-way ANOVA of Windostat version 8.5.  

G. Predicting sub-cellular localization and functional annotation through Bio - Informatics: 

Three independent sets of gene ontology: a) Biological Process (BP) in which the gene product 

participates, b) Molecular Function (MF) describing the gene product’s activities at the 

molecular level such as catalytic or binding and (c) Cellular Component (CC) indicating its 

sub-cellular localization, were defined for all the 30 proteins identified through PMF by 

searching the identified protein ID in TargetP program (www. cbs.dtu.dk / services / TargetP).  
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RESULTS 

Objective – 1:  

Detection of differentially expressed protein spots in drought - stressed groundnut    

plants through 2D-PAGE and their sequencing by MALDI-TOF/TOF: 

 

A. Isolation of Drought Tolerant Proteins : 

1. Isolation of total leaf proteins from drought stressed Groundnut plants: 

The drought stress induced 20 day-old groundnut seedlings; ICGV 91114, ICGS 76, J 11 and 

JL 24, at vegetative phase under pot culture, the ICGV 91114, ICGS 76 and J 11 verities could 

withstand drought stress up to 15 days and later started showing the symptoms of wilting, 

while JL 24 wilted after 10 days of drought stress. Hence, the leaf proteome studies were 

conducted under mild (10 days) and severe (20 days) drought stress conditions in all the 4 

varieties, while in ICGV 91114 cultivar studies were also made at moderate (15 days) drought 

stress condition, to investigate the effect of drought stress on differential expression of proteins 

in stressed plants. 

2. Relative water content (RWC) of leaf:  

In all the 4 varieties, there was a significant reduction in RWC with increase in the duration of 

stress from 10 to 20 days (p<0.01). In controls of all the 4 varieties, there was a steady decrease 

in RWC with increase in the age of the plant. The highest RWC was observed in ICGV 91114, 

followed by ICGS 76, J 11and JL 24 in 10, 15 and 20 day stressed plants (Fig. 1).  

               

Fig. 1: RWC (%) in 10, 15 and 20 days drought stressed groundnut cultivars               
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3. Isolation and Purification of proteins: 

In order to standardize the protocol for extraction of proteins from the leaves, 3 protocols; Tris 

– Hcl, Phenol, and TCA in acetone methods, were evaluated. The Tris – Hcl and Phenol 

extraction methods resulted in gels with very poor resolution and heavy streaking besides 

yielding only a few protein spots whereas the third, TCA in acetone method, resulted in gels 

with high resolution, little streaking and with more number of good quality protein spots. 

Therefore, in this present investigation, the TCA in acetone method was adapted for protein 

isolation for performing 2 D-PAGE analysis. 

B. Quantification of differentially expressed protein spots: 

Quantification of 280 differentially expressed protein spots observed on 2-DE gels in 4 

groundnut cultivars was carried out using PD Quest Basic software. In ICGV 91114, of the 106 

differential protein spots; 37 spots in 10 day-stressed (20 more abundant, 11 down-regulated 

and 6 new); 21 in 15 day-stressed (14 more abundant, 1 down-regulated and 6 new) and 25 in 

20 day-stressed plants (13 more abundant, 9 down-regulated and 1 new) (Table-1 & Fig. 2 ) 

were found in addition to the 23 protein spots noticed in all the stressed plants, however, with 

variable levels of expression. In ICGS 76, of the 59 differential protein spots; 30 spots in 10 

day-stressed (16 more abundant, 9 down-regulated and 5 new spots) and 8 in 20 day-stressed 

plants (4 more abundant, 1 down-regulated and 3 new proteins) in addition to the 21 spots 

observed in both 10 and 20 day-stressed plants (Table-2 & Fig. 3). In J 11 cultivar, out of 59 

differential protein spots, 30 spots in 10 day-stressed (12 more abundant, 11 down regulated 

and 7 new spots) and 14 in 20 day-stressed plants (10 more abundant, 1 down-regulated and 3 

new spots) were observed in addition to 15 protein spots found in both the 10 and 20 day-

stressed plants (Table-3 & Fig. 4). In JL 24, out of 56 differential spots quantified, 28 were 

found in 10 day-stressed (12 more abundant, 14 down regulated and 2 new) while only 2 spots 

were found in 20 day-stressed plants (1 more abundant and 1 down regulated ) and the 

remaining 26 spots were found both in 10 and 20 day-stressed plants (Table-4 & Fig. 5).  
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Table - 1. Quantification of differentially expressed protein spots in ICGV 91114 

Sp. 

No. 

pI M.Wt. Expression levels Sp. 

No. 

pI M.Wt. Expression levels Sp. 

No 

pI M.Wt. Expression levels 

10 15 20 10 15 20 10 15 20 

1 6.6 62.0 DR DR - 29 5.2 24.0 N N MA 57 5.3 19.0 - MA - 

2 6.7 62.0 DR DR - 30 6.6 22.5 N - - 58 5.1 18.5 - DR - 

3 6.1 48.0 DR - - 31 6.7 50.5 N - - 59 4.5 32.5 - - MA 

4 6.2 47.0 DR - - 32 5.6 52.0 MA  - 60 4.7 32.5 - - MA 

5 6.1 46.8 DR - - 33 5.8 28.5 MA MA - 61 4.6 33.0 - - MA 

6 6.5 49.0 MA - - 34 5.5 47.0 MA MA - 62 5.0 45.0 - - DR 

7 6.1 28.0 DR - - 35 5.5 13.5 MA MA - 63 5.1 44.0   DR 

8 6.0 20.0 DR  - 36 4.3 23.5 MA - - 64 5.3 41.2   DR 

9 5.9 21.5 DR DR - 37 4.6 17.5 MA - - 65 5.2 44.0   DR 

10 4.5 37.0 DR - - 38 6.7 21.5 MA MA - 66 5.8 54.0   DR 

11 4.6 41.0 MA - - 39 6.6 19.5 MA MA - 67 6.8 54.0   DR 

12 4.7 37.5 MA - - 40 5.3 4.0 DR DR - 68 6.9 54.0   DR 

13 4.8 35.0 MA - - 41 5.1 5.0 MA MA - 69 5.5 21.5 - - MA 
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14 4.9 17.5 MA DR - 42 6.6 17.5  N N 70 5.0 18.6 - - DR 

15 5.5 31.5 MA MA - 43 5.9 18.0 - N - 71 5.68 31.0 - - MA 

16 5.36 24.0 MA DR - 44 5.5 22.0 - N - 72 6.4 26.5 - - DR 

17 5.54 22.5 MA MA MA 45 5.1 30.0 - N - 73 4.9 17.0 - - MA 

18 5.8 27.0 MA - - 46 6.4 43.0 - MA MA 74 4.6 21.1 - - MA 

19 6.3 29.0 MA - - 47 6.0 39.0 - MA MA 75 4.8 32.0 - - MA 

20 6.2 35.0 MA MA - 48 6.0 37.5 - N - 76 6.2 26.5 MA - MA 

21 6.2 35.5 MA MA  49 6.2 37.0 - MA - 77 6.1 29.5 MA - MA 

22 6.1 30.5 MA MA MA 50 6.5 29.5 - MA - 78 5.4 32.5 - - MA 

23 5.8 52.0 MA - - 51 6.1 35.5 MA MA - 79 5.4 34.8 - - MA 

24 6.5 33.0 DR - - 52 5.0 27.0  MA - 80 6.0 36.5 - - MA 

25 6.5 35.0 N - - 53 6.0 23.0 N MA - 81 4.9 37.0 - - N 

26 6.0 30.5 DR - - 54 5.7 26.0 N MA - 82 6.0 22.0 - - MA 

27 6.4 25.0 N - - 55 6.6 20.5 N MA - 83 6.4 26.5 - - DR 

28 4.6 26.0 N - - 56 4.8 32.5 - MA -       

(Sp.No.- Spot No., pI - isoelectric point, M.Wt.- Mol. Wt., MA-more abundant, DR- down-regulated, N- new)   
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Fig. 2:  2 – DE gel images of 106 differentially expressed protein spots: a) 37 in 10, b) 21 in 15,          

             and c) 25 in 20 day old stressed, and 23 common spots, seedlings of ICGV 91114 

  Control plants                                                               Stressed plants 

b 

a 

7   M 4 

pH 

7   M 4 

pH 

c 

Protein expression in control gels:                              Protein expression in stressed gels:               
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Table- 2. Quantification of differentially expressed protein spots in ICGS 76 

Sp. No. pI M.Wt. Expression 

levels 

Sp. No. pI M.Wt. Expression 

levels 

10 20 10 20 

1 6.6 54.0 DR DR 20 6.0 18.0 N - 

2 6.7 54.0 DR DR 21 6.7 17.5 N - 

3 6.8 54.0 DR DR 22 6.5 31.0 N - 

4 6.1 31.0 MA MA 23 4.9 24.5 N - 

5 6.14 27.0 MA MA 24 6.5 24.0 MA MA 

6 6.3 27.5 MA MA 25 5.7 31.0 MA MA 

7 5.4 20.5 MA MA 26 5.6 35.0 MA MA 

8 5.5 20.5 MA MA 27 5.1 31.0 DR - 

9 5.3 20.3 MA MA 28 5.6 45.0 MA MA 

10 5.0 21.0 MA MA 29 5.9 17.4 DR DR 

11 6.6 43.5 MA MA 30 6.6 20.0 MA MA 

12 6.6 30.5 MA - 31 6.2 27.5 - N 

13 5.9 45.0 MA MA 32 6.5 33.0 - N 

14 5.9 21.0 DR - 33 6.25 30.5 - N 

15 6.0 20.0 DR - 34 6.18 35.0 - MA 

16 5.27 21.5 DR MA 35 6.6 38.5 - MA 

17 4.7 23.5 DR DR 36 5.7 38.5 - MA 

18 4.8 30.0 DR - 37 5.1 35.0 - MA 

19 5.3 20.5 N N 38 5.7 9.5 - DR 

 

(Sp. No.- Spot No., pI - isoelectric point, M.Wt.- Mol. Wt., MA-more abundant, DR- down-

regulated, N- new) 
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Fig. 3:  2 – DE gel images of 59 differentially expressed of protein spots: a) 30 in 10,  

             and b) 8 in 20 day old stressed, and 21 common spots, seedlings of ICGS 76  

 

  Control plants                                                               Stressed plants 

7   M 4 

pH 

7   M 4 

pH 

a 

b 

Protein expression in control gels:                                    Protein expression in stressed gels:               
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Table -3. Quantification of differentially expressed protein spots in J 11 

Sp. 

No. 

pI M.Wt. Expression levels Sp. 

No. 

pI M.Wt.  Expression levels 

10  20  10  20  

1 6.5 52.0 DR DR 23 6.4 32.8 N - 

2 6.68 52.0 DR DR 24 5.5 13.0 DR MA 

3 6.5 29.5 MA MA 25 5.6 29.0 DR DR 

4 6.2 31.0 MA DR 26 4.2 36.1 DR DR 

5 6.1 37.2 MA MA 27 4.7 35.0 N - 

6 6.1 20.0 MA - 28 5.4 37.6 N - 

7 5.8 21.0 MA - 29 6.4 45.0 MA MA 

8 6.0 7.1 MA MA 30 5.7 35.0 N - 

9 5.9 27.0 MA MA 31 5.0 27.5 DR DR 

10 4.5 31.0 DR DR 32 5.4 15.2 MA MA 

11 4.6 34.0 DR DR 33 5.28 11.0 MA MA 

12 4.7 32.0 DR DR 34 5.2 15.6 MA MA 

13 4.8 26.0 DR DR 35 5.3 15.5 N N 

14 4.7 26.5 MA DR 36 5.1 15.1 MA MA 

15 5.1 23.0 N - 37 6.5 37.6 MA MA 

16 5.4 30.0 DR - 38 5.5 39.5 MA MA 

17 5.5 33.0 N - 39 6.0 29.0 MA MA 
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18 6.8 52.0 DR - 40 6.1 19.0 MA MA 

19 6.1 33.0 N - 41 5.8 17.0 MA MA 

20 6.3 25.5 MA MA 42 6.2 26.0 N N 

21 6.2 24.5 MA MA 43 6.2 29.0 N N 

22 6.1 30.5 MA MA 44 5.6 30.1 DR MA 

 

(Sp. No. = Spot No., pI = isoelectric point, M. Wt.= Mol. Wt.,  MA = more abundant,  

  DR = down regulated, N = new) 
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            Protein expression in control gels:                   Protein expression in stressed gels:                

 

 

Fig. 4:– 2 – DE gel images of 59 differentially expressed protein spots: a) 30 in 10 and  

             b) 14 in 20 day old stressed, and 15 common spots, seedlings of J 11 

 

 

 

  Control plants                                                               Stressed plants 
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7   M 4 
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b 
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Table -4. Quantification of differentially expressed protein spots in JL 24 

 

(Sp. No. = spot number, pI = isoelectric point, M.Wt.= Mol. Wt., MA=more abundant, 

 DR = down regulation, N= new) 

 

 

Sp. 

No. 
pI M.W. 

Expression 

levels Sp. 

No. 
pI M.W. 

Expression 

levels 

10 20 10 20 

1 4.4 36.0 DR DR 16 5.3 15.5 N N 

2 4.6 34.0 DR DR 17 5.9 14.2 MA DR 

3 4.7 32.0 DR DR 18 5.5 13.0 DR DR 

4 5.4 15.2 MA MA 19 5.6 29.0 DR DR 

5 5.5 21.5 MA DR 20 5.0 16.5 DR DR 

6 5.5 13.0 MA DR 21 6.38 27.0 DR - 

7 4.8 26.0 MA DR 22 5.9 38.0 DR DR 

8 4.7 26.5 MA DR 23 6.68 52.0 DR DR 

9 5.2 5.0 MA - 24 6.8 52.0 DR DR 

10 5.28 11.0 MA - 25 6.5 29.5 MA DR 

11 5.7 23.0 DR DR 26 6.5 19.0 DR DR 

12 6.3 25.5 MA DR 27 4.9 23.0 MA DR 

13 6.1 30.5 MA DR 28 6.4 45.0 N N 

14 6.2 24.5 DR DR 29 5.3 23.0 DR DR 

15 5.9 16.3 DR DR 30 5.4 30.0 DR DR 
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Protein expression in control gels:                           Protein expression in stressed gels:                

 

 

 

 

Fig. 4:– 2 – DE gel images of 56 differentially expressed of protein spots: a) 28 in 10 and 

               b) 2 in 20 day stressed, and 26 common spots, seedlings of JL 24

  Control plants                                                               Stressed plants 

7   M 4 

pH 

7   M 4 
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a 
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C. Peptide Mass Fingerprinting (PMF) and sequencing of differentially expressed proteins: 

Based on PD Quest quantification, 30 differentially expressed protein spots selected from 3 

cultivars (ICGV 91114 = 17, ICGS 76 = 6 and J 11 = 7) were subjected to tryptic digestion for 

PMF analysis. These digested peptides were injected to MALDI-TOF analysis for obtaining the 

mass spectra (MS) of each protein. The MASCOT search in NCBI nr database for comparing 

mass of these peptides with that of the theoretical mass of proteins deposited in the taxonomy; 

Viridiplantae (green plants), resulted in the identification of 30 proteins (Tables - 5, 6 & 7). 

These 30 identified proteins exhibited homology with Arabidopsis thaliana (13), Oryza sativa 

(4), Arachis hypogaea (6), Glycine max (1), Pisum sativum (1), Vigna unguiculata (1), Zea mays 

(1), Triticum aestivum (1), Cadellia pentastylis (1) and Daucus carota (1) (Fig. 6). Of the 30 

PMF identified differentially expressed proteins, 12 were sequenced by MALDI -TOF/TOF 

(Table-8). 

       Fig. 6:  PMF identified proteins in peanut exhibiting homology with crops listed in   

                    NCBI nr Viridiplantae database  
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Sp. 

No. 

Exptl. 

M.Wt. 

Theo. 

M.Wt. 

Homologous 

protein 

Organism Biological Process Molecular function Cellular 

component 

Mascot 

Score 

Accession 

No. 

1 56.0 52.6 

RUBP 

carboxylase large 

chain 

Cadellia 

pentastylis 

Photorespiration / 

Reductive pentose-

phosphate cycle 

Mg++ ion binding/ 

Mono-oxygenase 

activity / RUBP 

carboxylase activity 

Chloroplast/ 

Plastid 
519 gi|1351139 

17 16.2 16.2 PR 10 protein 
Arachis 

hypogaea 

Defense response / 

Response to biotic 

stimulus 

- - 

65 gi|52547774 

22 31.5 100.5 

Unnamed protein 

product 

 

Oryza sativa 

Carbohydrate metabolic 

process 

Hydrolase activity /   

Hydrolyzing O-

glycosyl compounds 

- 

74 gi|8099130 

38 19.5 92.4 

Sucrose synthase 

isoform 1 

 

Daucus carota 

Biosynthetic / Sucrose 

metabolism 

Sucrose synthase / 

Glycosyl transferase 

- 

82 gi|1351139 

38 19.5 140.8 

Structural 

maintenance of 

chromosome 1 

Arabidopsis 

thaliana 

DNA recombination / 

DNA repair / 

Chromosome 

condensation  

ATP binding Nucleus 

73 gi|45594277 

39 26.5 49.2 

Putative serine / 

Threonine protein 

kinase 

Oryza sativa 

Signalling ATP binding/protein 

serine/threo-ne kinase 

activity 

Plasma 

membrane 51 gi|30017556 

40 14.4 14.1 Unknown protein 
Arabidopsis 

thaliana 

- - - 
80 gi|30695529 

40 14.4 14.2 
Probable myosin 

heavy chain 

Arabidopsis 

thaliana 

- - - 
79 gi|25408221 

43 31.5 124.8 
Gamma response 

I protein 

Arabidopsis 

thaliana 

Signalling Sequence specific 

DNA binding 

transcription factor 

- 

70 gi|4678941 

43 31.5 20.4 

Ubiquitin 

conjugating 

enzyme 

Arabidopsis 

thaliana 

Post replication repair Acid-aminoacid ligase 

activity/protein 

binding 

UBC13-

MMS2 

complex 
cytosol 

66 

gi|18403085 

 

 

 

 

47 41.5 66.2 
Hypothetical 

protein 

- - - Oryza 

sativa 
69 gi|51038186 

Table – 5. Peptide Mass Fingerprinting (PMF) of differentially expressed protein spots in ICGV 91114       

 

http://www.ebi.ac.uk/QuickGO/GTerm?id=GO:0004553
http://www.ebi.ac.uk/QuickGO/GTerm?id=GO:0004553
http://www.ebi.ac.uk/QuickGO/GTerm?id=GO:0004553
http://www.ebi.ac.uk/QuickGO/GTerm?id=GO:0031372
http://www.ebi.ac.uk/QuickGO/GTerm?id=GO:0031372
http://www.ebi.ac.uk/QuickGO/GTerm?id=GO:0031372
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(Sp .No.= Spot number, Expl. M.Wt.= Experimental Mol. Wt., Theo. M.Wt. = Theoretical M.Wt.) 

 

48 19.5 22.3 
OSJNBa0029C0

4.4 

DNA 

integration / 

RNA dep. 

DNA 

replication 

RNA binding / 

Ribonuclease H activity 

/ RNA-directed DNA 

polymerase activity 

- 

Oryza 

sativa 
92 gi|38346291 

53 21.5 21.1 
Calcium ion 

binding 

Trichome 

branching 

Calcium ion binding / 

Protein binding 

- Arabidopsis 

thaliana 
75 gi|15233402 

53 21.5 36.8 

Late 

embryogenesis 

abundant protein 

- - - 
Pisum 

sativum 
66 gi|56709428 

69 21.5 6.5 
Stress-induced 

protein KIN1 

Stress response  - Arabidopsis 

thaliana 
50 

KIN1_ARA

TH 

74 33.0 47.5 

26S protease 

regulatory 

subunit 7 (26S 

proteasome 

AAA-ATPase) 

Protein 

catabolic 

process 

ATP binding / 

Nucleoside-

triphosphatase activity 

Cytosol / Plasma 

membrane/proteoso

me 
Arabidopsis 

thaliana 
60 

PRS7_PRU

PE 

75 26.5 21.3 

Endoribonucleas

e Dicer homolog 

(EC 3.1.26.-)  

Plant defense / 

RNA mediated 

gene silencing 

ATP binding / Protein 

binding / Metal ion 

binding 

Cytoplasm / Nucleus Arabidopsis 

thaliana 

 

73 
DICER_AR

ATH 

80 24.0 43.4 GSK-like kinase 

- ATP binding / Protein 

serine / threonine 

kinase activity 

- 
Triticum 

aestivum 
67 gi|21745456 

82 17.3 17.3 

17.3 kDa class I 

heat shock 

protein 

Stress response - Cytoplasm 
Glycine 

max 
70 gi|123534 

83 26.5 84.9 

Kinesin-3 

(Kinesin-like 

protein C)  

Celldivision / 

Mitosis / 

Microtubule 

based 

movement 

ATP binding / ATPase 

activity / Microtubule 

binding / Microtubule 

motor activity 

Cytoplasm / 

Microtubule 
Arabidopsis 

thaliana 
66 

ATK3_AR

ATH 

http://www.ebi.ac.uk/QuickGO/GTerm?id=GO:0003964
http://www.ebi.ac.uk/QuickGO/GTerm?id=GO:0003964
http://www.ebi.ac.uk/QuickGO/GTerm?id=GO:0030163
http://www.ebi.ac.uk/QuickGO/GTerm?id=GO:0030163
http://www.ebi.ac.uk/QuickGO/GTerm?id=GO:0030163
http://www.ebi.ac.uk/QuickGO/GTerm?id=GO:0017111
http://www.ebi.ac.uk/QuickGO/GTerm?id=GO:0017111
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Table - 6. Peptide Mass Fingerprinting (PMF) of stress induced proteins in ICGS 76 

Sp. 

No. 

Exptl. 

M.Wt. 

Theo. 

M.Wt 

Homologous protein Organism 
Biological Process Molecular 

function 

Cellular 

component Masco

t score 

Accession No. 

4 30.5 27.2  Cytosolic ascorbate 

peroxidase  

Vigna 

unguiculata 

Hydrogen peroxide 

stress response  

Oxidoreductase/ 

Peroxidase 

activity 

Cytoplasm 113 gi|1420938 

8 20.0 16.2  PR10 protein  Arachis 

hypogaea 

Defense response / 

Response to biotic 

stimulus 

- - 76 gi|52547774 

15 17.0 71.4 FACT complex subunit 

SSRP1  

Zea mays DNA repair / DNA 

replication / regulation 

of transcription- DNA 

dependent 

DNA binding Chromosome/ 

Nucleus 

52 SSRP1_MAIZ

E 

19 21.0 16.2  PR10 protein  Arachis 

hypogaea 

Defense response / 

Response to biotic 

stimulus 

- - 52 gi|52547774 

30 30.0 30.1 Lipoate protein ligase-

like protein  

Arabidopsis 

thaliana 

Lipoate biosynthetic 

process / Protein 

modification process 

Octanoyl 

transferase 

activity 

Chloroplast 38 gi|7939551 

31 27.0 22.3 Photosystem I reaction 

center subunit II, 

chloroplast precursor  

Arabidopsis 

thaliana 

Photosynthesis Protein binding Chloroplast 

Membrane 

Photosystem I 

Plastid 

Thylakoid 

61 PSAD2_ARAT

H 

(Sp. No. = Spot number, Expl. M.Wt.=  Experimental Mol. Wt., Theo. M.Wt.= Theoretical M.Wt.) 

 

http://www.uniprot.org/keywords/KW-0150
http://www.uniprot.org/keywords/KW-0472
http://www.uniprot.org/keywords/KW-0603
http://www.uniprot.org/keywords/KW-0934
http://www.uniprot.org/keywords/KW-0793
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Table – 7. Peptide Mass Fingerprinting (PMF) of stress induced proteins in J 11 

Sp.

No. 

Exptl. 

M.Wt. 

Theo. 

M.Wt. 

Homologous 

protein 

Organism Biological 

process 

Molecular function Cellular 

component 

Masco

tScore 

Accession No. 

8 8.64 15.6 RUBP  

carboxylase small 

chain precursor 

Phaseolus 

vulgaris 

Photosynthesis Lyase / 

Monoxygenase 

Plastid 181 gi|123534 

10 31.0 30.7 Putative lectin 

precursor  

Arachis 

hypogaea 

- Kinase Cell membrane 283 gi|15233402 

11 34.0 29.2  14-3-3 protein Vigna angularis - Protein domain 

specific binding 

- 459 gi|45594277 

12 32.0 28.3 Mannose/Glucose-

binding lectin 

precursor 

Arachis 

hypogaea 

- Sugar binding - 233 gi|8099130 

13 27.5 21.8 2 – cys 

peroxiredoxin – 

like protein  

Hyacinthus 

orientalis 

Stress response Antioxidant activity / 

Peroxiredoxin 

activity 

Chloroplast / 

Plastid 

96 gi|47027073 

24 21.0 16.2 PR10 protein Arachis 

hypogaea 

Defense response 

/ Response to 

biotic stimulus 

- - 76 gi|52547774 

32 19.5 16.2 PR10 protein Arachis 

hypogaea 

Defense 

response/ 

Response to 

biotic stimulus 

- - 52 gi|52547774 

(Sp. No. = Spot number, Expl. M. Wt.=  Experimental Mol. Wt., Theo. M. Wt. = Theoretical M. Wt.) 
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Table- 8. MS/MS sequences of MALDI-TOF identified drought stress tolerant proteins in groundnut 

Sp. No. Exptl. 

M.Wt. 

Protein identified Accession No. Mascot 

Score 

Sequence 

coverage 

Matching peptide sequence in red  

53 21.5/5.8 
Late embryogenesis 

abundant protein 

gi|56709428 66 50 MASRQDRREA RAEADARRAA EEIARARDER VMQAEVDARS 

AADEIARARA DRGAATMGADTAHHAAGGGG ILESVQEGAK 

SFVSAVGRTF GGARDTAAEK TSQTADATRD KLGEYKDYTA 

DKARETNDSV ARKTNETADA SRDKLGEYKD YTADKTRETK 

DAVAQKASDA SEATKNKLGE YKDALARKTR DAKDTTAQKA 

TEFKDGVKAT AQETRDATAD TARKAKDATK DTTQTAADKA 

RETAATHDDA TDKGQGQGLL GALGNVTGAI KEKLTVSPAA 

TQEHLGGGEE RAVKERAAEKAASVYFEEKD RLTRERAAER 

VDKCVEKCVE GCPDATCAHR HGKM 

53 21.5/5.8 
Calcium ion binding gi|15233402 75 24 

MESNNNEKKK VARQSSSFRL RSPSLNALRL QRIFDLFDKN 

GDGFITVEEL SQALTRLGLN ADLSDLKSTV ESYIQPGNTG 

LNFDDFSSLH KTLDDSFFGG ACGGGENEDD PSSAAENESD 

LAEAFKVFDE NGDGFISARE LQTVLKKLGL PEGGEMERVE 

KMIVSVDRNQ DGRVDFFEFK NMMRTVVIPS S 

38 19.5/6.3 Sucrose synthase 

isoform 1 

 

gi|1351139 
82 33 

MGEPVLTRVH SLRERMDSTL ANHRNEILMF LSRIESHGKG 

ILKPHQLLAE YEAISKEDKL KLDDGHGAFA EVIKSTQEAI 

VSPPWVALAI RLRPGVWEYV RVNVHHLVVE ELSVPQYLQF 

KEELVIGSSD ANFVLELDFA PFTASFPRPTLTKSIGNGVE 

FLNRHLSAKM FHGKDSMHPL LEFLRLHNYN GKTLMLNNRV 

QNVNGLQSML RKAGDYLSTL PSDTPYSEFE HKFQEIGFER 

GWGDTAERVT EMFHMLLDLL EAPDASTLET FLGKIPMVFN 

VVILSPHGYF AQENVLGYPDTGGQVVYILD QVPALEREMI 

KRIKEQGLDI KPRILIVTRL LPDAVGTTCN QRLEKVFGAE 

HAHILRVPFR TEKGILRKWI SRFEVWPYIE TFTEDVAKEI 

ALELQAKPDL IIGNYSEGNL VASLLAHKLG VTQCTIAHAL 

EKTKYPDSDIYWEKFDKKYH FSSQFTADLI AMNHTDFIIT 

STFQEIAGSK DTVGQYESHT AFTMPGLYRV VHGIDVFDPK F-

VSPGADT SVYFSYKEKE KRLTTLHPEI EELLYSSVEN 

EEHLCIIKDK NKPILFTMAR LDNVKNLTGF 
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VEWYAKSPKLRELVNLVVVG GDRRKESKDL EEQAQMKKMY 

ELIDTYKLNG QFRWISSQMN RVRNGELYRY IADTKGAFVQ 

PAFYEAFGLT VVEAMTCGLP TFATLHGGPA EIIVHGKSGF 

HIDPYHGEQV AELLVNFFEK CKTDPSQWDA 

ISAGGLKRIQEKYTWQIYSE RLLTLAGVYG FWKHVSKLDR 

LEIRRYLEMF YALKYRKLAE SVPLAKDE 

38 19.5/6.3 Structural 

maintenance of 

chromosome 1 

gi|45594277 
73 31 

MPAIQSPSGK ILQLEMENFK SYKGHQLVGP FKDFTAIIGP 

NGSGKSNLMD AISFVLGVRT GQLRGSQLKD LIYAFDDRDK 

EQRGRKAFVR LVYQMDDGVE LRFTRSITSA GGSEYRIDNR 

VVNLDEYNGK LRSLGILVKA RNFLVFQGDVESIASKNPKE 

LTGLLEEISG SEELKKEYEG LEEKKASAEE KAALIYQKKK 

TIGNEKKLKK AQKEEAEKHL RLQEELKALK RERFLWQLYN 

IENDIEKANE DVDSEKSNRK DVMRELEKFE REAGKRKVEQ 

AKYLKEIAQR EKKIAEKSSKLGKIQPELLR FKEEIARIKA 

KIETNRKDVD KRKKEKGKHS KEIEQMQKSI KELNKKMELF 

NKKRQDSSGK LPMLDSQLQD YFRLKEEAGM KTIKLRDEHE 

VLERQRRTDL EALRNLEENY QQLINRKNDL DEQIKRFKDR 

QGEIETSSSK  YKNETTSLKT ELRALQEKHV NAREASAKLK 

TRIAELEDQL SDLTAERYEN ERDSRLTQAV ESLKRLFQGV 

HGRMTDLCRP NRKKYNLAVT VAMGRFMDAV VVEDENTGKD 

CIKYLKEQRL PPMTFIPLQS 

VRVKQVFERLRNLGGTAKLVFDVIQFDPEL EKAVLYAVGN 

TLVCDELEEA KVLSWSGERF KVVTVDGILL TKAGTMTGGT 

SGGMEAKSNK WDDKKIEGLK KNKEDFEQQL  ENIGSIREMQ 

MKESEISGKI SGLEKKIQYA EIEKKSIKDK LPQLEQEERN 

IIEEIDRIKP  ELSKARTEVD KRKTEMNKLE KRMNEIVDRI 

YKDFSQSVGV PNIRVYEETQ LKTAEKEAEE RLELSNQPAK 

LKYQLEYEQN RDVGSRIRKI ESSISSLETD LEGIQKTMSE 

RKETAVKITN EINNWKKEME ECKQKSEEYE 

KEILDWKKQASQATTSITKL NRQIHSKETQ IEQLISQKQE 

ITEKCELEHI TLPVLSDAME EDDSDGPQFD FSELGRAYLQ 

ERRPSAREKV EAEFRQKIES KTSEIERTAP NLRALDQYEA 

IQEKEKQVSQ EFEAARKEEK QVADAFNTVK 

QKRYELFMEAFNHIASNIDK IYKQLTKSNT HPLGGTAYLN 

LENEDDPFLH GIKYTTMPPT KRFRDMEQLS GGEKTVAALA 

LLFSIHSYRP SPFFILDEVD AALDNLNVAK VAKFIRSKSC 
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QAARDNQDAE DGNGFQSIVI SLKDSFYDKA 

EALVGVYRDTERSCSSTMSF DLRNYQES 

89 17.3/5.9 17.3 kDa class I heat 

shock protein 

gi|123534 70 
40 

MSLIPSFFGG RRSSVFDPFS LDVWDPFKDF PFPSSLSAEN 

SAFVSTRVDW KETPEAHVFK ADIPGLKKEE VKLEIQDGRV 

LQISGERNVE KEDKNDTWHR VERSSGKLVR RFRLPENAKV 

DQVKASMENG VLTVTVPKEE IKKPDVKAIDISG 

4 30.5 / 6.1 Cytosolic ascorbate 

peroxidase 

gi|1420938 113 20 
MGKSYPTVSP DYQKAIEKAK RKLRGFIAEK KCAPLILRLA 

WHSAGTFDSK TKTGGPFGTI KHQAELAHGA NNGLDIAVRL 

LEPIKEQFPI VSYADFYQLA  GVVAVEITGG PEVPFHPGRE 

DKPEPPPEGR LPDATKGSDH LRDVFGKAMGLSDQDIVALS 

GGHTIGAAHK ERSGFEGPWT SNPLIFDNSY FTELLTGEKD 

GLLQLPSDKA LLTDSVFRPL VEKYAADEDV FFADYAEAHL 

KLSELGFAEA 

31 

 

27/6.3 Photosystem I 

reaction center 

subunit II, chloroplast 

precursor 

PSAD2_ARATH 61 9 MATQAAGIFN SAITTAATSG VKKLHFFSTT HRPKSLSFTK 

TAIRAEKTDS SAAAAAAPAT KEAPVGFTPP QLDPNTPSPI 

FAGSTGGLLR KAQVEEFYVI TWNSPKEQIF EMPTGGAAIM 

REGPNLLKLA RKEQCLALGT RLRSKYKITY QFYRVFPNGE 

VQYLHPKDGV YPEKANPGRE GVGLNMRSIG 

KNVSPIEVKFTGKQSYDL 

10 31/4.5 Putative lectin 

precursor 

gi|15233402 283 50 
MAISKKILPL LSIATIFLLL LNKAHSLGSL SFGYNNFEQG 

DERNLILQGD ATFSASKGIQ LTKVDDNGTP AKSTVGRVLH 

STQVRLWEKS TNRLTNFQAQ FSFVINSPID NGADGIAFFI 

AAPDSEIPKN SAGGTLGLSD PSTAQNPSAN   QVLAVEFDTF 

YAQDSNGWDP NYQHIGFDVD PIKSAATTKW ERRNGQTLNV 

LVSYDANSKN LQVTASYPDG QSYQVSYNVD LRDYLPEWGR 

VGFSAASGQQ YQSHGLQSWS FTSTLLYTSP HYLKLGRFMI 

11 34/4.6 14-3-3 protein gi|45594277 459 50 
MAAAPTPREE NVYMAKLAEQ AERYEEMVEF MEKVSAAADN 

EELNVEERNL LSVAYKNVIG ARRASWRIIS SIEQKEESRG 

NEDHVTVIRD YRSKIESELS NICDGILKLL DSRLIPSASS 

GDSKVFYLKM KGDYHRYLAE FKTGAERKEA   AESTLAAYKS 

AQDIANAELP PTHPIRLGLA LNFSVFYYEI LNSPDRACNL 

AKQAFDEAIA ELDTLGEESY KDSTLIMQLL RDNLTLWTSD 
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MQDDGADEIK EAAPKQDDQ 

12 32/4.7 Mannose/glucose-

binding lectin 

precursor 

 

gi|8099130 

233 50 
LDSLSFSYNN FEQDDERNLI LQGDAKFSAS KGIQLTKVDD 

NGTPAKSTVG RVLHSTQVRL WEKSTNRLTN FQAQFSFVIK 

SPIDNGADGI AFFIAAPDSE IPKNSAGGTL GLFDPQTAQN 

PSANQVLAVE FDTFYAQDSN GWDPNYQHIG IDVNSIKSAA 

TTKWERRDGQ TLNVLVTYDA NSKNLQVTAS YPDGQRYQLS 

YRVDLRDYLP EWGRVGFSAA SGQQYQSHEL QSWSFTSTLL 

YTSPHYLKLG RFMI 

1 56/6.2 RUBP carboxylase 

large chain 

gi|1351139 
519 50 

 

MSPQTETKAS VGFKAGVKDY KLTYYTPEYE TKDTDILAAF 

RVTPQPGVPP EEAGAAVAAE SSTGTWTTVW TDGLTSLDRY 

KGRCYHIEPV AGEENQYIAY VAYPLDLFEE GSVTNMFTSI 

VGNVFGFKAL RALRLEDLRI PTSYSKTFQGPPHGIQVERD 

KLNKYGRPLL GCTIKPKLGL SAKNYGRAVY ECLRGGLDFT 

KDDENVNSQP FMRWRDRFLF CAEALFKAQA ETGEIKGHYL 

NATEGTCEEM IKRAVFAREL GAPIVMHDYL TGGFTANTSL 

AHYCRDNGLL LHIHRAMHAVIDRQKNHGMH FRVLAKGLRL 

SGGDHIHAGT VVGKLEGERD ITLGFVDLLR DDFIEKDRSR 

GIYFTQDWVS LPGVLPVASG GIHVWHMPAL TEIFGDDSVL 

QFGGGTLGHP WGNAPGAVAN RVALEACVQA RNEGRDLARE 

GNEIIREASK WSPELAAACE VWKEIKFEFE AMDTL 

8 8.64 RUBP  carboxylase 

small chain precursor 

gi|123534 181 50 
TSVANNGGRV QCIQVWPTVG KKKFETLSYL PPLTKQQLAK 

EVDYLLRKGW VPCLEFELEH GFVYREHNKS PGYYDGRYWT 

MWKLPMFGCT DSSQVLKELY EAQTAHPDGF IRIIGFDNVR 

QVQCISFIAY KPPGY 

 

 

(MS/MS sequenced peptides of Arachis shown in bold red are matching with the peptides of Viridiplantae taxonomic group)
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D. Ontological classification of proteins:  

The 30 identified proteins were grouped into different categories based on their sub-cellular 

localization, biological process and molecular function according to the annotation in the 

Viridiplantae taxonomic database. These proteins when queried using Targetp software revealed 

their localization in various cell compartments, mostly plastids, cell membrane, nucleus etc. 

Further, the data on biological process showed that over 20 % of proteins were defence related, 

12 % stress responsive, 12 % signalling, 12 % DNA repair, 12 % carbohydrate metabolism, 12 % 

photosynthesis, 4 % in detoxification and other 4 % in lipid biosynthesis. The molecular function 

of these proteins indicated their involvement in protein binding, antioxidant activity, sugar 

binding, and kinase activity etc. (Fig. 7). 

 

 

 

 

   

 

 

 

 

 

 

Fig. 7: Functional cataloguing of drought stress responsive protein
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E. Proposed model for drought tolerance in groundnut: 

In the present study, the following model is being proposed for drought tolerance in 

groundnut by interlinking the 12 identified and sequenced proteins under drought stress, as 

to how they might interact and coordinate with each other in conferring drought tolerance 

to groundnut. The LEA proteins, in dormant condition in the seeds expressed under 

drought stress, might act as a primary line of defence to tolerate stress by acting as 

molecular chaperones and also as space fillers preventing cellular collapse. The signalling 

proteins such as calcium ion binding protein perceives stress signals and transduce them to 

other signalling proteins. The regulatory protein; ‘14-3-3’, interacts with H+ ATPases, 

protein kinases, phosphatases etc. and regulate the expression of other drought stress 

responsive proteins like osmotins, water and ion channel transporters, antioxidants etc. 

Over-expression of ‘Susy-1’, during stress, aids in the translocation of sugars under limited 

ATP supply for various metabolic pathways. When most of the proteins become 

dysfunctional due to stress, the ‘17.3 kDa Hsp’ restores their function by preventing the 

aggregation and acting as molecular chaperons. Detoxifying proteins like ‘APX-1’, 

present in the cytoplasm, help in scavenging ROS produced due to oxidative burst in the 

plant cell and prevent lipid peroxidation and protein oxidation. ‘Structural maintenance of 

chromosome protein-1’ helps in preventing double strand breaks in DNA that might arise 

due to over production of ROS under severe stress conditions and further help in faithful 

chromosomal segregation. PS-I protein ensures the supply of reducing power, NADPH + 

H+, to be fed into Calvin cycle for carbon fixation to carryout photosynthesis. All these 

factors may be attributed for making ICGV 91114 the most drought tolerant compared to 

other cultivars studied. 
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Red = New & More abundant, Blue = More abundant and  

Violet = down-regulated, drought tolerant proteins 

Fig.7. Proposed model for drought tolerance in peanut: Schematic diagram of a plant  

          cell exhibiting localization of proteins and their co-ordinated function in  

          conferring drought tolerance 

             

Conclusions 

In view of the importance of peanut crop, enormous shortage of its oil due to various 

constraints, especially drought stress, and surging population, an attempt has been made to 

identify drought tolerant proteins, probing the differentially expressed proteins under 

drought stress, through proteomic approach. In this investigation, the 30 drought tolerant 

proteins identified among the 280 differential protein spots could be used as a reference 

library for probing the drought tolerant proteins in other crops. Further, 6 of the 12 

proteins identified and sequenced, for the first time, in peanut could be used as protein 

markers to evaluate the groundnut germplasm and other crop plants for drought tolerance 

besides using them as markers in breeding program for the development of new drought 

tolerant lines. Based on the peptide sequences of these proteins, primers could be designed 

to isolate their corresponding genes for their use in the development of transgenics in 

different crops. The results obtained bear significance at the present juncture where the 

countries all over the world are facing a food crisis, particularly, the oil front. 
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Objective – 2: 

Identification of differentially expressed proteins under drought stress 

by 2D- DIGE: 

Materials and Methods: 

In addition, alternative proteomic approaches; 2D-DIGE and LC-MS, were adapted to 

achieve the above objectives by isolating the proteins from leaf and root tissues of the 40 

day- old PEG- stressed ICGV 91114 groundnut plants at flowering stage after studying 

physiological parameters; the estimation of Relative Water Content (RWC) and the 

chlorophyll content.  

A. Physiological Parameters 

The RWC in leaves and roots, while chlorophyll content in leaves were estimated in 40 

day- old PEG stressed seedlings with 100ml of 5, 10, 15 and 20% for 24 hours by 

maintaining the controls. 

1. Estimation of RWC: 

      Fresh leaves, harvested separately from each treatment after 24 h PEG stressed plants, 

weighing 500 mg was recorded as Fresh Weight and stored in refrigerator for 24 hrs. Next 

day, the Turgid Weight was recorded and kept in hot air oven at 80º C for 24 hrs and the 

next day the Dry Weight was recorded. The Relative Water Content of these stressed 

samples and the controls were recorded as per the 

following formula 

         

 

  

  Where, FW= Fresh Weight, DW= Dry Weight, TW =Turgid Weight  

 

2. Estimation of Chlorophyll content 

The contents of ‘a’, ‘b’ and total Chlorophylls were estimated (Armon, 1949). Fresh 

leaf samples, weighing 500 mg were chopped into small pieces, suspended in 10ml of 

80% Acetone, mixed well and kept for incubation at 4º C overnight in the dark. These 

samples were centrifuged at 10,000 g for 15 min at 4º C, supernatant was collected and 

the absorbance was recorded at 645 and 663 nm using spectrophotometer. Later, the 

contents of ‘a’, ‘b’ and total Chlorophyll were calculated using the following formulae: 

                FW- DW 
RWC=   

               TW- DW 
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 Chlorophyll ‘a’ (mg/g) = [(12.7XA663-2.69XA645)V/W] 

        Chlorophyll ‘b’ (mg/g) = [(22.9XA645-4.68XA663)V/W] 

   Total Chlorophyll (mg/g) = [(20.2A645+8.02A663)V/W] 

 

Where, A= Absorbance; V= final volume of chlorophyll extract in 80% Acetone,     

            W=fresh weight; 12.7, 2.69, 22.9, 4.68, 20.2 and 8.02 constants 

 

B. Isolation of total proteins from leaf and root tissues of PEG stressed plants: 

Protein extraction from the leaf and root tissues was carried out (Saravanan and Rose, 

2004). One g. of frozen leaf and root tissues were ground separately to fine powder in 

liquid nitrogen and suspended in 4 ml of the extraction buffer [0.5 M Tris- HCL (pH 7.5), 

0.7 M sucrose, 0.1 KCl 50 mM EDTA, 2% β mercaptoethanol, 1 mM of PMSF] to which 

equal volume of phenol saturated with Tris – HCl (pH 7.5) was added, mixed for 30 min at 

4 ᵒC and centrifuged at 5000 g for 30 min at 4 ᵒC. The upper phenolic phase was collected 

and an equal volume of extraction buffer was added to it. The above step was repeated and 

to the re-extract 4 volumes of 0.1M ammonium acetate in methanol was added and kept 

overnight at -20 ᵒC for protein precipitation. The samples were centrifuged at 10,000 g for 

30 min at 4 ᵒC and the precipitate was washed thrice in ice cold methanol and twice in ice 

cold acetone and air dried for few minutes. The final pellet was solubilized in 0.2 ml 

solution of rehydration buffer [8M (W/V) urea, 2M (W/V) thio-urea 4(w/v) CHAPS, 30 

mM DTT, 0.8% (V/V)], immobilized pH gradient (IPG) buffer (GE Healthcare, Uppsala 

and Sweden) at pH 4-7 and later the content of protein was estimated by Bradford reagent. 

C. Two dimensional-differential in gel electrophoresis (2D-DIGE):  

The analysis of leaf and root proteins was carried out by using Cy-Dye DIGE Fluor 

Minimal Dye Labelling Kit (GE Healthcare) following the manufacturer’s instructions. 

For convenience, leaf samples were labelled as; 1, 2, 3, 4, and 5, while root samples as A, 

B, C, D, and E. Following labelling, 50 µg of protein from leaf and root samples; control 

(sample-1 & A), 5% PEG treated (sample-2 & B), 10% (sample-3 & C), 15% (sample-4 & 

D), and 20 % (sample-5 & E). Gel 1 contains samples-1 and 2 labelled with Cy3 and Cy5 

respectively. Gel-2 contains samples-3, 4 and 5 labelled with Cy3, Cy5 and Cy2 dyes. Gel 

3 contains samples-A and B labelled with Cy3 and Cy5 respectively, while gel 4 consists 

of samples-C, D and E labelled with Cy3, Cy5 and Cy2 dyes respectively. Samples of 50 
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µg of internal standard (containing samples of 10 µg each of; 1 or A, 2 or B, 3 or C, 4 or D 

and 5 or E) were labelled with Cy2 dye. The 17cm IPG strips pH 4-7 (Bio-Rad) for leaf 

and pH 3-10 linear IPG Strips (GE-Healthcare) for root were rehydrated with leaf and root 

samples. In the first dimension, the iso-electric focusing (IEF) was used for protein 

separation and in the second dimension 10% SDS- PAGE gel was used for the separation 

of leaf and root proteins. 

For the first dimension electrophoresis, samples of leaf and root proteins were adjusted to 

300 µL with re- suspension solution [7M Urea, 2M thio-urea, 4% (w/v) CHAPS, 0.2 (v/v) 

IPG buffer pH 3-10, and 1.01% (w/v) bromophenol blue], and loaded onto IPG strips and 

rehydrated for 14 h at 50V and 20 ᵒC. IEF was performed on the PROTEAN IEF CELL 

system (Bio-Rad, USA) by applying 200 V for 1 h, 500 V for 1 h, 1000 V for 1 h, and 

10,000 V for longer than 5 h. A voltage of 10,000 V was maintained until a total of 80kV 

for 1 h was reached. After IEF, the strips were equilibrated for 1hr in 15 ml of reducing 

equilibration buffer [6M urea, 75 mM Tris-HCL pH 8.8, 29.3% (v/v) glycerol, 2% (w/v) 

SDS, and 0.002% (w/v) bromophenol blue] containing 1% DTT, followed by additional 1 

h in SDS equilibration solution containing 2.5% (w/v) iodo-acetamide. SDS- PAGE (Ettan 

Dalt Six Gel Electrophoresis Unit) was performed at 14 ᵒC and 5 mA/gel for 45 min and 

then in 20 mA/gel. Later, the gels were scanned using Typhoon 9410 scanner (GE 

healthcare) and the images were analyzed using De Cyder 2-D differential analysis 

software (GE healthcare). After analysis, the gels were stained overnight with silver stain 

(0.1% AgNO3 in H2O: 0.1 g AgNO3 dissolved in 100 ml H2O) (Morrissey, 1981), later 

developed by using 3% sodium carbonate (Na2CO3) in H2O and added 50 µl 

formaldehyde/100 ml, and stirred for 2 min. 

Gels were incubated in 50% Methanol for 15 min, later 5% Methanol was added and kept 

for incubation for 15 min at room temp. Later, 32 µM DTT (8 µl 1M DTT /250 ml water) 

solution was added and incubated for 15 min, the solution was discarded and washed the 

gels twice with double distilled water, followed by with a little quantity of silver solution, 

discarded the solution and added rest of the silver solution and incubated for 15 min. 

Later, the gels were washed twice for 5 to 10 sec with water and kept for incubation with 

developing solution until the bands appeared with the desired intensity. Citric acid was 

sprinkled into the solution containing the gel to stop staining, washed the gels thrice with 

water for de-staining the silver stained gels (Switzer et al.,1979). 
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Reagents: 

Solution A: 

To 0.633M sodium chloride (FW 58.44: 37 g/L), 0.231M cupric sulfate (FW 159.6: 37 

g/L) concentrated aqueous ammonium was added until the precipitate was completely 

dissolved to give a deep blue solution and the volume was adjusted to 1 litre with water. 

Solution B: 

A quantity of 1.75 M sodium thio-sulfate pentahydrate (FW 248.18: 4.36 g/10 ml) 

Stop solution: 

Acetic acid (10%) 

Procedure 

The Gels were de-stained by freshly prepared de-staining solution (A and B solutions in 

1:1), 300 µl of 10% acetic acid was added to stop the reaction, incubated for 5 min, the de-

staining solution was discarded and the gels were washed twice with water. Three 

biological replicate samples of gels for each sample were maintained and were scanned by 

UMAX power look 2100 image scanner (UMAX Systems GmbH, Willich, Germany) at 

300 dpi resolution. Image analysis was performed by using PD Quest 8.0.1 Software (Bio-

Rad Laboratories, Hercules, CA). After automated detection, matching and normalization 

of gels further editing was performed manually to prevent the occurrence of discrepancy 

during spot selection. Comparative “analysis sets” based on statistical, quantitative and 

qualitative analysis was developed between the control and the stressed samples for three 

independent biological replicates. In the statistical sets, the Student’s ‘t’ test was 

performed at 95% level of significance. In the quantitative sets, the upper and lower limits 

were set to 1.5 and 0.66 respectively. Then, Boolean analysis sets were created between 

the statistical, quantitative and qualitative sets. Only the spots displaying reproducible 

change patterns were considered to be differentially expressed proteins for further mass 

identification. 

D. In- gel trypsin digestion and matrix-assisted laser desorption/ionization- tandem 

time of flight (MALDI-TOF/TOF) analysis:  

The manually excised differentially expressed protein spots from the gels, were subjected 

to in-gel trypsin digestion (Granvogl, B., 2007). The excised gel spots were de-stained 

twice with 100 mM NH4HCO3 in 30% aceto-nitrile (ACN) and were digested overnight 
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with 20µl of 50 mM NH4HCO3, containing 0.01 mg/ml sequencing – grade modified 

trypsin (Promega, Madison, WI, USA), at 37ᵒC for 16 h. The peptides were extracted 

thrice with 0.1% trifluoroacetic acid (TFA) in 60% ACN, pooled together and lyophilized. 

Later, the peptides were dissolved in 5 mg/ml cyano-4-hydroxycinnamic acid consisting of 

50% ACN and 0.1% TFA.  

The analysis of tryptic digested peptides was performed on 480 plus MALDI TOF/ TOF 

Analyzer (Applied Biosystems, USA) and their mass maps were generated in positive ion 

reflector mode (2kV accelerating voltage) with 355 laser shots per spectrum. To define the 

mass peaks, the minimal criterion of signal to noise ratio of 50 and a scan area of 800 Da 

to 4000 Da of peptide mass fingerprint (PMF) were selected for MS/MS- positive ion 

mode operation, the 10 most intense ions with 2kV collision energy were selected. Using 

the individual PMF spectra, peptides exceeding a signal- to- noise of 20 and passed 

through a mass exclusion filter were subjected to fragmentation analysis. The parameters 

for peak matching were as follows: Min S/N: 20; Mass tolerance: 0.2Da; minimum peaks 

to match reference masses, 4; and maximum outlier error, 100 ppm. Total shots for each 

MS spectrum were 2000, whereas 3000 shots were used for MS/MS. The data were 

calibrated using the ABI-4700 calibration mixture (Applied Biosystems, CA). MS and the 

MS/MS spectra were searched against the NCBI database (Viridiplantae, 20140911) using 

the software GPS Explorer (Applied Biosystems) and MASCOT version 2.1 (Matrix 

Science, London, UK) with the following parameters: National Center for Biotechnology 

Information (NCBI), non-redundant protein database (released data Sep.11, 2014; 

including 45166402 proteins), and species restriction to Viridiplantae (green plants). The 

other parameters were as follows: trypsin cleavage; one missed cleavages allowed; peptide 

mass tolerance set to ± 0.4 Da. Credible results for the MALDI-TOF/TOF MS were the 

hits with high protein scores, similar molecular mass (Mr) and isoelectric point (pI) as 

experimental Mr and pI and protein score confidence interval (C.I.p%) of 95%. The 

criterion for identifying a protein as significant up- or down regulated was 1.5- fold 

threshold change in relative fluorescence signal intensity by pair wise comparison of the 

dye signal from the three co- electrophoresed samples. Protein MALDI-TOF/TOF MS 

results were a score above the identification threshold with significant value as specified in 

mascot page were considered significant for accuracy of identification. 
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Results 

Objective – 2: 

Identification of differentially expressed proteins under drought stress by 2D- DIGE: 

In the present investigation, physiological, proteomic and genomic aspects of drought 

stress response were studied on a drought tolerant groundnut (Arachis hypogaea L.) 

accession, ICGV 91114, obtained from the International Crop Research Institute for the 

Semi-Arid Tropics (ICRISAT), at the Dept. of Genetics, Osmania University. 

A. Physiological parameters:  

Relative Water Content (RWC), total chlorophyll content, including chlorophyll ‘a’ and 

chlorophyll ‘b’, besides RNA content were estimated in the 40-day-old drought stressed 

seedlings with 100ml of different concentrations of 5, 10, 15 and 20% PEG 6000 while 

maintaining the controls. 

In both the physiological parameters; Relative water content (RWC) and the chlorophyll 

content, besides the content of RNA in the drought stressed leaf and root tissues, was 

proportionately decreased with increase in the concentration of PEG 6000 compared to 

their controls. 

 

A decrease in RWC was recorded in stressed leaf; 5% = 0.64, 10%= 0.52, 15%= 0.40 and 

20%= 0.35 compared to control= 0.831, while in the root tissue the decrease in 5%= 0.59, 

10%= 0.43, 15%=0.35 and 20%=0.093 compared to control= 0.88 (Table- 1 and Fig. 1). 

 

 A similar trend of decrease in the content of total chlorophyll with increase in the 

concentration of PEG was observed; 5%=1.81mg, 10%=1.67 mg, 15%= 1.39 mg and 

20%= 1.04 mg compared to control=2.07 mg (Table- 1 and Fig. 2) 

 

Similarly, results indicate a proportionate decrease in the content of RNA with the 

increase in the concentration of PEG treated leaf tissue was recorded; 5% = 2.67 µg/µl, 10 

% = 2.05 µg/µl, 15%= 1.99 µg/µl and 20%= 1.56 µg/µl compared to the control= 2.87 

µg/µl. (Table 3& Fig. 3). Similarly, a proportionate decrease in the content of RNA was 

observed with the increase in the concentration of PEG treated root tissue; 5% =2.08 

µg/µl, 10 % =1.98 µg/µl, 15%=0.99 µg/µl and 20% = 0.58 µg/µl compared to the control= 

2.56 µg/µl (Table- 1 and Fig.3). 
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Table- 1: Content of RWC, Chlorophyll and RNA in PEG stressed Leaf and Root  

S.  

No. 

Conc. of 

PEG (%) 

RWC (%) 

 

Chlorophyll  

content (mg/g) 

RNA content (µg/µL) 

  Leaf Root ‘a’ ‘b’ Total OD value  Leaf 

 

Root 

Leaf Root 

1. Control 0.831 0. 879 1.60 0.47 2.07 1.85 1.88 2.87±0.005 2.56 ± 0.025 

2. 5 0.640 0. 586 1.37 0.44 1.81 1.86 1.81 2.67±0.01 2.08 ±0.010 

3. 10 0.523 0. 426 1.28 0.39 1.67 1.89 1.86 2.05±0.01 1.98 ±0.010 

4. 15 0.400 0. 348 1.1 0.29 1.39 1.89 1.89 1.99±0.01 0.99 ±0.005 

5. 20 0.353 0.093 0.83 0.21 1.04 1.87 1.83 1.56±0.01 0.58 ±0.005 

(OD values recorded at A 260/A 280) 

 

 

 

Fig.1: RWC in PEG stressed Leaf and Root tissues 
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Fig.2: Content of ‘a’, ‘b’ and total Chlorophyll in PEG stressed Leaf 

 

 

 

Fig.3: Content of RNA in PEG stressed Leaf and Root tissues 
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 Proteomic analysis  

The proteomic analysis for drought stress response was carried out by 2 methods: 1) 2- 

dimensional differential In- gel electrophoresis (2D-DIGE) method, and 2) Ultra-high 

performance liquid chromatography coupled to a Quadrupole QExactive™ Orbitrap Mass 

Spectrometer (MS) for identification of drought stress responsive proteins.  

B. 2D-DIGE method:  

After purification of isolated proteins from the leaf and root tissues were separately 

labelled with fluorescent dyes; cy2, cy3 and cy5 (Figs.4.1, 4.2, 4.3, 4.4, 5.1, 5.2, 5.3 and 

5.4). After electrophoresis, the gels consisting of labelled proteins were subjected to PD 

Quest software to know the number of protein spots on the gel, their match Id, pI, MW, 

intensity, area, volume and percentage of the volume occupied by the protein spots. Out of 

1022 protein spots identified from the leaf  and 750 spots from the root tissues, 12 from 

leaf and 20 from root tissues were selected based on their intensity (Tables- 4 and 5). 

These selected protein spots were subjected for In-gel trypsin digestion to obtain peptides 

of different lengths and later subjected to MALDI TOF/TOF analysis to know their 

sequence, and molecular mass, and thereafter subjected to MASCOT search by blasting 

them against viridiplantae in a public domain, the NCBI. 

In control leaf tissues, analyzed on the basis of their match ID, pI, MW, intensity, area, 

volume and volume%, 27 of the 169 protein spots were upregulated, while of a total of 

1022 protein spots in the stressed samples; 24 of the 240 spots in 5%, 19 of the 192 spots 

in 10%, 22 of the 226 spots in 15%, and 23 of the 195 spots in 20%, exhibited 

upregulation. 

A total of 750 root protein spots were analyzed based on their match ID, pI, MW, 

Intensity, Area, Volume, Volume% detected. In control 25 of the 146 spots showed 

upregulation, while 27 of the 176 spots in 5%, 27 of the 148 spots in 10%, 25 of the 152 

spots in 15%, and 33 of the 128 in 20% stressed samples, exhibited upregulation. 

Only 12 protein spots from the leaf tissue (Table-2) and 20 protein spots from the root 

tissues with 3- dimensional peaks (Table-3) were digested and analyzed. 
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Fig. 4.1: cy2 labelled Leaf protein bands 

on 2D-DIGE gel (Control+Internal standard) 

 

Fig. 4.2: cy3 labelled Leaf protein  

bands on 2D-DIGE gel (5% + 10% PEG) 

 

 

Fig. 4.3:cy5 labelled Leaf protein bands 

on 2D-DIGE gel(15% + 20% PEG) 

 

Fig.4.4: cy2, cy3 and cy5 labelled  Leaf protein 

bands on 2D-DIGE overlaid gels (Internal 

standard + Control, 5+10 and15 + 20% PEG) 

 

Fig. 4: Cy labelled Leaf proteins on 2D-DIGE gels 
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Fig. 5.1: cy2 labelled Root protein bands 

on 2D-DIGE gel (Control + Internal standard) 

 

Fig. 5.2:cy3 labelled Root protein bands 

on 2D-DIGE gel (5% + 10% PEG) 

 

 

Fig. 5.3:cy5 labelled Root protein 

bands on 2D-DIGE gel (15% + 20% PEG) 

 

 

Fig.5.4: cy2, cy3 and cy5 labelled  Root protein 

bands on 2D-DIGE overlaid gels (Internal 

standard + Control, 5+10 and 15 + 20% PEG) 

 

Fig. 5: Cy labelled Root proteins on 2D-DIGE gels 
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1. Leaf proteomic analysis by 2D-DIGE: 

 

The Proteins; glyceraldehyde-3 -phosphate dehydrogenase with match id 22 and the 

nucleoside diphosphate kinase with match id 2196 respectively exhibited an increase of 

2.5 and 3.1 folds in their expression in 5% PEG stressed tissue. While the proteins, 

ferredoxin NADP reductase 9 with match id 2352, plastid-lipid-associated protein with 

match id 2382 and CARUB-v100157 with match id 2427 respectively exhibited a decrease 

of 0.507, 0.363, and 0.660 folds in their expression in 10% PEG stressed tissue. The 

proteins, oxygen-evolving enhancer with match id 21 and ceramidase with match id 2641 

exhibited a decrease of 0.450 and 0.707 fold in their expression in 15% PEG stressed 

tissue. Proteins; Cell division Control 6 with match id 2057 and AtpA, with match id 2645 

have exhibited a decrease of 0.944 and 0.318 fold decrease in 15% PEG treated sample. 

The proteins; catalase 2 with match id 59 and phosphatase PHPSI with match id 64 

showed an increase of 2.23 and 3.10 fold in their expression in 15% PEG stressed tissues. 

While, the fructose 1, 6 bi-phosphate with match id 34 exhibited a decrease by 0.49 fold 

expression in 20% PEG stressed tissues (Table-2). 

2. Root proteomic analysis by 2D-DIGE: 

 
The proteins; methyl- transferase with match id 33 and SORBIDRAFT-01g020810 with 

match id 193 respectively, showed an increase of 2.02 and 1.1 fold, while a decrease of 

0.73 fold was recorded in DNA-directed RNA polymerase with match id 188 in 5% PEG 

stressed root tissues. The proteins; catalase-2 and elongation factor- Tu with match ids of 

48 and 145 respectively have exhibited 3.7 and 0.3 fold increase, whereas the proteins; 

phosphatase PHS1, Phospho-2-dehydro-3-deoxyheptonate aldolase-1 and protein JCGZ-

15912 respectively with match ids 45, 136 and 73  have shown 0.470, 0.944 fold and 

0.470 fold decrease respectively in 10% PEG stressed tissues. The 6 proteins; elongation 

factor- Tu, nucleoside di- phosphate kinase, DNA- directed RNA polymerase III, 

elongation factor- Tu, choline kinase and LOC104886667 with match ids 62, 36, 47, 180, 

40  and 70  respectively have shown 2.31, 2.00, 4.64, 0.99, 2.23 and 2.30 folds increase in 

15% PEG treated tissues. The proteins; BnaCnng08330D, 30S ribosomal protein S2, 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and retrotransposon with match ids 

95, 17, 32 and 50  have exhibited an increase of 1.16, 3.27, 2.30 and 1.30 folds, while the 

proteins M569-03092 and LOC101245158 with ids 0 and 168 showed a decrease of 0.44 

and 0.71 folds respectively in 20% PEG treated tissues (Table-3). 
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PEG 

Conc 

Match 

Id. 

Expressi

on level: 

Increase/ 

decrease 

 Protein Accession No. No. of   

peptides  

matched 

Peptide sequence matched with 

reference protein 

Score    

 

 

Cove

rage 

MW 

Da. 

Sequence 

homology to          

identified 

protein 

Reference 

organism 

5%  22 

 

2.50 fold 

increase 

gi|512374222   

GenBank: BAN45710.1 

LOCUSBAN45710  

 

14 K.IGINGFGR.I.K.YDTVHGAWK.H 

K.DAPMFVVGVNEK.E + Oxidation 

(M)K.EYKPDIHILSNASCTTNCLAPL

AKVINDR.FK.VINDRFGIVEGLMTT

VHSITATQK.T.K.VINDRFGIVEGLM

TTVHSITATQK.T + Oxidation (M) 

K.TVDGPSMK.D.K.TVDGPSMKDWR

.G + Oxidation (M). 

R.AASFNIIPSSTGAAK.A. 

R.VPTVDVSVVDLTVR.L. 

K.AAIKEESEGK.L.K.LKGILGYTEDD

VVSTDFIGDSR.S.K.GILGYTEDDVV

STDFIGDSR.S.K.LVSWYDNEWGYS

TR.V 

100 48% 36462 

 

Glycelaldehyd

e-3-phosphate 

dehydrogenase  

Pyrus pyrifolia 

var. culta 

 2196 

 

vol % 3.1 

fold 

increase 

gi|71040669  

GenBank: AAZ20283.1 

LOCUS       AAZ20283 

 

7 R.GLVGEIISR.F.K.LITVDRPFAER.H. 

R.KLIGATNPLASEPGTIR.G. 

K.LIGATNPLASEPGTIR.G. 

K.LIGATNPLASEPGTIRGDFAIDIGR

NR.GDFAIDIGR.N. 

R.GDFAIDIGRNVIHGSDSVESATK.E 

104 40% 16429 

 

Nucleoside 

diphosphate 

kinase I 

Arachis 

hypogaea 

 

10% 

 

 

 2382 

 

 

vol% 

0.507 

 

gi|568826008   NCBI 

Reference Sequence: 

XP_006467367.1LOCUS       

XP_006467367  

 

7 R.IEIGFCVFLVPLLVK.T. 

K.KALVDSFYGTDR.G. 

K.ALVDSFYGTDR.G 

R.FAGPLATTSISTNAK.F 

R.FAGPLATTSISTNAKFEVR.S 

R.VQIKFEEGIIGTPQVTDSLVIPENV

EFLGQK.I.K.FEEGIIGTPQVTDSLVIP

ENVEFLGQK.I 

111 19% 43439 Plastid-lipid 5 

10% 

Table- 2: Expression levels of 12 identified leaf protein spots by 2D-DIGE 
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 2352 

 

vol% 

0.363 

gi|323714331   

PDB: 2XNC_A 

 

LOCUS 2XNC_A     

 

13 R.AQVTTEAPAK.V.K.FKPKEPYVGR

.C.K.ITGDDAPGETWHMVFSTEGEV

PY.R.ER.LYSIASSAIGDFGDSKTVSL

CVK.RK.RVPDGVCSNFLCDLKPGSE

VK.IR.VPDGVCSNFLCDLKPGSEVKI

TGPVGK.E.K.APENFRLDFAVSR.E.K

.MYIQTR.M.R.MAQYAEELWELLK.K 

+ Oxidation 

(M).K.KDNTFVYMCGLK.GK.DNTFV

YMCGLKGMEK.G.K.DGIDWIEYKR.

T.K.KAEQWNVEVYW. 

79 52% 35783 Ferredoxin 

Nadp 

R9eductase 

(Fnr) 

From Pisum 

Sativum 

 

2427 

 

vol %0.66 gi|565483902   

NCBI Reference 

Sequence: 

XP_006299591.1 

LOCUS       

XP_006299591  

6 R.LAHSQMSKDCK.L + Oxidation 

(M)K.LYAETALERLNLFVEVMMAR.

D 

+Oxidation(M).R.GDFLSVRQDSKSVN

R.S.R.QATLTVANSR.L.R.LEEFRFLP

LLPWIILAVFMR.H.K.LVFPWENITH

DLR.A. 

78 11% 86980 CARUB_v100

15769mg 

Capsella 

rubella 

 

15% 

 59  

 

2.23 flold 

increase 

gi|332661063 

GenBank: AEE86463.1 

LOCUS       AEE86463 

 K.TWPEDILPLQPVGR.M 

R.LGPNYLQLPVNAPK.C 

R.LGPNYLQLPVNAPK.C 

R.EGNFDLVGNNFPVFFIR.D 

26 27% 54995 

 

Catalase Arabidopsis 

thaliana 

 

 64 

 

3.1 

fold 

increase 

gi|514772549  

NCBI Reference 

Sequence: 

XP_004967523.1 

LOCUS       

XP_004967523     

9 R.LGYEFAR.L 

R.LLGVQTPQAR.V 

K.SSSPNVDR.LR.GSFRAALR.D 

R.NLRMTMK.L R.DFYKNPK.V 

R.LEHIIER.I R.AQPNDGFAK.A 

K.ALLALDKK.L 

79 7% 103677 Phosphatase 

PHS1 

Setaria italica 

 2641 

 

vol 

%0.707 

gi|743929815  

NCBIReferenceSequence:

XP_011009147.1LOCU

S       XP_011009147   

7 R.ARAFIVAEPQGSR.V. 

R.AFIVAEPQGSR.V. 

K.EAMEVAASFK.S+Oxidation (M). 

K.SSQGQPATR.Y.K.MVLTSGASK.E. 

78 6%  86199     Ceramidase Populus 

euphratica 
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K.MVLTSGASK.E + Oxidation 

(M).R.IPQSAVSGVYR.I. 

2645 

 

vol 

%0.318 

gi|408899391   

GenBank: AFU94521.1 

LOCUS       AFU94521 

 

16 R.EVKIVNTGTVLQVGDGIAR.I. 

K.IVNTGTVLQVGDGIAR.I.R.IAQIPV

SEAYLGR.V .R.LIESPAPGIISR.R. 

R.LIESPAPGIISRR.S.R.SVYEPLQTGL

IAIDSMIPIGR.G.R.SVYEPLQTGLIAI

DSMIPIGR.G + Oxidation 

(M)K.ASSVAQVVTTLQER.GR.HTLII

YDDLSKQAQAYR.Q.R.QMSLLLR.R. 

R.RPPGREAYPGDVFYLHSR.L 

R.EAYPGDVFYLHSR.L 

R.KFLVELR.TK.FLVELR.T 

K.TNKPQFQEIISSTK.I. 

K.IFTEEAEALLKESIQEQMER.F + 

Oxidation (M) 

141 32% 55085 AtpA Erythroxylum 

areolatum 

21 

 

0.45 

fold 

decrease 

gi|702462073   

NCBI Reference 

Sequence: 

XP_010028333.1 

 

LOCUS       

XP_010028333 

 

16 M.AASLQAAATLMQPTKVGR.I 

K.RLTYDEIQSK.T. 

K.GTGTANQCPTIDGGLDSFAFKPGK

YNAK.KR.LTYTLDEIEGPFEVSPDGT

VK.F 

K.FEEKDGIDYAAVTVQLPGGER.VK

.DGIDYAAVTVQLPGGER.VK.DGID

YAAVTVQLPGGERVPFLFTIK.QK.D

GIDYAAVTVQLPGGERVPFLFTIK.Q

R.VPFLFTIK.Q 

K.QLVASGKPESFSGEFLVPSYR.GR.

GSSFLDPKGR.GR.GGSTGYDNAVAL

PAGGRGDEEDLTK.EK.ENIKNASSS

TGK.IK.NASSSTGKITLSVTK.T. 

K.ITLSVTKTKPETGEVIGVFESVQPS

DTDLGAK.VK.DVKIQGVWYAQLES.

- 

112 66% 35204 Oxygen-

evolving 

enhancer 1  

Eucalyptus 

grandis 
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20% 34 

 

0.49 fold 

decrease 

 

gi|116786456 

 

GenBank: ABK24111.1 

 

LOCUS       ABK24111 

 

9 K.DAPGTHEFLLMDDGKWHHVK.EK

.ETTEIGEGKLFSPGNLR.A 

K.LFSPGNLR.AK.LFSPGNLRATFDN

PEYEK.L 

R.YTGGMVPDVNQIIVKEK.G + 

Oxidation 

(M)K.LRLLFEVAPLGMLVEK.A + 

Oxidation (M) 

R.TQVAYGSKNEIIR.F 

K.NEIIRFEETLYGSSR.L 

R.LNVPVGAGVKA.- 

80 27% 45310 Fructose-1,6-

bisphosphatase 

(FBPase) class 

1 

 

 

Picea sitchensis 

 

 2057 

 

vol % 

0.944 

gi|747053361 

NCBI Reference 

Sequence: 

XP_011072840.1 

LOCUS       

XP_011072840   

 

 

13 R.SDNGLTESPMRK.S + Oxidation 

(M)R.SAQEQKLSENLLEKPIWDPR.D

K.ILGQSHPQKKPDR.S. 

K.DRAVLHDLFMLTTMPFSK.C + 

Oxidation (M)  

K.LQSLNCKPMVITFRAYSK.D + 

Oxidation (M)R.AYSKDQIITILQER.L 

K.DQIITILQERLR.E. 

R.SAIEMLEAER.R + Oxidation (M) 

R.SAIEMLEAERR.D + Oxidation 

(M)R.IEDQQKPAACGTVKNQLNNM

VR.I K.NQLNNMVRIDHVAAALSK.T 

+ Oxidation (M) 

R.VLDDQGILKLGQSR.E 

R.VALKVDGADIAFALQGIR.F 

82 33% 57772 Cell division 

control protein 

6  

Sesamum 

indicum 
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PEG 

Conc 

Match Id. Expression 

Fold Increase 

/ decrease 

Accession No. No. 

of  

peptid

es 

match

ed 

Peptide sequence matched with 

reference protein 

Sc

ore    

 

 

Covera

ge 

MW 

Da. 

Sequence 

homology 

to identified 

protein 

Reference 

organism 

5% 

 

 

 33 

 

2.02 fold 

Increase 

 

gi|702367154  

NCBI Reference 

Sequence: 

XP_010060917.1 

LOCUS       

XP_010060917  

 

10 MGGDGSEPRR.SR.ALARFSISPSAY

YSR.F 

K.AHEALVGATELRSLMLK.MK.AH

EALVGATELRSLMLKMK.G  

R.SLMLKMK.G + 2 Oxidation (M)  

K.MKGEVATAEDRK.L + Oxidation 

(M) R.KLAPPGVPPSFIELGR.L - 

K.VIPIFNNLVHNGTK.D.  

R.ESCFYMSDLQQIHR.M  

K.SRYPTLPNK.Y 

R.YPTLPNKYFLSLPVQQLAHR.E 

79      37% 35805     Methyltransf

erase- 2 

isoform X2 

Eucalyptus 

grandis 

 193 

 

 vol %1.190 gi|242039543  

NCBI Reference 

Sequence: 

XP_002467166.1 

LOCUS       

XP_002467166    

 

9 R.AMRDLAQEHGPLMMLR.L 

R.AMRDLAQEHGPLMMLR.L + 3 

Oxidation (M). 

R.DLAQEHGPLMMLR.L + 2 

Oxidation (M) 

R.IREEEVAR.F. 

R.GEKTAHESLIGVLLR.L 

R.MHCPLPLLLPR.Q 

R.QCRETCQVMGYDIPK.G 

K.YWEDAEEFRPERFENTNLDYK.G 

K.KTGLILHPVTCIAPADA.- 

104   20% 56815 SORBIDRA

FT_01g0208

10 

 

Sorghum bicolor 

Table- 3: Expression levels of 20 identified protein spots in Roots by 2D-DIGE 

 



52 

 

 188 

 

vol %0.73 RPOC1_ANEMR 

UniProtKB/Swiss

-Prot: B0YPL9.1 

LOCUS       

RPOC1_ANEMR 

 

 

7 R.YRMGYIELACPVTHVWYLK.R 

K.RLPSCIANLLDKPLK.E 

R.VIYRNNTLLDFLAR.S. 

R.SDSTPR.G. 

R.LVQEAVDALIDNGIRGQPMR.D+

Oxidation (M). K.ETYLK.NR.ID. 

EAIQGTCQASSRQTMLYIGNK.E 

59   14% 81805 DNA-

directed 

RNA 

polymerase 

subunit beta' 

OS= 

GN=rpoC1 

PE=3 SV=1 

Aneura mirabilis  

10% 

 

 48 

 

3.7fold 

increase 

 

gi|17865693 

UniProtKB/Swiss

-Prot: P25819.3 

LOCUS       

CATA2_ARATH   

 R.FSTVIHER.G. 

R.LGPNYLQLPVNAPK.C 

R.EGNFDLVGNNFPVFFIR.D 

R.LGPNYLQLPVNAPK.C 

R.EGNFDLVGNNFPVFFIR.D 

P.GVQTPVIVR.F 

R.GPILLEDYHLVEK.L 

80 20% 56931 

 

Catalase 

 

Gossypium 

raimondii  

 

73 

 

0.47fold 

decrease 

gi|643734835   

GenBank: 

KDP41505.1 

LOCUS       

KDP41505    

 

13 K.LSPGEWLAPPSEILPER.S 

K.LSPGEWLAPPSEILPERSK.LR.AC

QTYFTEISTGK.E 

K.SEGELGLIGILVWLR.F 

R.IRDEILVIQR.N 

R.NNGCKTGMMEEWHQK.L 

K.TLNANGLMREK.L 

K.SLKAVHSGADFESAIETCMGGN

LSLK.L + Oxidation 

R.IELHPALLTSNGR.A 

R.AGSAATLSMLINR.F + Oxidation 

(M) 

K.SMDLVISDVSGSNSLLNPSVSTTI

PR.A + Oxidation(M) 

K.ANLNHDNIR.M 

K.FPIVTGYPSK.N 

R.LYGCSQNIEGVVK.D 

78 15% 143516 JCGZ_15912 Jatropha curcas 
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145 

vol % 

0.363 

vol % 

0.363 

EFTU_PROWI     

UniProtKB/Swiss

-Prot: Q9TJQ8.1 

LOCUS       

EFTU_PROWI  

 

4 K.KPHVNIGTIGHVDHGK.T 

K.NMITGAAQMDGAILVVSGADGP

MPQTK.E + 2 Oxidation 

(M)K.IESFCTDAGEPIK.M 

R.EGGKTVGAGVVGK.I 

59 16% 44793 Elongation 

factor- Tu, 

plastid OS= 

GN=53ufa 

PE=3 SV=1 

Prototheca 

wickerhamii  

45 

 

0.47 fold 

decrease 

gi|514772549  

NCBI Reference 

Sequence: 

XP_004967523.1 

LOCUS       

XP_004967523  

8 R.LGYEFAR.L 

R.LLGVQTPQAR.V  K.SSSPNVDR.L 

R.GSFRAALR.D 

R.NLRMTMK.L  R.NLRMTMK.L + 

Oxidation (M) 

R.DFYKNPK.V K.ALLALDKK.L 

79 5% 103677 phosphatase 

PHS1 

Setaria italic 

 

 

 

 136 

 

vol % 0.944 AROF_TOBAC     

UniProtKB/Swiss

-Prot: P27608.1 

LOCUS       

AROF_TOBAC   

 

11 K.TEWTVESWK.S 

R.SLEERLGEAAMGR.A + Oxidation 

(M) 

R.AFLLQGGDCAESFKEFNANNIR.

D 

R.ILLQMGAVLMFGGQMPVIKVGR

.M + Oxidation (M)  

K.LPSYRGDNVNGDAFDAK.SR.AY

CQSAATLNLLRAFATGGYAAMQR.

I R.TRQLDGAHVEFLR.G 

R.GVANPLGIK.V 

K.VSDKMDPSALVK.L + Oxidation 

(M) R.MGAENMRVK.L + Oxidation 

(M)  

K.APCGLKTRPFDSIR.A 

58 30% 60337 Phospho-2-

dehydro-3-

deoxyhepton

ate aldolase 

1, OS= 

GN=DHAPS

-1 PE=1 

SV=1 

Nicotiana 

tabacum  

 

15% 

36 

 

  2.02 

Fold  

increase  

gi|71040669  

GenBank: 

AAZ20283.1 

LOCUS       

AAZ20283 

7 R.GLVGEIISR.F 

K.LITVDRPFAER.H 

R.KLIGATNPLASEPGTIR.G 

K.LIGATNPLASEPGTIR.G 

K.LIGATNPLASEPGTIRGDFAIDIG

104 40% 16429 Nucleoside 

diphosphate 

kinaseI 

Arachis 

hypogaea 
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 R.N 

R.GDFAIDIGR.N 

R.GDFAIDIGRNVIHGSDSVESATK.

E 

47 

 

4.64 fold 

increase 

gi|565393217   

NCBI Reference 

Sequence: 

XP_006362278.1 

LOCUS       

XP_006362278 

 

29 M.SMDCDSTMSSPSNNLNNGIDK.Q 

K.IVRANHEIRSSTR.D 

K.DVVIARMPIMLRSCLCVLYEK.D 

K.DEEQLAKLGECPLDPGGYFIVNG

REK.V K.MEKEKVYLELNMFK.T + 

Oxidation (M) 

K.EKVYLELNMFKTK.V + Oxidation 

(M) 

R.RVMEAILNK.D  

R.LSYIGTLGYMTK.I + Oxidation 

(M) K.SPQRFANGMR.K + Oxidation 

(M) 

R.IREFVSIFVNDK.Q 

R.NTYQCAMGK.Q + Oxidation (M) 

R.DIYINKESPTVTITQVTSPMGLPD

SAYK.S 

R.VALHSDENNNLSIKFMIRQTR.R 

R.VALHSDENNNLSIKFMIRQTR.R 

+ Oxidation (M) R.QTRRPEIGDK.F 

K.FSSRHGQKGVCGIIVQQEDLPFS

ER.G R.MTVGKMIELLGSK.A + 

Oxidation (M) 

R.MTVGKMIELLGSK.A + 2 

Oxidation (M) 

K.LKHMVLDKMHAR.G + Oxidation 

(M) K.HMVLDKMHARGSGPR.V + 

Oxidation (M) 

K.MHARGSGPR.V 

82 28% 131733 DNA-

directed 

RNA 

polymerase 

III subunit 

RPC2 

Solanum 

tuberosum 
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K.MHARGSGPRVMMTR.Q + 

Oxidation (M) 

R.GSGPRVMMTRQPTEGR.S + 2 

Oxidation (M) R.VMMTRQPTEGR.S 

+ Oxidation (M) 

R.VMMTRQPTEGR.S + 2 Oxidation 

(M) R.SRNGGLRVGEMER.D + 

Oxidation (M) 

K.IGICSMCKNGENMSTLKLPYAC

K.L + 2 Oxidation(M)  

K.LLFQELQSMNIVPR.L 

K.LLFQELQSMNIVPRLKLTEA.- 

180 

 

 

vol % 

0.944 

gi|449440632   

NCBI Reference 

Sequence: 

XP_004138088.1 

LOCUS       

XP_004138088  

 

16 M.AAISLASVSTSSK.L 

R.KKPHVNIGTIGHVDHGK.T 

K.TTLTAALTMALSK.A + Oxidation 

(M) 

K.KYDEIDAAPEER.A 

K.YDEIDAAPEER.A 

K.YDEIDAAPEERAR.G 

K.NMITGAAQMDGAILVVSGADGP

MPQTK.E + 2 

Oxidaion(M)K.EHILLAK.Q 

K.QVGVPNMVVFLNKK.D 

K.QVGVPNMVVFLNKK.D + 

Oxidation (M)  

K.IFELMDAVDSYIPIPER.Q + 

Oxidation (M) 

K.ILDEALAGDNVGLLLR.G 

K.ILDEALAGDNVGLLLRGVQK.A 

R.GMVLAKPGTITPHTKFSAVVYV

LK.K + Oxidation (M) 

K.DEESKMVMPGDR.V + Oxidation 

(M) 

K.MVVELIMPVACEQGMR.F + 

Oxidation (M) 

92 40% 51886   Elongation 

factor Tu 

Cucumis sativus 
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40 

 

2.23 fold 

increase 

 

gi|729434504  

NCBI Reference 

Sequence: 

XP_010520093.1 

LOCUS       

XP_010520093  

 

13 K.ALQVIPLK.G 

K.GAMTNEVFQIKWPTR.A 

K.WPTRAGGPSR.K 

R.AGGPSRK.V 

R.IAAKMK.E + Oxidation (M) 

K.MKEFHNLEMSGEKK.A 

K.EFHNLEMSGEK.K 

K.KAWVWDRLR.N 

K.AWVWDR.L 

R.LASPVEAKSFGLDVIEEEIMLLQ

K.Q K.SFGLDVIEEEIMLLQK.Q 

R.HFLQIYLSSSGNYFFPVVENFR.Q 

R.FQQYWLTKGR.L 

81      30% 42965 Choline 

kinase 2 

isoform X1 

Tarenaya 

hassleriana 

70 

 

vol % 

2.63 

gi|731317904   

NCBI Reference 

Sequence: 

XP_010669435.1 

LOCUS       

XP_010669435   

 

8 .MWAASKINDASAIVSK.C + 

Oxidation (M) R.RLSVHHHTSR.T 

R.LSVHHHTSR.T 

R.NLQMLFVEGNTTLNIPIGALLK.L 

R.LYGNPANMLPK.K + Oxidation 

(M) R.LYGNPANMLPKK.Q + 

Oxidation (M) 

R.VLSSIYPDKDFESAVMK.G + 

Oxidation (M) 

K.SSTWSEDALNMLGKFPNLHILK.

L 

82 26% 43729 LOC1048866

67 

Beta vulgaris 

subsp. Vulgaris 

 

 62 

 

2.31 fold 

increase 

gi|659129067  

NCBI Reference 

Sequence: 

XP_008464512.1 

LOCUS       

XP_008464512    

 

13 K.KPHVNIGTIGHVDHGK.T 

K.TTLTAALTMALSK.A 

K.TTLTAALTMALSK.A + Oxidation 

(M) 

K.KYDEIDAAPEER.A 

K.YDEIDAAPEER.A  

R.ARGITINTATVEYETESR.H 

K.NMITGAAQMDGAILVVSGADGP

86     34% 52094 Elongation 

factor Tu 

Cucumis melo 
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MPQTK.E + 2 Oxidation (M)  

K.EHILLAK.Q 

K.QVGVPNMVVFLNKK.D 

K.QVGVPNMVVFLNKK.D + 

Oxidation (M) 

K.IFELMDAVDSYIPIPER.Q + 

Oxidation (M) 

K.ILDEALAGDNVGLLLR.G 

R.GMVLAKPGTITPHTKFSAVVYV

LK.K + Oxidation (M) 

20% 17 

 

3.27fold 

increase 

RR2_ACOAM     

UniProtKB/Swiss

-Prot: A9LYH4.1 

LOCUS       

RR2_ACOAM   

4 R.MAPYISAKR.K + Oxidation 

(M)K.KAADSVASAAIR.A 

K.KWLGGMSTNWSTTETR.L 

K.WLGGMSTNWSTTETRLQNFR.D 

58 17% 26799     30S 

ribosomal 

protein S2, 

OS=GN=rps

2 PE=3 

SV=1 

Acorus 

americanus  

32 

 

 

  2.3fold 

increase 

 

 

gi|512374222   

GenBank: 

BAN45710.1 

LOCUS       

BAN45710  

 

14 K.IGINGFGR.I 

K.YDTVHGAWK.H 

K.DAPMFVVGVNEK.E + Oxidation 

(M) 

K.EYKPDIHILSNASCTTNCLAPLA

KVINDR.F 

K.VINDRFGIVEGLMTTVHSITATQ

K.T 

K.VINDRFGIVEGLMTTVHSITATQ

K.T + Oxidation (M) 

K.TVDGPSMK.D 

K.TVDGPSMKDWR.G + Oxidation 

(M) 

R.AASFNIIPSSTGAAK.A 

R.VPTVDVSVVDLTVR.L 

K.AAIKEESEGK.L 

K.LKGILGYTEDDVVSTDFIGDSR.S

K.GILGYTEDDVVSTDFIGDSR.S 

K.LVSWYDNEWGYSTR.V 

 

100     

48% 36462 Glycelaldehy

de-3-

phosphate 

dehydrogena

se 

Pyrus pyrifolia 

var. culta 
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 50 

 

vol % 

1.379 

gi|108706137  

GenBank: 

ABF93932.1 

LOCUS       

ABF93932  

 

10 R.VLNLSSVEASLIPQGVLPLCCDPE

RAK.I 

K.ILTIMQVVGASR.E 

K.ILTIMQVVGASRER.A 

R.SEAEETATAEARR.R 

R.EAEAARAR.Q 

K.LDAAQGVLDAAAAR.E 

K.LDAAQGVLDAAAARER.R 

R.LASEVGPGMLR.D 

R.DLARGAVELVLASYQAR.D 

R.AQVRDAADHIVHSFEGTAPR.L 

88 13% 103483 Retrotranspo

son protein 

Oryza sativa 

Japonica Grou] 

 

 95 

 

 

vol %1.164 

gi|674895213   

GenBank: 

CDY37618.1 

LOCUS       

CDY37618   

 

15 K.QDALQALHDLITSKR.Y 

K.IMFKYLDLCVDLK.R 

K.FLWETYRTVLEILR.N 

R.SVEDIYGLMCMVKK.T + 

Oxidation (M) 

K.LFSLQKNFNK.N 

K.DLQLIASSVVLAALSVPPFDR.SR.

SALLSELVSR.G 

R.IESLSQLVPFFEFSVVEK.I 

R.AMLYPVPSKASK.L 

R.QQLEMEREEEQK.R + Oxidation 

(M) R.MLEFKETFQGEVISR.R 

K.ETFQGEVISRR.Q 

R.EEVLKGTDAPPARPAEPAVATA

AGPPASGAGK.Y 

K.GTDAPPARPAEPAVATAAGPPA

SGAGK.Y 

R.WVPGPRGSDRPK.R 

 

 

 

84 20% 113162   BnaCnng083

30D 

Brassica napus 
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 0 

 

 

0.44fold 

decrease 

 

gi|527205963    

GenBank: 

EPS71667.1 

LOCUS       

EPS71667 

 

12 R.IVGGLIAGR.T 

K.VFVTSFMLSCPKLR.S 

K.VFVTSFMLSCPKLRSK.K + 

Oxidation (M) 

K.LPRGTVHGDFVVGLDMLIQK.Y 

+ Oxidation (M) 

K.EEQVITIAEQMVVHGIR.M + 

Oxidation (M) K.IGYEYR.C 

R.CSKNPSTVVPPEQRIK.S 

K.SFQYGPQVVPISSAELDAMK.F 

K.GVKLLGFTDASNIMR.HR.AMKE

MNKVAIVR.C 

R.FYATLDAK.S 

R.NPDAAIPPVEDTLRK.T 

82   17% 97154 M569_03092 Genlisea aurea 

 

 168 

 

vol % 0.71   gi|460385033   

NCBI Reference 

Sequence: 

XP_004238210.1 

 LOCUS       

XP_004238210 

6 .MAINGR.L + Oxidation (M) 

K.QMGLGNNIGGQNQYYSLTNNYS

LR.FK.KLYYFQTLPSLMGMK.S + 2 

Oxidation (M) 

K.LYYFQTLPSLMGMK.S + 

Oxidation (M) 

K.LYYFQTLPSLMGMKSVMQAK.A 

+ 3 Oxidation (M) K.SVMQAK.A + 

Oxidation (M) 

78     19% 28250 LOC1012451

58 isoform 

X2 

Solanum 

lycopersicum 
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Objective -3: 

Profiling of drought induced proteins in ICGV91114 groundnut by LC-

MS/MS (QExactive™ Orbitrap): 

 
1. Idenification of drought induced proteins in ICGV91114 groundnut by LC-

MS/MS: 

Label free proteomic analysis was performed by Q ExactiveTM Orbitrap, Mass 

spectrometry for identification of leaf and root proteins associated with drought 

tolerance. 

The tryptic peptide lysates were fractionated with a C18 reversed-phase column (C18 

PepMap 100, 75 μm ID×15 cm, 3 μm particle size; Dionex/LC Packings, Vernon Hills, 

IL, USA) operating at a flow rate of 300 nL/min. Solvent A was 0.1% formic acid in 

water, and solvent B was 0.1% formic acid in acetonitrile. Peptides were eluted into the 

Q Exactive Orbitrap mass spectrometer (Thermo Scientific) directly using a reversed-

phase gradient (0-35% solvent B over 40 min) through electrospray ionization. Full MS 

scans in the m/z range of 400-1800 at a nominal resolution of 70,000 were collected in 

the OrbiTrap, followed by data-dependent acquisition of MS/MS spectra for the 12 most 

abundant fragment ions. Employing a 15-sec dynamic exclusion time minimized 

repeated fragmentation of the same ion. The results of quantitative profiling were further 

improved by normalizing the calculated peak areas. (Chelius and Bondarenko, 2002 and 

Bondarenko  et al., 2002). 

2. MS data analysis using Mascot and ProteoIQ, and pathway analysis: 

Raw files from Orbitrap Q-Exactive and LTQ-Orbitrap Velos were searched by MS/MS 

spectra against the Uniprot viridiplantae protein database using the Mascot algorithm 

v.2.3.02 provided by Matrix Science, Inc. (Boston, MA, USA). The Uniprot 

viridiplantae database contained 5,51,385 protein entries (50% forward, 50% reversed). 

Mascot was performed with the following parameters: trypsin enzyme specificity, two 

possible missed cleavages, 10 ppm mass tolerance for precursor ions, and 20 mmu mass 

tolerance for fragment ions. Search parameters specified a differential modification of 

oxidation on methionine and a static modification of carbamido-methylation (+57.0215 

Da) on cysteine. Protein quantification was performed using ProteoIQ software v. 2.3.05 

(BioInquire, Bogart, GA, USA) with spectra count data. To provide high confidence on 

peptide sequence assignment and protein identification, data were filtered with 
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following stringent criteria: Mascot Ion score >20 for all charge states, 1% peptide false 

discovery rate (FDR), and 1% protein FDR. Bioinformatic and pathway analysis was 

performed with the aid of Ingenuity Pathway Analysis and Ingenuity iReport software 

(Ingenuity Sys, Inc., Redwood City, CA, USA) with a fold change cut off value of 1. 

3. Data analysis 

Finally the data was subjected to statistical analysis such as Student’s ‘t’-test to 

determine the significant changes between multiple samples (Wiener et al., 2004; Higgs 

et al., 2005). Probability values (P-values) for the comparative proteomics data from t-

test were considered significant if less than 0.05. All results are expressed as fold change 

± standard deviation or standard error of the mean.  
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Results 

Objective -3: 

Profiling of drought induced proteins in ICGV91114 groundnut by LC-

MS/MS (QExactive™ Orbitrap): 

 

Identification of drought tolerant proteins by LC-MS/MS:  

The LC-MS proteomic analysis resulted in the quantification and identification of 65 leaf 

and 67 root proteins (Tables- 1 and 2 and Figs. 1 and 2).  

1. Leaf proteomic analysis by LC-MS/MS: 

Results showed that of the 65 drought stressed proteins, 11 were found to be unnamed 

proteins, while 54 were the functional non- redundant proteins. Sequence alignments of 

these proteins showed > 97% nucleotide homologies with that of the corresponding 

proteins of Arabidopsis thaliana expressing under stress (Table- 6). In all the 4 

concentrations under PEG stress, of the 54 functional proteins, 32 proteins; 1) 

At1g07930/T6D22_3, 2) ribulose-1 5-bisphosphate carboxylase/oxygenase activase, 3) 

glutamine synthetase, 4) 2-hydroxy-acid oxidase GLO2, 5) glyceraldehyde-3-phosphate 

dehydrogenase of plastid, 6) ATPase alpha subunit, 7) At2g39730, 8) photosystem II 47 

kDa protein, 9) putative elongation factor beta-1, 10) Chain C  Crystal Structure Analysis 

Of The Plant Protease Deg1, 11) Ferredoxin--NADP reductase, 12) 3-ketoacyl-CoA 

thiolase 1, 13) nucleoside diphosphate kinase 1, 14)protein disulfide isomerase-like1-1, 

15)arginine-tRNA-protein transferase, 16)AT3G12780, 17)NSD 18) Phophoribulokinase, 

19)catalase 2, 20)Ferredoxin-dependent glutamatesynthase1, 21)At1g11860/F12F1_30, 

22)At1g42970/F13A11_3, 23)riblose-1,5-bisphosphatecarboxylase/oxygenase, 

24)putative RNA helicase SDE3, 25)putative tumor suppressor, 26)ATP synthase CF1 

beta subunit,  27) Cyclophilin 38 (atcyp38), 28)50S ribosomal protein L9,  29) ADP/ATP 

carrier 3 protein , 30)AT5g66570/K1F13_25,  31)Histone H3-like 5, and 32)60S 

ribosomal protein L17 exhibited their expression, while 10 proteins; 1)Ubiquitin, 

2)Photosystem I iron-sulfur center; 3)Peroxisomal (S)-2-hydroxy-acid oxidase GLO5; 

4)F1O19.10/F1O19.10, 5)putative carbonic anhydrase, 6)gb|U20808 auxin-induced 

protein of the zinc-binding dehydrogenase family, 7)photosystem I subunit D-1,  
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8)Ribosomal L10-2, 9)Histone H4 and 10)At2g19750/F6F22.22 expressed under 5, 15 

and 20 % PEG stressed tissues and whereas, ribulose bisphosphate carboxylase/oxygenase 

activase and phosphoenolpyruvate carboxylase expressed under 5, 10 & 15% PEG stress, 

and however, the At2g44100/F6E13.23 expressed under 15 and 20% PEG stress (Table- 1 

and Fig. 1). 

The 4 proteins; 1) PSII 43 KDa protein, 2) PSII 32 KDa protein, 3) RecName: 

Full=Photosystem I P700 chlorophyll a apo-protein A1 and 4) At1g32990/F9L11_15, 

expressed under 5 and 15% PEG stress, whereas, 6 proteins; 1) photosystem II D2 

protein, 2) photosystem II type I chlorophyll a, b binding protein, 3) the 40S ribosomal 

protein S5-1, 4) AT4g21280/F7J7_220,  5) AT2G21330 and 6) the 40S ribosomal protein 

S6-2, expressed under 5% PEG stress (Table- 1 and Fig. 1) 
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     Fig. 1: LC-MS/MS analysis of differentially expressed proteins in PEG stressed 

Leaves 
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Table- 1: Expression levels of identified drought responsive proteins in PEG stressed leaf tissues by LC-MS/MS 

S.  

No. 

Protein  

ID 

MW 

(Daltons) 

Expression levels Accession 

No. 

Identified peptides Homologous Gene in 

Arabidopsis thaliana control 5% 10% 15% 20% 

1 460 49451 1.00 16.20 1.37 3.06 5.96 gi|15081765 K.IGGIGTVPVGR.V. 

K.IGGIGTVPVGR.V 

R.LPLQDVYK.IR.STNLDWYK.G 

At1g07930/T6D22_3  

2 621 63342 1.00 11.42 1.70 8.40 6.02 gi|257686893 K.LADLVGVTLGPK.G 

K.VVAAGANPVLITR.G 

K.LADLVGVTLGPK.G 

K.VVAAGANPVLITR.G 

R.EVELEDPVENIGAK.L 

unnamed protein product  

3 4769 45916 1.00 11.20 1.20 3.93 4.53 gi|257722472 H.LPSYLLK.N unnamed protein product  

 

4 948 27880 1.00 5.29 1.45 5.38 1.05 gi|5903100 R.VPLIVTGNDFSTLYAPLIR.E 

R.VPLIVTGNDFSTLYAPLIR.E 

R.VPLIVTGNDFSTLYAPLIR.E 

Highly similar to ribulose-1 5-

bisphosphate carboxylase 

/oxygenase activase  

5 966 47411 1.00 7.13 1.25 10.88 4.28 gi|332006611 K.AILNLSLR.H. K.AILNLSLR.H glutamine synthetase  

6 44 

 

40307 

 

1.00 

 

10.88 1.35 3.26 2.11 gi|13124263 

 

R.VPVFLDGGVR.R 

R.QLDYVPATISALEEVVK.A 

R.VPVFLDGGVR.R 

K.ALALGASGIFIGR.P 

K.ALALGASGIFIGR.P 

R.QLDYVPATISALEEVVK.A 

K.ALALGASGIFIGRPVVF.A 

RecName: Full=Peroxisomal (S)-

2-hydroxy-acid oxidase GLO2; 

AltName: Full=Glycolate oxidase 

1; Short=AtGLO2; Short=GOX 1; 

AltName: Full=Short chain alpha-

hydroxy acid oxidase GLO2 

7 677 

 

42442 

 

1.00 

 

7.09 1.13 2.82 1.37 gi|257336888 

 

R.YTGGMVPDVNQIIVK.E 

R.YTGGMVPDVNQIIVK.E 

K.GFPGTHEFLLLDEGK.W 

unnamed protein product  

8 9390 

 

44831 

 

1.00 

 

19.25 4.59 5.18 8.55 gi|332198139 

 

K.LTGMAFR.V glyceraldehyde-3-phosphate 

dehydrogenase of plastid  

9 70 

 

55328 

 

1.00 

 

10.92 1.93 6.61 4.57 gi|5881679 

 

R.SVYEPLQTGLIAIDSMIPIGR.G 

R.LIESPAPGIISR.R 

ATPase alpha subunit  
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R.SVYEPLQTGLIAIDSMIPIGR.G 

K.IAQIPVSEAYLGR.V 

R.SVYEPLQTGLIAIDSMIPIGR.G 

R.LIESPAPGIISR.R 

K.IAQIPVSEAYLGR.V 

R.RSVYEPLQTGLIAIDSMIPIGR.G 

T.IVNTGTVLQVGDGIAR.I 

R.QMSLLLR.R. R.QMSLLLR.R 

R.EAYPGDVFYLHSR.L 

10 425 

 

15733 

 

1.00 

 

7.81 2.21 6.80 5.55 gi|311813485 

 

K.AMGIMNSFINDIFEK.L 

R.LVLPGELAK.H. R.LVLPGELAK.H 

K.IYIFK.V. K.IYIFK.V 

unnamed protein product  

11 20949 52039 1.00 11..06 1.89 8.48 8.29 gi|15450379 K.VPLILGIWGGK.G At2g39730/T5I7.3  

 

12 75 

 

56037 

 

1.00 

 

7.46 1.12 4.02 1.72 gi|7525059 

 

K.LAFYDYIGNNPAK.G 

K.LAFYDYIGNNPAK.G 

R.QGMFVIPFMTR.L 

R.YQWDQGYFQQEIYR.R 

R.AQLGEIFELDR.A 

M.GLPWYR.V. R.VHTVVLNDPGR.L 

photosystem II 47 kDa protein  

13 9170 

 

25266 

 

1.00 

 

19.18 1.38 7.06 4.17 gi|20197598 

 

K.LVPVGYGIK.K. K.LVPVGYGIK.K putative elongation factor beta-1  

14 9747 

 

36744 

 

1.00 

 

11.74 3.87 13.20 3.71 gi|332138236 

 

K.VFAIGNPFGLDHTL 

TTGVISGLR.R 

K.VFAIGNPFGLDH 

TLTTGVISGLR.R 

Chain C  Crystal Structure 

Analysis Of The Plant Protease 

Deg1 

15 592 

 

40327 

 

1.00 

 

7.42 2.20 4.95 4.03 gi|75171342 

 

R.LYSIASSAIGDFGDSK.T 

R.MAEYAEELWELLKK.D 

RecName: Full=Ferredoxin--

NADP reductase  leaf isozyme 1  

chloroplastic; AltName: 

Full=Leaf FNR 1; 

Short=AtLFNR1; Short=FNR-1; 

Flags: Precursor 
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16 9624 

 

46611 

 

1.00 8.08 2.94 8.16 5.74 gi|73919870 

 

K.GLPILGVFR.T 

 

RecName: Full=3-ketoacyl-CoA 

thiolase 1  peroxisomal; AltName: 

Full=Acetyl-CoA acyltransferase 

1; AltName: Full=Beta-

ketothiolase 1; AltName: 

Full=Peroxisomal 3-oxoacyl-CoA 

thiolase 1; Flags: Precursor 

17 205 

 

18814 

 

1.00 

 

5.62 1.97 5.39 5.09 gi|18413214 

 

R.GDFAIDIGR.N 

K.LITVDRPFAER.H 

R.KLIGATNPLASEPGTIR.G 

K.LIGATNPLASEPGTIR.G 

K.LIGATNPLASEPGTIRGDFAIDIGR.N 

R.GDFAIDIGR.N 

nucleoside diphosphate kinase 1  

 

18 10121 

 

54159 

 

1.00 

 

6.60 1.90 7.44 2.65 gi|30687521 

 

K.VVVVGIFPK.L 

 

protein disulfide isomerase-like 1- 

19 1369 68599 1.00 16.24 1.57 5.47 5.25 gi|13877875 

 

K.LLSAMNKVGEFTGFSVK.V 

 

putative arginine-tRNA-protein 

transferase  

20 16 

 

50112 

 

1.00 

 

4.23 1.45 2.23 1.11 gi|222423303 

 

S.LVASLPEGGVLLLENVR.F 

K.FSLAPLVPR.L 

K.GVSLLLPTDVVVADK.F 

K.FLKPSVAGFLLQK.E 

K.IGVIESLLEK.C 

AT3G12780 [ 

21 1790 9038 1.00 4.30 1.13 2.41 2.98 gi|23197622 K.FYGEVTQQMLK.H 

K.FYGEVTQQMLK.H 

phosphoribulokinase precursor  

22 407 

 

54995 

 

1.00 

 

12.69 2.42 3.24 1.98 gi|332661063 

 

K.TWPEDILPLQPVGR.M 

R.LGPNYLQLPVNAPK.C 

R.LGPNYLQLPVNAPK.C 

R.EGNFDLVGNNFPVFFIR.D 

catalase 2  

23 4183 

 

176751 

 

1.00 

 

2.19 1.58 3.19 4.55 gi|510120846 

 

R.WPLAQPMR.F 

R.WPLAQPMR.F 

R.WKPLTDVVDGYSPTLPHLK.G 

R.ETLSFWVK.A 

RecName: Full=Ferredoxin-

dependent glutamate synthase 1  

chloroplastic/mitochondrial; 

AltName: Full=Fd-GOGAT 1; 

Flags: Precursor 
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24 608 44445 1.00 4.49 1.69 4.90 2.59 gi|21928147 K.MVPFAGWSMPIQYK.D At1g11860/F12F1_30 

  

25 165 

 

47660 

 

1.00 

 

5.16 1.77 3.38 5.67 gi|14517408 

 

R.AAALNIVPTSTGAAK.A 

K.YDSMLGTFK.A 

K.VVAWYDNEWGYSQR.V 

At1g42970/F13A11_3  

26 8 

 

52955 

 

1.00 

 

3.29 1.35 1.87 2.68 gi|5881702 

 

K.DTDILAAFR.V. K.DTDILAAFR.V 

K.TFQGPPHGIQVER.D. A.ALRLEDLR.I 

R.AMHAVIDR.Q. R.DNGLLLHIHR.A 

Y.VAYPLDLFEEGSVTNMFTSIVGNVF

GFK.A. R.LSGGDHIHAGTVVGK.L 

large subunit of riblose-1 5-

bisphosphate 

carboxylase/oxygenase  

 

27 36109 

 

113363 

 

1.00 

 

12.44 1.26 2.70 5.20 gi|332189722 

 

N.NPSWFNR.I 

 

putative RNA helicase SDE3  

28 1280 24917 1.00 1.39 2.18 7.20 8.75 gi|23397080 R.VAIGQVLLSVR.C putative tumor suppressor  

29 12 

 

53934 

 

1.00 

 

3.43 1.79 2.82 1.45 gi|7525040 

 

K.GIYPAVDPLDSTSTMLQPR.I 

R.FVQAGSEVSALLGR.M 

K.MPNIYNALVVK.G 

K.MPNIYNALVVK.G 

K.VVDLLAPYR.R. K.VVDLLAPYR.R 

K.LSIFETGIK.V. K.LSIFETGIK.V 

K.GIYPAVDPLDSTSTMLQPR.I 

K.IGLFGGAGVGK.T 

ATP synthase CF1 beta subunit  

30 22846 

 

40378 

 

1.00 

 

15.16 2.11 7.85 3.40 gi|390980760 

 

V.IPFNAFGTMAMAR.E 

 

Chain A  Crystal Structure Of 

Arabidopsis Thaliana Cyclophilin 

38 (atcyp38) 

31 15135 

 

22134 

 

1.00 

 

7.42 1.25 3.73 11.3

0 

gi|133028 

 

K.LIFGSVTAQDLVDIIK.S 

 

RecName: Full=50S ribosomal 

protein L9  chloroplastic; 

AltName: Full=CL9; Flags: 

Precursor 

32 836 40718 1.00 5.95 1.32 2.52 1.21 gi|332660077 R.AVAGAGVLAGYDK.L ADP/ATP carrier 3 protein  

33 922 45162 1.00 15.51 4.87 14.30 13.9

5 

gi|257631953 R.TLLYGGIYGYPR.D unnamed protein product  

34 825 35128 1.00 2.19 2.09 1.65 3.08 gi|15912247 R.LTYDEIQSK.T AT5g66570/K1F13_25  
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35 4219 

 

71102 

 

0  1.00 5.14 4.06 6.02 gi|257307101 K.VQDLLLLDVTPLSLGLETAGGVMTV

LIPR.N 

unnamed protein product  

36 9059 

 

15591 

 

1.00 

 

7.65 1.54 4.07 6.04 gi|75333996 

 

R.FRPGTVALR.D 

 

RecName: Full=Histone  

H3-like 5 

37 760 47719 1.00 3.58 1.38 1.67 3.11 gi|298544537 E.VQIVGDDLLVTNPK.R unnamed protein product 

38 2427 

 

15027 

 

1.00 

 

11.06 1.89: 8.48 8.29 gi|15450856 

 

K.VLPAVIVR.Q. K.VLPAVIVR.Q Strong similarity to 60S 

ribosomal protein L17  

39 4374 

 

89393 

 

1.00 

 

0.68 5.30 7.23 4.68 gi|219788442 

 

R.IVSQLLTLMDGLK.S 

R.IVSQLLTLMDGLK.S 

unnamed protein product  

40 14983 

 

36466 

 

1.00 

 

7.08 0.99 3.68 4.23 gi|28436472 

 

G.MQIFVK.T. K.ESTLHLVLR.L 

K.ESTLHLVLR.L. G.MQIFVK.T 

K.ESTLHLVLR.L. R.LIFAGK.Q 

Ubiquitin  

41 1720 

 

9038 

 

1.00 

 

4.97 0.30 1.33 1.32 gi|49065785 

 

R.VYLWHETTR.S 

R.VYLWHETTR.S 

RecName: Full=Photosystem I 

iron-sulfur center; AltName: 

Full=9 kDa polypeptide; 

AltName: Full=PSI-C; AltName: 

Full=Photosystem I subunit VII; 

AltName: Full=PsaC 

42 149 

 

40482 

 

1.00 

 

5.19 0.62 3.62 1.59 gi|75318383 

 

N.ISMPIMIAPTAMQK.M 

N.ISMPIMIAPTAMQK.M 

RecName: Full=Peroxisomal (S)-

2-hydroxy-acid oxidase GLO5; 

AltName: Full=Glycolate oxidase 

3; Short=AtGLO5; Short=GOX 3; 

AltName: Full=Short chain alpha-

hydroxy acid oxidase GLO5 

43 4231 

 

29824 

 

1.00 10.42 0.79 4.71 1.27 gi|219911966 

 

K.DSTLIMQLLR.D 

R.NLLSVAYK.N 

unnamed protein product  

44 385 

 

14699 

 

1.00 

 

3.18 0.65 1.43 1.32 gi|13926229 

 

R.YWTMWK.L. R.YWTMWK.L 

K.EVDYLIR.N. A.KEVDYLIR.N 

A.KEVDYLIR.N 

F1O19.10/F1O19.10  

45 733 

 

36144 

 

1.00 

 

6.41 0.80 1.56 1.32 gi|15810273 

 

T.NPALYGELAK.G 

 

putative carbonic anhydrase  

chloroplast precursor  
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46 1201 

 

32775 

 

1.00 

 

5.68 0.68 2.01 1.13 gi|4056456 

 

K.ATDSPLPTVPGYDVAGVVVK.V 

 

Strong similarity to gb|U20808 

auxin-induced protein from Vigna 

radiata and a member of the zinc-

binding dehydrogenase family 

PF|00107. ESTs gb|T43674  

gb|H77006 and gb|AA395179 

come from this gene  

47 1040 22598 1.00 5.58 0.90 1.48 1.51 gi|15235503 K.EQIFEMPTGGAAIMR.E photosystem I subunit D-1  

 

48 256 

 

11409 

 

1.00 

 

4.67 0.68 2.16 1.96 gi|21592795 

 

K.IFLENVIR.D. K.IFLENVIR.D 

K.TVTAMDVVYALKR.Q 

histone H4-like protein  

49 2019 24909 0 1.00 0.21 1.09 1.40 gi|332192636 R.VAIGQVLLSVR.C 60S ribosomal protein L10-2 

50 30578 6887 0 1.00 0.42 1.76 1.60 gi|16974467 R.FVTAVVGFGK.K At2g19750/F6F22.22  

51 182 

 

49100 

 

1.00 

 

2.16 1.60 1.68 0.56 gi|330254621 

 

K.FYWAPTR.E. K.FYWAPTR.E 

K.LVVHITK.N 

ribulose bisphosphate 

carboxylase/oxygenase activase  

52 30698 

 

51857 

 

0 

 

1.00 0.24 1.98 0.24 gi|330255128 

 

R.IPAGFLEGVTNIVPALGGVNLK.Q 

 

phosphoenolpyruvate carboxylase  

53 42041 49819 0 1.00 0.21 1.09 1.40 gi|15215778 R.FQGGSPYIYPLYGLGELPQAFAR.L At2g44100/F6E13.23  

54 114 

 

50303 

 

1.00 

 

4.17 0.55 1.49 0.36 gi|163937814 

 

K.GIDRDFEPVLSMTPLN 

K.GIDRDFEPVLSMTPLN 

R.SPTGEVIFGGETMR.F 

R.FWDLR.A. R.FWDLR.A 

R.LGANVGSAQGPTGLGK.Y 

R.SAEYMTHAPLGSLNSVGGVATEINA

VNYVSPR.S. 

R.LGANVGSAQGPTGLGK.Y 

PSII 43 KDa protein  

55 333 

 

38937 

 

1.00 

 

7.16 0.23 3.05 0.43 gi|5881674 

 

R.VINTWADIINR.A 

R.VINTWADIINR.A 

R.NAHNFPLDLA.A 

PSII 32 KDa protein  

56 486 

 

83231 

 

1.00 

 

8.11 0.95 2.73 0.56 gi|6685788 

 

R.DLLAQLYPSFAEGATPFFTLNWSK.Y 

R.DLLAQLYPSFAEGATPFFTLNWSK.Y 

R.DLLAQLYPSFAEGATPFFTLNWSK.Y 

K.ILVDRDPIK.TR.YNDLLDR.V 

RecName: Full=Photosystem I 

P700 chlorophyll a apoprotein 

A1; AltName: Full=PSI-A; 

AltName: Full=PsaA 
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57 789 34976 1.00 1.65 0.80 2.68 0.52 gi|332617450 K.VAILGAAGGIGQSLSLLMK.M unnamed protein product  

 

58 9470 23148 1.00 3.48 0.47 2.29 0.31 gi|15724330 K.TPPASVLLLK.A At1g32990/F9L11_15  

59 322 

 

35675 

 

1.00 

 

9.31 0.62 3.34 0.79 gi|219913638 

 

K.MELVDAAFPLLK.G 

K.VLVVANPANTNALILK.E 

unnamed protein product  

60 122 

 

35243 

 

1.00 

 

1.53 0.30 0.65 0.08 gi|27435857 

 

R.AWMAAQDQPHENLIFPEEVLPR.G 

K.NILLNEGIR.A. K.NILLNEGIR.A 

photosystem II D2 protein  

 

61 313 

 

28171 

 

1.00 

 

1.06 0.32 0.71 0.10 gi|21592428 

 

K.YLGPFSGEPPSYLTGEFPGDYGWDT

AGLSADPETFAR.N 

K.YLGPFSGEPPSYLTGEFPGDYGWDT

AGLSADPETFAR.N. R.ELEVIHSR.W 

putative photosystem II type I 

chlorophyll a b binding protein  

 

62 9970 22991 0 1.00 0 0.35 0.34 gi|15228111 R.LTNSLMMHGR.N 40S ribosomal protein S5-1  

 

63 2210 23795 1.00 4.65 0.54 0.85 0.96 gi|15215600 K.AWPYVQNDLR.S AT4g21280/F7J7_220  

 

64 710 40466 1.00 2.86 0.95 0.97 0.83 gi|227202816 R.LASIGLENTEANR.Q AT2G21330  

 

65 9607 

 

28162 

 

0 1.00 0.13 0.66 0.99 gi|21542430 

 

R.LVTPLTLQR.K 

 

RecName: Full=40S ribosomal 

protein S6-2; AltName: 

Full=Protein EMBRYO 

DEFECTIVE 3010 
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2. Root proteomic analysis by LC-MS/MS: 

The results exhibited, that of the 67 drought stressed proteins, 60 were found to be the 

functional non- redundant proteins, while 7 were the unnamed proteins (Table-7). The 

sequence alignments of these proteins expressed under the PEG stress showed > 97% 

nucleotide homology with the corresponding proteins of Arabidopsis thaliana. Of the 60 

functional proteins; 5 proteins; 1. NAD+ dependent isocitrate dehydrogenase subunit 1, 2. 

At2g27860/F15K20.4, 3. Catalase-2, 4. nucleoside diphosphate kinase 1, and 5. 

glyceraldehyde-3-phosphate dehydrogenase, expressed under all the 4 concentrations of 5, 

10%, 15% and 20 % PEG stress (Table-2 and Fig. 2). 

The 4 proteins; 1) AT5g41520/MBK23_4, 2) 2-phospho-D-glycerate hydro-lyase 1, 3) 

cytosolic malate dehydrogenase and 4) translation initiation factor 4A-3, expressed under 

10, 15 and 20 % PEG stress, while only 1 protein, the At2g39730, expressed under 5, 10, 

and 20% of PEG stress, whereas, 1 protein, tubulin alpha-6 chain, expressed under 5 and 

20 % PEG stressed samples. Six proteins; 1) pyruvate kinase, 2) 26S proteasome subunit 4, 

3) clathrin heavy chain putative; 4) Sucrose synthase 1, 5) AT1G07930, and 6) RAN2 

small Ras-like GTP-binding, expressed under 10 and 15 % PEG stressed tissues (Table-2 

and Fig. 2).  

The 4 proteins; 1) O-acetylserine (thiol) lyase (OAS-TL) isoform A2, 2) proteasome 

subunit alpha type-2-B, 3) Peroxiredoxin-2B and 4) fructokinase 1, expressed under 15 

and 20 % PEG stressed samples, while 1 protein; phospho-enol pyruvate carboxylase, 

expressed under 5 and 10% PEG stressed tissues, whereas, 15 proteins; 1) Glycosyl 

hydrolase, 2) mitochondrial elongation factor Tu, 3) putative aldehyde dehydrogenase 

(NAD+), 4) 20S proteasome beta subunit G1, 5) F22C12.1, 6) RmlC-like cupins 

superfamily protein, 7) adenylate translocator, 8) proteasome subunit beta type-5-B, 9) 

Chaperonin CPN60,  10) T27G7.6, 11) putative sorbitol dehydrogenase, 12) asparagine 

synthetase [glutamine-hydrolyzing], 13) enolase (2-phospho-D-glycerate hydroylase), 14) 

putative disease resistance protein and 15) fructose-bisphosphate aldolase,  expressed only 

in 15 % PEG  stressed tissues (Table-2 and Fig. 2).  

The following 23 proteins; 1) Putative 60S ribosomal protein L9, 2) Eukaryotic Initiation 

Factor 4A-2, 3) 40S ribosomal protein S15, 4) 60S ribosomal protein L13a-4, 5) 

AT5g35530/MOK9_14, 6) phosphoglycerate kinase putative, 7) ribosomal protein S18  

putative, 8) 60S ribosomal protein L11-2, 9) sucrose synthase 4, 10) 40S ribosomal protein 
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S5-1, 11) alcohol dehydrogenase class-3,  12) S-adenosyl-L-homocysteine hydrolase 1 

mutant, 13) Alcohol dehydrogenase class-P, 14) Serine hydroxy methyltransferase 4; 15) 

monodehydroascorbate reductase (NADH), 16) ATP synthase subunit beta-1, 17) putative 

fructokinase, 18) histone H3, 19) Phosphor gluco-mutase, 20) fatty acid beta-oxidation 

multifunctional protein MFP2, 21) AT5g35530/MOK9_14, 22) histone H4-like protein 

and 23) Heat shock 70 kDa protein 18, exhibited their expression only in the control 

samples but not in any of the PEG stressed root tissues (Table-2 and Fig. 2). 
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Fig.2: LC-MS/MS analysis of differentially expressed proteins in PEG stressed roots  
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Table- 2: Expression levels of identified drought responsive proteins in PEG stressed root tissues by LC-MS/MS 

S. 

No. 

Protein 

Id 

MW 

(Daltons) 

Expression levels  Accession No. Identified peptides Homologous Gene in 

Arabidopsis thaliana 

control 5% 10% 15% 20%    

1 4189 

 

39657 

 

1.00 

 

1.87 2.26 1.78 2.24 gi|21537157 

 

N.KANPVALLLSSAMMLR.H 

 

NAD+ dependent isocitrate 

dehydrogenase subunit 1  

2 3536 43638 1.00 2.71 2.03 1.45 1.29 gi|24111293 K.TSLWDLLESTLTYQHR.T At2g27860/F15K20.4  

 

3 249 

 

56931 

 

1.00 

 

1.35 1.03 1.59 1.19 gi|17865693 

 

R.FSTVIHER.G. 

R.LGPNYLQLPVNAPK.C 

R.EGNFDLVGNNFPVFFIR.D 

R.LGPNYLQLPVNAPK.C 

R.EGNFDLVGNNFPVFFIR.D 

RecName: Full=Catalase-2 

 

4 21145 18814 1.00 1.50 1.68 3.16 2.57 gi|18413214 R.GDFAIDIGR.N nucleoside diphosphatekinase 1  

 

5 4182 

 

36989 

 

1.00 

 

5.62 1.97 5.39 5.09 gi|21593240 

 

R.FGIVEGLMTTVHSITATQK.TK.TL

LFGEKPVTVFGIR.N 

R.AASFNIIPSSTGAAK.A 

R.VPTVDVSVVDLTVR.L 

R.FGIVEGLMTTVHSITATQK.TK.TL

LFGEKPVTVFGIR.N 

glyceraldehyde-3-phosphate 

dehydrogenase of plastid  

6 40228 

 

19733 

 

1.00 

 

0 1.05 1.52 1.14 gi|14030699 

 

R.TYLNLPSEIVPATLK.K 

R.TYLNLPSEIVPATLK.K 

AT5g41520/MBK23_4  

7 825 

 

50975 

 

1.00 

 

0.32 1.08 2.45 1.74 gi|227467956 

 

R.ISLAGLSLAK.C 

R.TEELQPYVLNVVK.K 

K.LNLGVGAYR.T. 

K.LNLGVGAYR.T. 

R.PMYSNPPVHGAR.I 

R.VATIQGLSGTGSLR.L 

K.AEMEMMAGR.I 

K.AEMEMMAGR.IK.WHVYMTK.D 

unnamed protein product  
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8 2331 

 

51475 

 

1.00 

 

0.17 1.41 2.97 1.49 gi|75308916 

 

R.EGLVLLIDAIEK.A 

 

RecName: Full=Enolase 1  

chloroplastic; AltName: Full=2-

phospho-D-glycerate hydro-lyase 

1; AltName: Full=2-

phosphoglycerate dehydratase 1; 

Flags: Precursor 

9 647 

 

35662 

 

1.00 

 

0.47 1.29 1.80 1.22 gi|21593565 

 

K.MELVDAAFPLLK.G 

K.EFAPSIPEK.N. K.EFAPSIPEK.N 

R.VLVTGAAGQIGYALVPM.I 

cytosolic malate dehydrogenase  

10 1897 

 

18464 

 

1.00 

 

0.21 1.10 1.27 1.22 gi|257717049 

 

K.HVVFGQVVEGLDVVK.A 

K.HVVFGQVVEGLDVVK.A 

unnamed protein product  

11 309 

 

46771 

 

1.00 

 

0.61 2.17 1.19 1.39 gi|332197244 

 

R.GFKDQIYDIFQLLPSK.V 

R.DHTVSATHGDMDQNTR.D 

translation initiation factor 4A-3  

12 4180 

 

20576 

 

1.00 

 

0.27 1.18 1.46 1.14 

 

gi|311815222 

 

K.MKDTDSEEELKEAFR.V 

K.MKDTDSEEELKEAFR.V 

unnamed protein product  

13 20949 52039 1.00 13.10 2.96 0 2.24 gi|15450379 K.VPLILGIWGGK.G At2g39730/T5I7.3  

 

14 2802 47235 1.00 1.56 0.78 0.28 1.77 gi|30683070 R.LVSQVISSLTASLR.F 

R.LVSQVISSLTASLR.F 

tubulin alpha-6 chain  

15 1049 54977 1.00 0.26 1.22 1.58 0.60 gi|15242313 K.ATDSEATEVIIEAALK.S pyruvate kinase  

 

16 2461 

 

49328 

 

1.00 

 

0.24 2.17 1.68 0.62 gi|21593177 

 

K.VLSVVGILQDEVDPMVSVMK.VK.

VLSVVGILQDEVDPMVSVMK.V 

26S proteasome subunit 4  

17 851 

 

193215 

 

1.00 

: 

 

0.46 2.61 1.31 0.88 gi|12321871 

 

R.LLTQFLEHLVSEGSQDVHVHNAL

GK.I. 

R.LLTQFLEHLVSEGSQDVHVHNAL

GK.IR.EATAFLLDVLKPNLPEHAFL

QTK.V 

clathrin heavy chain  putative; 

28833-19741  

 

18 263 

 

92998 

 

1.00 

 

0.43 1.20 1.32 0.67 gi|226693619 

 

K.STQEAIVLPPWVALAVR.P 

K.STQEAIVLPPWVALAVRPR.PK.ST

QEAIVLPPWVALAVRPR.PK.STQEA

IVLPPWVALAVR.PR.VVHGIDVFDP

RecName: Full=Sucrose synthase 

1; Short=AtSUS1; AltName: 

Full=Sucrose-UDP 

glucosyltransferase 1 
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K.FR.PRPGVWEYLR.V 

R.PGVWEYLR.V 

K.STQEAIVLPPWVALAVRPR.PK.ST

QEAIVLPPWVALAVRPR.P 

19 930 

 

55952 

 

1.00 

 

0.26 1.06 1.62 0.47 gi|298546189 

 

R.AEATDVANAVLDGSDAILLGAET

LR.GR.AEATDVANAVLDGSDAILL

GAETLR.G 

R.VVDSMTDNLRPTR.A 

unnamed protein product  

 

20 368 

 

49505 

 

1.00 

 

0.79 1.13 2.00 0.76 gi|222423868 

 

K.IGGIGTVPVGR.V. R.LPLQDVYK.I 

K.IGGIGTVPVGR.V. R.LPLQDVYK.I 

R.STNLDWYK.G. R.QTVAVGVIK.S 

K.NGDAGMVMMTPTKPMVVETFSE

YPPLGR.F. K.EVSSYLK.K 

K.EVSSYLK.K 

AT1G07930  

 

21 2358 

 

25062 

 

1.00 

 

0.44 1.16 1.29 0.84 gi|23306348 

 

K.LVIVGDGGTGK.T 

 

RAN2 small Ras-like GTP-

binding nuclear protein (Ran-2)  

22 1276 44756 1.00 0.31 2.07 1.71 0.83 gi|257287184 R.ESIELPLMNPELFLR.V unnamed protein product  

 

23 4836 

 

32339 

 

1.00 

 

0.23 0.65 2.06 1.10 gi|334185547 

 

K.LYGVEPVESPILSGGKPGPHK.IK.L

YGVEPVESPILSGGKPGPHK.I 

O-acetylserine (thiol) lyase (OAS-

TL) isoform A2  

24 2256 

 

25733 

 

1.00 

 

0.21 0.70 1.19 1.46 gi|145327739 

 

K.LVQIEHALTAVGSGQTSLGIK.AK.

LVQIEHALTAVGSGQTSLGIK.A 

proteasome subunit alpha type-2-

B 

25 30377 

 

17428 

 

1.00 

 

0.27 0.96 1.63 1.26 gi|75338536 

 

R.FALLLDDLK.V 

 

RecName: Full=Peroxiredoxin-

2B; AltName: Full=Peroxiredoxin 

IIB; AltName: Full=Peroxiredoxin 

TPx1; AltName: 

Full=Thioredoxin reductase 2B; 

AltName: Full=Thioredoxin-

dependent peroxidase 1 

26 2888 

 

37028 

 

1.00 

 

0.22 0.78 1.89 1.01 gi|17104645 

 

R.LPLWPSEEAAR.K 

R.LPLWPSEEAAR.K 

putative fructokinase 1  
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27 18 

 

109753 

 

1.00 

 

3.12 1.98 0.78 0.48 gi|330255052 

 

R.VPYNAPLIQFSSWMGGDR.DK.MA

SIDAQLR.L 

R.VPYNAPLIQFSSWMGGDRDGNPR

.VR.VVPLFEK.L. R.FVEYFR.L 

R.VPYNAPLIQFSSWMGGDR.DR.VP

YNAPLIQFSSWMGGDR.DR.LLLQV

AGHK.D 

R.AIPWIFAWTQTR.F 

R.LLLQVAGHK.D 

K.DITPDDKQELDEALQR.E 

R.LLLQVAGHK.D 

R.LLLQVAGHK.D 

K.DITPDDKQELDEALQR.E 

K.QEVMIGYSDSGK.D 

phosphoenolpyruvate carboxylase 

2 

28 5629 70583 1.00 0.13 0.37 1.49 0.91 gi|332644715 L.LTELLK.Q Glycosyl hydrolase family protein 

  

29 3155 

 

49410 

 

1.00 

 

0.18 0.59 1.38 0.78 gi|3924612 

 

K.VGEEVEILGLR.E 

K.EHILLAR.Q 

elongation factor- Tu ( 

mitochondrial) 

30 2587 

 

58589 

 

1.00 

 

0.24 0.97 1.77 0.99 gi|13194814 

 

K.YGLAAGVFTK.N 

 

putative aldehyde dehydrogenase 

(NAD+)  

31 2757 27651 1.00 0.29 0.80 1.20 0.93 gi|15223537 K.HSLLGASGEISDFQEILR.Y 20S proteasome beta subunit G1 

 

32 3331 377031 1.00 0.24: 0.89 1.06 0.78 gi|6692119 T.GSVLLLFDELRSK.F F22C12.1  

 

33 4237 

 

24921 

 

1.00 

 

0.10 0.79 1.00 :0.77 gi|332640531 

 

R.GVDLDALLDMSTEDLVK.H 

 

RmlC-like cupins superfamily 

protein  

34 634 

 

41476 

 

1.00 

 

0.05 0.90 1.29 0.86 

 

gi|23198346 

 

K.LLIQNQDEMIK.A. 

R.MMMTSGEAVK.Y. 

R.MMMTSGEAVK.Y 

R.QFDGLVDVYR.K. 

R.QFDGLVDVYR.K. K.GAGANILR.A 

adenylate translocator  
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35 4748 29485 1.00 0.22 0.53 1.07 0.29 gi|332643626 R.ASMGGYISSQSVK.K proteasome subunit beta type-5-B 

 

36 1312 

 

61281 

 

1.00 

 

0 0.83 2.62 0.83 gi|12644189 

 

K.IGVQIIQNALK.T. 

K.GEYVDMVK.A. K.GEYVDMVK.A.  

RecName: Full=Chaperonin 

CPN60  mitochondrial; AltName: 

Full=HSP60; Flags: Precursor 

37 30097 21729 1.00 0.19 0.78 1.12 0.33 gi|6664304 R.LLGPGLNK.A T27G7.6  

 

38 14786 39256 1.00 0.18 0.78 1.67 0.55 gi|332008770 K.IDVKPLITHR.F putative sorbitol dehydrogenase  

 

39 445 

 

65621 

 

1.00 

 

0.14 0.72 1.29 0.48 gi|15232775 

 

R.LAVIDPASGDQPLFNEDK.T 

 

asparagine synthetase [glutamine-

hydrolyzing]  

40 326 

 

47777 

 

1.00 

 

0.21 0.80 1.13 0.71 gi|20260174 

 

E.VQIVGDDLLVTNPK.R 

K.EGLELLK.T. K.EGLELLK.T 

enolase (2-phospho-D-glycerate 

hydroylase)  

41 10850 155345 1.00 0.15 0.38 1.40 0.24 gi|237769813 E.IPGLSEASK.L putative disease resistance protein 

  

42 425 

 

38540 

 

1.00 

 

0.11 :0.88

: 

2.00 0.89 

 

gi|332645491 

 

K.GILAADESTGTIGK.R 

K.GILAADESTGTIGK.R 

K.EGGVLPGIK.V. K.EGGVLPGIK.V 

K.ANSEATLGTYK.G 

fructose-bisphosphate aldolase 

 

43 972 

 

22018 

 

1.00 

 

0.05 0.53 0.44 0.29 

 

gi|9665164 

 

R.TALSHVDNLISGVTR.G 

R.TALSHVDNLISGVTR.G 

Putative 60S ribosomal protein L9 

44 320 

 

46763 

 

1.00 

 

0.12 0.60: 0.78 0.70 gi|14423372 

 

K.IQVGVFSATMPPEALEITR.KR.DH

TVSATHGDMDQNTR.D 

Eukaryotic Initiation Factor 4A-2  

45 3063 

 

8139 

 

1.00 

 

0.10 0.69 0.81 0.38 

 

gi|91805903 

 

R.GVDLDALLDMSTEDLVK.H 

R.GVDLDALLDMSTEDLVK.H 

R.GVDLDALLDMSTEDLVK.H 

40S ribosomal protein S15  

46 2128 23590 1.00  0.11 0.29: :0.40 0.17 gi|332008337 R.MVIPDALK.V. R.MVIPDALK.V 60S ribosomal protein L13a-4  

 

47 20840 27458 1.00 0.18 0.55 0.73 0.49 gi|20466075 K.LLGGLAVR.R. K.IMLDWDPK.G AT5g35530/MOK9_14  
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48 287 

 

49939 

 

1.00 

 

0.14 0.67 0.79 0.44 gi|23198084 

 

T.LVASLPEGGVLLLENVR.F 

R.GVSLLLPTDVVIADK.F 

R.GVSLLLPTDVVIADK.F 

K.GVTTIIGGGDSVAAVEK.V 

K.IGVIESLLEK.C. K.IGVIESLLEK.C 

V.MSHISTGGGASLELLEGK.V 

phosphoglycerate kinase  putative 

49 861 

 

17545 

 

1.00  0.10 0.47 0.42 0.32 gi|21592452 

 

K.IPDWFLNR.Q 

K.YSQVVSNALDMK.L 

R.HYWGLR.V 

ribosomal protein S18  putative 

50 697 

 

19775 

 

1.00 

 

0.20 0.45 0.20 0.19 gi|30694819 

 

K.LVLNISVGESGDR.L 

K.VLEQLSGQTPVFSK.A 

K.VLEQLSGQTPVFSK.A 

60S ribosomal protein L11-2  

51 297 93003 1.00 0.12 0.58 0.82 0.38 gi|22331535 K.FQEIGLER.G. R.VVHGIDVFDPK.F sucrose synthase 4  

 

52 2928 22991 1.00 0.11 0.60 0.98 0.38 gi|15228111 R.QAVDISPLR.R 40S ribosomal protein S5-1  

 

53 1858 

 

17095 

 

1.00 

 

0.09 0.87 0.73 0.30 gi|219982733 

 

K.AHGLAPEIPEDLYHLIK.K 

K.AHGLAPEIPEDLYHLIK.K 

unnamed protein product  

54 3117 

 

42043 

 

1.00 

 

0.20 0.59 0.83 0.58 gi|334188186 

 

K.FGVNEFVNPK.D 

K.KFGVNEFVNPK.D 

K.KFGVNEFVNPK.D 

alcohol dehydrogenase class-3   

55 195 

 

53378 

 

1.00 

 

0.18 0.64 0.74 0.43 gi|60266731 

 

R.LVGVSEETTTGVK.R 

R.LVGVSEETTTGVK.R 

R.HSLPDGLMR.A. 

R.TEFGPSQPFK.G. K.VYVLPK.H 

S-adenosyl-L-homocysteine 

hydrolase 1 mutant  

56 2280 16036 1.00 0.15 0.44 0.48 0.29 gi|300537509 K.IAGFSTHLMK.R unnamed protein product  

 

57 1141 

 

41178 

 

1.00 

 

0.25 0.74: 0.77 0.50 gi|148841208 

 

K.FITHTVPFSEINK.A 

K.FITHTVPFSEINK.A. 

K.AAVAWEAGKPLVIEEVEVAPPQ.

K 

RecName: Full=Alcohol 

dehydrogenase class-P 
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58 514 

 

51718 

 

1.00 0.26 1.05 0.99 0.73 gi|75318092 

 

R.AVTLTLDIQK.T 

 

RecName: Full=Serine 

hydroxymethyltransferase 4; 

Short=AtSHMT4; AltName: 

Full=Glycine 

hydroxymethyltransferase 4; 

AltName: Full=Serine methylase 4 

59 1132 

 

50160 

 

1.00 

 

0.46 0.57 0.24 0.34 gi|332645483 

 

K.AVVVGGGYIGLELSAVLR.I 

 

monodehydroascorbate reductase 

(NADH)  

 

60 99 

 

59631 

 

1.00 

 

0.30 1.46 1.56 0.62 gi|186521400 

 

K.IGLFGGAGVGK.T 

K.KGSITSVQAIYVPADDLTDPAPAT

TFAHLDATTVLSR.Q 

R.IPSAVGYQPTLASDLGALQER.I 

K.NLQDIIAILG 

MDELSEDDKLTVAR.A 

K.KGSITSVQAIYVPADDLTDPAPAT

TFAHLDATTVLSR.Q 

K.KGSITSVQAIYVPADDLTDPAPAT

TFAHLDATTVLSR.Q 

K.AHGGFSVFAGVGER.T 

ATP synthase subunit beta-1  

61 2509 

 

35275 

 

1.00 

 

0.46 1.33 1.87 0.87 gi|4589962 

 

R.NPSADMLLRPDELNLDLIR.S 

R.EFMFYR.N 

putative fructokinase  

62 1527 15268 1.00 0.17 0.33 0.68 0.17 gi|13926211 R.FRPGTVALR.E histone H3 

 

63 442 72558 1.00 0.13 0.52 0.98 0.51 gi|238479033 K.LVTVEDIVR.Q. K.LQSSLPEVNK.I Phosphor gluco-mutase  

 

64 3858 

 

78840 

 

1.00 0.05 0.81 0.40 0.26 gi|332640947 

 

R.IVGAHFFSPAHIMPLLEIVR.T 

 

fatty acid beta-oxidation 

multifunctional protein MFP2  

65 20840 27458 1.00 0.18 0.55 0.73 0.49 gi|20466075 K.LLGGLAVR.R 

K.IMLDWDPK.G 

AT5g35530/MOK9_14  
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66 1428 11409 1.00 0.06 0.51 0.54 0.15 gi|21592795 R.DNIQGITKPAIR.R 

K.IFLENVIR.D 

R.DNIQGITKPAIR.R 

R.DNIQGITKPAIR.R 

R.ISGLIYEETR.G 

R.ISGLIYEETR.G 

histone H4-like protein  

67 138 

 

68357 

 

1.00 

 

0.16 0.84 0.92 0.60 

 

gi|75308864 

 

R.DNIQGITKPAIR.R 

K.IFLENVIR.D 

R.DNIQGITKPAIR.R 

R.DNIQGITKPAIR.R 

R.ISGLIYEETR.G 

R.ISGLIYEETR.G 

RecName: Full=Heat shock 70 

kDa protein 18; AltName: 

Full=Heat shock protein 70-18; 

Short=AtHsp70-18; AltName: 

Full=Heat-shock protein 70T-1 
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Objective -4: 

Validation of selected proteins for drought stress tolerance by qRT-PCR: 

1. Isolation of RNA from drought stressed leaves and roots:  

The isolation of total RNA from the stressed leaves and roots of groundnut was carried out by using 

Trizol Reagent (in vitrogen) following the manufacturer’s protocol. Leaf and root tissues, weighing 

100 mg were homogenized separately in liquid nitrogen by adding 1ml of Trizol Reagent and kept 

for incubation at room temperature for 15 min. Later, 200 µl of chloroform was added, shook 

vigorously for 15 seconds, allowed to stand for 15 min at room temperature and centrifuged the 

mixture at 12,000 g for 15 min at 4 ºC. Later, the aqueous phase was transferred to fresh tubes, 

added 500 µl of isopropanol and kept for incubation for 15 min at room temperature. Thereafter, 

centrifuged at 12000 g for 10 min at 4 ºC, removed the supernatant and washed the RNA pellet by 

70% ethanol, centrifuged again at 8000 rpm for 5 min at 4 ºC, removed the ethanol and the RNA 

pellet was dissolved in 30µl of DEPC water and later the concentration of RNA was checked by 

using Nano drop machine. 

 

To remove DNA contamination, if any, samples were treated with DNAseI (BioLabs). RNA 

concentration and purity were determined before and after DNAseI treatment using a NanoDropTM 

spectrophotometer - ND-1000 (Thermo Scientific) and RNA integrity was verified by 

electrophoresis using 1% agarose gel. 

1. Formaldehyde gel electrophoresis: 

Composition of gel: 

   a.1% agorose gel; b. 10X MOPS; c. 12.3 M formaldehyde 

2. Electrophoresis running buffer: 

   a. 1X MOPS; b. 2.2 M formaldehyde 

3. RNA denaturing buffer: 

   10 ml of 100% formaldehyde, and 1.5 ml of MOPS buffer 

4. RNA loading buffer: 

    a.50% glycerol; b. 1mm EDTA; and c. 0.4% bromophenol blue 
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a. RNA sample preparation: 

5 µl of RNA, 15 µl of RNA denaturation buffer and 1 µl of 10 mg/ml ethidium bromide were taken 

in 1.5 ml eppendorf tube, heated  at 65 ºC for 10 min to denature the  secondary structure of RNA, 

cooled on ice for 2 min and loaded on gel. 

b. Preparation of gel: 

A quantity of 0.5 g of 1% agarose powder was taken in a beaker, 37 ml of DEPC treated water was 

added and boiled in microwave and cooled it. Later, 10 ml of 10X MOPS and 8.9 ml formaldehyde 

were added, then poured it on the gel casting tray allowed it to solidify for about 10 min. After 

solidification, the tray containing the gel was transferred on to electrophoretic unit to carry out the 

electrophoresis. 

c. Loading the RNA samples on gel: 

The RNA samples from each of the leaf and root tissues were loaded separately in the wells and the 

electrophoresis was carried out. Later, the gel was examined under the gel doc for the presence and 

integrity of RNA. The total RNA isolated was diluted to 2.5 µg/µl concentration and aliquoted for 

use in synthesis of cDNA. 

2. cDNA synthesis: 

The previously isolated RNA samples from leaf and root tissues were converted to cDNA by 

reverse transcription through RT-PCR, by using Takara Prime script 1st strand cDNA synthesis kit. 

A 10 µl quantity of reaction mixture was prepared by taking template RNA from leaf/root, in a 

microtube in the following proportions. 

Reagents Volume 

Oligo dT primer (50µm)    1µl 

Random 6mer (50µm)    1µl 

dNTP mixture (10mM)                                                         1µl 

Template RNA (leaf/root)    1.2 µl 

RNAase free DH2O                                                              5.8 µl 
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The mixture of above reagents including the 1.2 µl of template RNA from leaf/ root were kept for 

incubation in water bath for 5 min at 65 ºC and cooled the mixture on ice. Later, 20 µl of the 

reaction mixture was prepared in the following proportions. 

Template RNA primer mixture                10 µl 

5X prime script buffer                                                  4 µl 

RNAase inhibitor (40 u/µl)                                          0.5 µl 

Prime script RNAase (200 u/µl)                                  1.0 µl 

RNAase free H20                                                         4.5 µl 

The above reagents were mixed by gently taping and kept for incubation for 10 minutes at 30 ºC in 

PCR machine. Later, inactivated the enzyme by incubating at 95ºC for 5 min and cooled it on ice 

for 10 min. 

The cDNA preparations were diluted 12- times with nuclease-free water (Qiagen, Valencia, CA, 

USA) to use as template in q-PCR analysis. To confirm the total absence of genomic DNA, cDNA 

was used as a template for PCR amplification using β-actin, since the β-actin gene was considered a 

valid option for real-time PCR analysis. 

 A quantity of 2 µg/µl synthesized cDNA concentration was diluted with milli Q water to obtain 

1µg/µl for usage in qRT-PCR. 

3. Selection of reference genes and primer design: 

The reference candidate gene, β-actin was selected from the previous studies in groundnut (Murphy 

et al., 2003). Since the genome sequence of groundnut is not known for designing of primers for 

selected 12 candidate genes, the alignments were made with relevant gene orthologs 

in Arabidopsis using BLASTN with optimization to ‘similar sequences’ to ensure the primer pairs 

span at least one intron. Primers were designed using primer analysis software PRIMER 3.0 

(http://frodo.wi.mit.edu/primer3/) by considering; (a) product size ranging from 100-160 bp; (b) 

primer size from: 20-22 bp; (3) GC content 50 %. The accession number, primer sequence and 

amplicon lengths are listed in Table 1. 
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4. Quantitative Real-time Polymerase Chain Reaction (qRT-PCR): 

All q-PCRs were carried out in Realplex (Eppendorf, Germany) Real-Time PCR system using SYBR 

Green in 96 well optical reaction plates (Axygen, USA) sealed with ultra-clear sealing film 

(Platemax). The PCR reaction was performed in a total volume of 10 μL containing 5 μl of 2X 

SensiFASTTMSYBR No-ROX (Bioline, UK) master mix, 400 nM of each primer, 1.0 μg/μL diluted 

cDNA and nuclease-free water to make up the final volume. The reaction conditions for the RT-PCR 

performed were mentioned in Table- 2. No-template controls were included for each primer 

combinations. Pooled and diluted cDNA sample was used in q-PCR to check the specificity of all the 

primer pairs and verified by using 2% agarose gel electrophoresis with SYBR safe DNA gel stain 

(Invitrogen-life technologies, NY, USA). For expression profiling, all the cDNA samples were tested 

in qPCR with each primer pair and thus performed for each cDNA sample of each biological 

triplicate. The quantitative cycle (Cq) values were recorded using default settings of Real time PCR 

system where baseline was corrected automatically and threshold value was estimated by setting to 

noise band mode. Statistical analysis (mean and CV) of the Cq values was carried out using 

Microsoft Excel spreadsheet 2010. The PCR efficiency of each primer pair was evaluated by the 

dilution series method using a pooled cDNA sample of the groundnut variety ICGV 91114.  

5. Data analysis: 

Expression levels of three candidate genes in all the sample pools were determined by number of 

cycles needed for the amplification-related fluorescence to reach a specific threshold level of 

detection (quantification cycle Cq). The efficiency (E) of each primer pair was calculated based on 

slope of the line (E = 10-1/slope) considering an ideal value range of 0.95 to 1.0. To carry out an in-

depth data analysis, 13 diverse samples were categorized under experimental sets comprising 

condition-specific samplings with particular primers enlisted (Table 1) and RT-PCR Experimental 

conditions (Table 2). Experimental set included the leaf and root tissues of ICGV 91114 groundnut 

variety at flowering stage. 
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Table- 1: Gene name, accession number, primer sequence and amplicon length 

Name of Gene  Accession No. Primer sequence Amplicon 

size 

Nucleoside diphosphate  

kinase 

   gi|71040669  

 

F: 5 - TTGTGAGTTTGTGACCGCAG - 3’ 113 

R: 5’- TGGAACGAGTGTTTGAGGAA – 3’ 

Catalase gi|332661063 

 

F: 5’ -CATCACGCATGAAATCCGCA - 3’ 100 

R: 5’-TGCTGAGACTTGAAGAACGAGA – 3’ 

Glyceraldehyde-3- 

phosphatase dehydrogenase 

gi|512374222   

 

F: 5’-ATGGTACGACAACGAGTGGG - 3’ 101 

R: 5’- CCTTGAATGCTCGAGGAGGG – 3’ 

Phosphatase gi|514772549  

 

F: 5’–TCCAGGGCCTGATGAGTTTA– 3’ 110 

R: 5’–CCCTTAGAGCTGCACGAAAT– 3’ 

ATP synthase gi|408899391   

 

F: 5’– GTACTTCAAGTGGGTGACGGA– 3’ 249 

R: 5’–AGCTGCAATTGGACCTCTCC– 3’ 

Elongation  

factor -Tu 

gi|659129067  

 

F: 5’–TTGTCCTCTTGTTGGTTGGC– 3’ 107 

R: 5’– AGCAGCATAAGAGAGGGGAA– 3’ 

Phosphoenol 

pyruvate carboxylase 

   

gi|330255052 

F: 5’– CCGAAGGACACCTCCAACTC – 3’ 113 

R: 5’– TTAATGCTGTGTCGATGCGG – 3’ 

Ferredoxin- 

NADP reductase 

gi|323714331   

 

F: 5’– ATTGAAGAAGGCGGAGCAAT– 3’ 120 

R: 5’–CTACAGAATGCAGGACGAGG– 3’ 

Glutamine synthetase-2 

gi|332006611 

F: 5’–TCACCAATCTGGTCAAGAATCTG– 3’ 100 

R: 5’–GGCACTCTCATCTGACATGTTG– 3’ 

Carbonic anhydrase  gi|15810273 F: 5’– ACCCTGCTTTGTACGGTGAG– 3’ 116 

R: 5’– GGCATCTCCTGGCTGAAAGT– 3’ 

Ubiquitin gi|28436472 F: 5’– TCCGGATCAGCAGAGGCTTA– 3’ 114 

R: 5’– CCTCTGAGACGAAGCACCAA– 3’ 

Methyltransferase gi|702367154   

 

F: 5’– TGCTTGCTAACTCAAGAGGAGT– 3’ 120 

R: 5’– CAATGTGTGCTCGGCCAAC– 3’ 

Retrotransposon  gi|108706137  

 

F: 5’–GCTCTCCCCTCTGTCTTCCA– 3’ 103 

R: 5’– CATCTGGGCACTTAACCCGT– 3’ 
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     Table- 2: RT-PCR experimental conditions 

Gene Name RT-PCR Experimental conditions: Temp. & duration 

Denaturation Annealing Extension Final extension 

Nucleoside diphosphate 

kinase 

95°C, 30sec 57.4°C, 40 sec 72°C, 1 min 30 sec 72°C, 10 min 

Catalase 95°C, 30sec 53°C, 40 sec 72°C, 1 min, 30sec 72°C, 10 min 

Glyceraldehyde-3- 

phosphate dehydrogenase 

95°C, 30sec 56°C, 40 sec 72°C, 1 min 30 sec 72°C, 10 min 

 

Phosphatase 94°C, 30 sec 56.5°C, 30 sec 72°C 1 min 72°C, 10 min 

ATP synthase  95 °C, 20 sec 60 °C, 20 sec 75 °C, 30 sec 72°C, 10 min 

Elongation factor- Tu 95°C, 15 sec 55°C, 30sec 72°C, 30 s 72°C, 10 min 

Phosphoenolpyru- 

vate carboxylase 

 

95°C, 10 sec 55°C, 30 sec 72°C for 30 sec 72°C, 10 min 

Ferredoxin-NADP 

reductase 

95°C, 45 sec 60°C, 60 sec 72°C,1min,30 s 72°C, 10 min 

Glutamine synthetase  95 °C, 15 sec 60 °C, 1 min 72°C, 30 sec 72°C, 10 min 

Carbonic anhydrase  96°C,  30 sec 56°C, 60 sec 72°C, 60 sec 72°C, 10 min 

Ubiquitin 95°C, 15 sec 60°C, 30 s 72°C, 30 sec 72°C, 10 min 

Methyltransferase 95oC , 20 sec 56oC 15 sec 56oC 20 sec 72oC  10 min 

Retrotransposon 97°C, 30 sec 55°C, 35 sec 72°C 30 sec 72°C 10 min 
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Results 

Objective-4: 

Validation of identified drought stress responsive proteins by qRT- PCR: 

 

Among the 12 leaf and 20 root identified proteins by 2D-DIGE and 65 leaf and 67 root proteins 

identified by LC-MS methods under drought stress (Tables- 4, 5, 6 and 7), only a total of 13 

proteins; 3 from 2D-DIGE (S. Nos. 1-3) and 4 from LC-MS (S. Nos. 4-7) expressed commonly 

both in leaf and root tissues, while 4 from leaf (S. Nos.8-11) and 2 from root (S. Nos. 12-13) 

(Table- 8) identified by LC-MS were selected for validation with β-actin as a reference gene. All 

the 13 identified genes exhibited high levels of expression compared to their respective controls 

indicating their stability under the tested experimental conditions (Table- 3 and Figs 1 and 2).  

However, among the 13 identified genes validated, the Nucleoside diphosphate kinase in leaf, 

and the Phosphoenol pyruvate kinase and TU Elongation factor genes in root exhibited the 

lowest levels of expression by 1.07 folds, whereas, ATPsynthase exhibited highest levels of 

expression by 9.84 folds followed by the TU Elongation factor in leaf tissues and GAPDH in 

root exhibited expression levels by 8.00 folds compared to their respective controls (Table-3 and 

Figs 1 and 2).   

Nucleoside diphosphate kinase in leaf showed 1.60 fold (20% PEG 6000) relative expression 

followed by 1.51-fold (10% PEG 6000), 1.30 (5%PEG) and 1.07 (15% PEG), whereas, in roots it 

showed 3.38 fold (15% PEG) relative expression followed by 2.60 (20% PEG), 2.49 (10%PEG) 

and 1.30 folds (5% PEG) expression (Table-3 and Figs 1 and 2). 

In leaf tissues, Catalase showed a relative expression variation by 4.20 fold (15% PEG 60000) 

followed by 2.60 (20% PEG), 2.29 (10%PEG) and 2.14 (5% PEG), while, in roots it showed 

relative expression variation by 5.13 folds (20% PEG 6000) followed by 3.03 (15% PEG), 2.29 

(10%PEG) and 1.51 folds (5% PEG) (Table-3 and Figs 1 and 2). 

In leaf, GAPDH showed 2 fold relative expression variation (10% PEG 6000) followed by 1.6 

(5% PEG 6000), 1.3 (20%PEG 6000) and 1.15 folds (15% PEG 6000), whereas, in roots it 

showed the expression by 8 folds (15% PEG 6000) followed by 3.03 (20% PEG 6000), 1.61 

(5%PEG 6000) and 1.23 folds (10% PEG 6000) (Table- 3 and Figs 1 and 2). 
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Phosphatase in leaf showed relative expression variation 2.14- fold (5% PEG 6000) followed by 

1.31-fold (15% PEG 6000), 1.14-fold (10%PEG 6000) and 1.14fold (20% PEG 6000), while in 

root it showed relative expression variation by 3.48 folds (15% PEG 6000) followed by 1.87 

(20% PEG 6000), 1.51 (10%PEG 6000) and 1.41  (5% PEG 6000) (Table- 3 and Figs 1 and 2). 

In leaf, Phosphoenol pyruvate kinase showed relative expression variation by 2.82 folds (20% 

PEG) followed by 2.14 (10% PEG 6000), 1.62 (15%PEG 6000) and 1.41 folds (5% PEG 6000), 

while in roots, it showed expression variation by 3.03 folds (10% PEG 6000) followed by 1.86 

(20% PEG 6000), 1.51 (15%PEG 6000) and 1.07 (5% PEG 6000) (Table- 3 and Figs 1 and 2). 

In leaf, TU Elongation factor showed relative expression variation by 8 folds (10% PEG 6000) 

followed by 5.27 (5% PEG 6000), 3.4 (15%PEG 6000) and 1.74 folds (20% PEG 6000), while in 

roots it showed expression variation by 6.06 folds (20% PEG 6000) followed by 2.46 (5% PEG 

6000), 1.31 (10%PEG 6000) and 1.07 folds (15% PEG 6000) (Table- 3 and Figs 1 and 2). 

In leaves, ATPsynthase showed relative expression variation by 9.84 folds (20% PEG 6000) 

followed by 5.89 (5% PEG 6000), 2.6 (10%PEG) and 1.74 folds (15% PEG), whereas, in roots it 

showed expression variation by 4.78 folds (15% PEG) followed by 3.73 (20% PEG), 1.86 

(5%PEG) and 1.41 folds (10% PEG) (Table- 3 and Figs 1 and 2). 

In leaf, Ferridoxin showed relative expression variation by 3.24 folds (5%) followed by 2.46 

(15%), 2.29 (20%) and 1.62 folds (10%), while Glutamine synthase showed expression variation 

by 8.57 folds (20%) followed by 3.24 (10%), 1.74 (15%) and 1.62 folds (5%), whereas, Carbonic 

anhydrase showed expression variation by 6.49 folds (15%), followed by 3.73 (20%), 3.24 

(10%) and 1.51 folds (5%) and Ubiquitin showed relative expression variation by 4.59 folds 

(10%) followed by 3.29 (15%), 3.24 (5%) and 1.74 folds (20%) (Table- 3 and Fig. 1). 

In root, Methyltransferase showed relative expression variation by 3.63 folds (10%) followed by 

2.63 (20%), 1.62 (15%) and 1.3 folds (5%), while Retrotransposon showed expression variation 

by 2.82 folds (15%) followed by 2.29 (10%), 1.74 (20%) and 1.31 (5%) (Table-3 and Fig. 2). 
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S. 

No. 

Name of gene   

 

 

Level of expression 

Leaf Root 

C 5 10 15 20 C 5 10 15 20 

1. Nucleoside diphosphate 

kinase 

1 1.30  1.51 1.07* 1.60  1 1.30 2.49 3.38 2.60 

2.  Catalase 1 2.14 2.29 4.20 2.60 1 1.51 2.29 3.03 5.13 

3. Glyceraldehyde-3 -

phosphate dehydrogenase 

1 1.60 2.00 1.15 1.30 1 1.61 1.23 8.00# 3.03 

4. Phosphatase 1 2.14 1.14 1.31 1.14 1 1.41 1.51 3.48 1.87 

5. Phosphoenol pyruvate 

carboxylase 

1 1.41 2.14 1.62 2.82 1 1.07* 3.03 1.51 1.86 

6. 
Elongation factor- TU 

1 5.27 8.00# 3.40 1.74 1 2.46 1.31 1.07* 6.06 

7. 
ATPsyntase 

1 5.89 2.60 1.74 9.84# 1 1.86 1.41 4.78 3.73 

8. Ferridoxin 1 3.24 1.62 2.46 2.29 NA NA NA NA NA 

9. 
Glutamine synthase 

1 1.62 3.24 1.74 8.57 NA NA NA NA NA 

10. 
Carbonic anhydrase 

1 1.51 3.24 6.49 3.73 NA NA NA NA NA 

11. Ubiquitin 1 3.24 4.59 3.29 1.74 NA NA NA NA NA 

12. Methyltransferase NA NA NA NA NA 1 1.30 3.63 1.62 2.63 

13 Retrotransposon NA NA NA NA NA 1 1.31 2.29 2.82 1.74 

N.A.: Expression levels have not been carried out. * lowest expression; # highest expression. 

 

Table- 3: Expression levels of identified drought stress responsive genes in leaf and root tissues by qRT-PCR 
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Fig. 1:  Expression levels of identified genes in drought stressed leaf tissues by qRT-PCR 
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Fig. 2: Expression levels of identified genes in drought stressed root tissues by qRT-PCR 
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13. ACHIEVEMENTS FROM THE PROJECT: 

 

1. Efficient and reproducible protocols for protein isolation, 2D- electrophoresis and 2D-DIGE 

were developed and standardized. 

2. A total of 280 differentially expressed protein spots were identified from 4 peanut cultivars; 

ICGV91114, ICGS76, J11 and JL24 by 2DE. 

3. Of a total of 30 protein spots selected for PMF analysis, only 12 were sequenced and 

functionally categorized into 5 groups; molecular chaperons, signal transducers, photosynthetic 

proteins, defence proteins and detoxification proteins.  

4. Among the 12 sequenced, 6 proteins; LEA-1, CalM42, Susy-1, 17.3 kDa Hsp, PSI and SMC-1 

protein, were identified for the first time in peanut under drought stress. 

 

5. The results indicated that the PEG stressed seedlings exhibited a significant reduction in the 

relative water content (RWC), chlorophyll content and RNA content, in proportion to increase in 

the concentration of PEG, compared to the controls. 

  

6. Of the 1022 differentially expressed proteins identified in leaves and 750 in roots, 12 and 20 

proteins respectively were selected for PMF analysis by 2D-DIGE. 

 

7. The molecular function of these 2D-DIGE analyzed proteins indicated their involvement in 

drought tolerance by way of protein binding, antioxidant activity, sugar binding and kinase 

activity. 

 

8. A total of 65 proteins from leaf and 67 from root were quantified and characterized by LC-

MS/MS. 

 

9. Validation of 13 identified genes by 2D-DIGE and LC-MS/MS employing qRT-PCR (genomic 

approach) indicated their role in drought tolerance. 

 

10. The results obtained from the proteomic and genomic analysis can be used for better 

understanding of the mechanisms related to drought response in different crop plants. 

 
 

14. SUMMARY OF THE FINDINGS ( IN 500 WORDS ) : 

 

 

Of a total of 280 protein spots obtained on 2D gel, 189 differentially expressed protein spots 

were identified by PD Quest Basic software in leaf proteome of all the 4 cultivars; 74 in ICGV 

91114, 41 in ICGS 76, 44 in J 11 and 30 in JL 24. Of these, 30 spots were subjected to In-gel 

trypsin digestion followed by MALDI-TOF, which are functionally categorized into 5 groups: 

molecular chaperones, signal transducers, photosynthetic, defense and detoxifcation proteins. Of 

these, 12 proteins were sequenced; LEA protein, calcium ion binding protein, sucrose synthase 

isoform-1, 17.3 kDa heat shock protein and structural maintenance of chromosome proteins were 
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overexpressed only in 15 and 20 day- stressed plants of ICGV 91114 cultivar, while cytosolic 

ascorbate peroxidase was expressed with varying levels in the 10 and 20 day- stressed plants of 

all the 4 cultivars. Signalling protein like 14-3-3 and defence proteins like alpha-methyl-

mannoside-specifc lectin and mannose/glucose-binding lectins were differentially expressed in 

the 4 cultivars. Photosynthetic protein like Rubisco was down-regulated in the stressed plants of 

all 4 cultivars while Photosystem-I reaction center subunit-II of chloroplast precursor protein 

was overexpressed in only 20 day- stressed plants of ICGV 91114, ICGS 76 and J11 cultivars. 

Further, the 30 identified drought-tolerant proteins including the 12 sequenced differentially 

expressed proteins play a significant role in conferring drought stress tolerance and could also be 

used as a reference library for probing the drought-tolerant proteins in other crops. 

 

Further, identification of drought stress tolerant proteins by 2D-DIGE and LC-MS methods and 

their expression was validated by a genomic method, qRT-PCR. The 40 day- old seedlings of 

ICGV91114 were subjected to drought stress by 4 different concentrations; 5, 10, 15 and 20% 

PEG-6000 for 24 h maintaining controls. The results showed that the contents of RWC and RNA 

were significantly reduced in both leaves and roots with increased concentration of PEG, while a 

dose dependant decline in ‘a’, ‘b’ and total chlorophyll content was observed with increasing 

concentration. Reduction in chlorophyll ‘a’ was higher than the content of chlorophyll ‘b’. 

Identification of drought responsive proteins in leaf and root tissues was carried out by gel based 

2D-DIGE and non gel based LC-MS methods. By 2D-DIGE method of the 12 leaf proteins; 4 

showed increased folds and 2 decreased fold levels, besides 6 unique spots with increase in 

percent volume, while of the 20 root proteins; 8 showed increased and 3 decreased folds, besides 

9 unique spots showed increase in percent volume. A total of 65 leaf and 67 root proteins were 

identified by LC-MS.  

Expression of 13 drought responsive genes; NSD, Catalase, GAPDH, Phosphatase, ATP 

synthase, efTu, Phosphoenolpyruvate carboxylase, Ferredoxin—NADP reductase, Glutamine 

synthetase 2, Carbonic anhydrase, Ubiquitin, Methyltransferase and Retrotransposon, identified 

by 2D-DIGE and LC-MS were validated through qRT-PCR with β-actin as reference gene, 

proved beyond doubt their positive role in the drought stress tolerance. The understanding of 

drought tolerant genes generated in the present investigation can be successfully used for 

breeding drought tolerant crops with improved yields. 
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15.  CONTRIBUTION TO THE SOCIETY ( GIVE DETAILS ): 

 

Though India is a self sufficient in most of the agricultural produce, still suffering from 

shortages, especially in oil and pulses. The groundnut is contributing more than 60% oil needs of 

the country besides providing the need of food, feed, fodder, medical and fertilizer industries. In 

view of the importance of groundnut crop, enormous shortage of its oil due to various 

constraints, especially drought stress, an attempt has been made to identify the drought tolerant 

proteins and thus to the identification of genes by both the proteomic and genomic approaches. 

Based on the functions of these genes, transgenics in different crops can be developed by 

enhancing abiotic stress tolerance and they can also be used as markers in molecular breeding. 

Hence, it is relevant to undertake this research project to meet the needs of the society and for 

sustainability of the country in the food sector.  

  
 

16. WHETHER ANY Ph. D. ENROLLED / PRODUCED OUT OF THE PROJECT:   

        

      YES. Two Ph. Ds have been produced.   

 
 
17. NO. OF PUBLICATIONS OUT OF THE PROJECT  
 

          Four Research Publications (Reprints are herewith enclosed at the end of the report) 

 

 

 

 
 
 

 

(PRINCIPAL INVESTIGATOR)                                   (REGISTRAR / PRINCIPAL) 

                    (Seal)                                                                                          (Seal) 
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Abstract
Drought is a major constraint to the productivity of many crops affecting various physiological and biochemical processes. 
Seventy percent of the peanuts are grown in semiarid tropics that are frequently prone to drought stress. So, we analyzed 
its effect in 4 cultivars of peanut, with different degrees of drought tolerance, under 10 and 20 days of water stress using 
two-dimensional gel electrophoresis and mass spectrometry. A total of 189 differentially expressed protein spots were iden-
tified in the leaf proteome of all the 4 cultivars using PD Quest Basic software; 74 in ICGV 91114, 41 in ICGS 76, 44 in J 
11 and 30 in JL 24. Of these, 30 protein spots were subjected to in-gel trypsin digestion followed by MALDI-TOF that are 
functionally categorized into 5 groups: molecular chaperones, signal transducers, photosynthetic proteins, defense proteins 
and detoxification proteins. Of these, 12 proteins were sequenced. Late embryogenesis abundant protein, calcium ion bind-
ing protein, sucrose synthase isoform-1, 17.3 kDa heat shock protein and structural maintenance of chromosome proteins 
were overexpressed only in the 15 and 20 days stressed plants of ICGV 91114 cultivar while cytosolic ascorbate peroxidase 
was expressed with varying levels in the 10 and 20 days stressed plants of all the 4 cultivars. Signaling protein like 14-3-3 
and defense proteins like alpha-methyl-mannoside-specific lectin and mannose/glucose-binding lectins were differentially 
expressed in the 4 cultivars. Photosynthetic protein like Rubisco was down-regulated in the stressed plants of all 4 cultivars 
while Photosystem-I reaction center subunit-II of chloroplast precursor protein was overexpressed in only 20 days stressed 
plants of ICGV 91114, ICGS 76 and J11 cultivars. These differentially expressed proteins could potentially be used as protein 
markers for screening the peanut germplasm and further crop improvement.

Keywords Peanut · Water stress · 2-DE · PMF · MALDI-TOF · Differential expression

Abbreviations
LEA-1  Late embryogenesis abundant protein-1
CalM42  Calcium ion binding protein
Susy-1  Sucrose synthase isoform-1
SMC-1  Structural maintenance of chromosome-1
APX-1  Ascorbate peroxidase-1

PS I  Photosystem-I reaction center subunit-II 
of chloroplast precursor protein

10 DS  10 days water-stressed plants
20 DS  20 Days water-stressed plants
MALDI-TOF  Matrix-assisted laser desorption/

ionization-time-of-flight

Introduction

Peanut is the most important crop for edible oil production 
and cultivated heavily in almost all the tropical and subtropi-
cal countries. The productivity levels of this crop are low 
due to a number of abiotic factors among which drought 
is the single largest factor affecting various physiologi-
cal and biochemical processes (Jaleel et al. 2008; Farooq 
et al. 2009). Plants start responding and adapting to drought 
stress at various levels such as morphological, anatomical 
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and molecular level (Chaves et al. 2003; Timperio et al. 
2008). Response to drought stress also depends on the type 
of species and genotypes. The major molecular response 
to drought stress is altered gene expression in relation to 
various pathways associated with stress perception, signal 
transduction and synthesis of stress related compounds 
(Ramanjulu and Bartels 2002). Plants also respond to stress 
by synthesizing novel proteins or up-regulating protein 
expression (Komatsu and Hossain 2013).

Proteomic analyses of various crops revealed numerous 
drought-stress responsive proteins involved in photosynthesis, 
oxidative stress response, redox regulation, signal transduc-
tion, protein folding and secondary metabolism in rice (Sale-
kdeh et al. 2002; Ke et al. 2009), wheat (Faghani et al. 2015), 
sunflower (Castillejo et al. 2008), soybean (Kunert et al. 2016). 
Despite the agronomic and economic importance of peanut, 
very little is known about its molecular adaptive responses to 
drought (Luo et al. 2005; Kottapalli et al. 2009). Many bio-
chemical processes in a cell are regulated by protein–protein 
interactions, post-translational modifications and enzymatic 
activities that cannot be identified by gene expression studies 
alone (Morris et al. 2007). Therefore, proteomics is a powerful 
tool to study the molecular response of plants to biotic and abi-
otic stresses (Kottapalli et al. 2009). Despite the development 
of high-density oligonucleotide microarray using 49,205 ESTs 
available in the public domain, a very little information is 
known regarding the molecular changes due to drought stress 
in peanut (Payton et al. 2009). Through genomic approach, 
Jain et al. (2001) identified 43 differentially expressed peanut 
transcripts responsive to drought (PTRD). Among them, 12 
were completely suppressed under prolonged drought condi-
tions, 2 were down-regulated and 2 up-regulated in response 
to drought stress. Guo et al. (2006) reported rapid induction 
of phospholipase D alpha (PLD) gene in the drought-sensitive 
lines under drought stress than in the drought-tolerant lines. 
Drame et al. (2007) investigated the involvement of phos-
pholipids, proteases and LEA proteins in conferring drought 
tolerance in peanut plants and reported that accumulation of 
putative PLD and LEA proteins leads to increased drought 
tolerance. Devaiah et al. (2007), using differential display of 
mRNA transcripts, identified the increased expression of two 
genes encoding Arachis hypogaea serine-rich protein (AhSrp) 
and Arachis hypogaea leucine-rich protein (AhLrp) under 
drought stress. Using differential mRNA display, Govind et al. 
(2009) showed that nearly 700 genes were enriched in subtrac-
tive cDNA library in response to gradual water stress. These 
700 candidates include genes encoding kinases, transcription 
factors and phosphatases, late embryogenesis abundant pro-
teins, heat shock proteins, DnaJ like proteins, aldehyde reduc-
tase, proline rich protein and defensins, and phytohormones 
such as brassinosteroids, auxin and cytokinin responsive 
genes. Pruthvi et al. (2013) carried out expression analysis of 
few drought stress responsive ESTs from cultivated peanut and 

reported the association of genes like cyclin T, proline amino 
peptidase and choline kinase to drought tolerance.

In peanut, proteomic analysis identified differential 
expression of diverse seed storage proteins in drought-tol-
erant and susceptible genotypes besides characterization of 
arachin and methionine-rich proteins from cultivated peanut 
(Basha and Roberts 1981; Basha et al. 2007). Katam et al. 
(2007) evaluated genetic diversity in 200 peanut cultivars 
by studying their seed and leaf protein contents and their 
response to water stress. Kottapalli et al. (2009) studied 
the differential expression of leaf proteins during repro-
ductive growth stage under drought stress, in U.S. peanut 
mini core collections, at maturity phase. They identified 49 
non-redundant proteins and reported the overexpression of 
lipoxygenase and 1L-myo-inositol-1-phosphate synthase 
proteins in tolerant genotypes under water-deficit stress. 
Some of the important proteins playing a significant role 
in drought tolerance include acetyl –CoA carboxylase, sev-
eral lectins and proteins involved in cellular detoxification, 
signal transduction and energy metabolism, etc. A refer-
ence leaf proteome map was developed in drought-tolerant 
peanut cultivar, Vemana by Katam et al. (2010). Recently, 
Katam et al. (2016) have done a comparative study on prot-
eomic profiles of drought-tolerant and susceptible cultivars 
and also identified 42 unique protein interactions in toler-
ant cultivar and 20 interactions in susceptible cultivar. They 
reported that proteins like glutamine ammonia ligase, chitin 
class II, actin isoform B, and beta tubulin were unique to 
tolerant cultivar while serine/threonine protein phosphate 
PP1, choline monooxygenase, peroxidase 43, and SNF1-
related protein kinase regulatory subunit beta-2 were not 
unique but induced upon drought stress in drought-tolerant 
cultivar. However, the data on protein expression in peanut 
under drought stress is still limited. Therefore, this study 
was undertaken with an aim of identifying and character-
izing drought stress responsive proteins through ‘proteom-
ics approach’ by subjecting 4 high yielding and locally 
adaptable peanut cultivars with varying degrees of drought 
tolerance, to different stress periods. The main aim of this 
study is to gain an understanding on the molecular basis 
of differential response of cultivars to water stress periods 
for the differential expression of proteins, thereby helping 
to improve productivity levels by developing high-yielding 
genotypes that can survive drought stress.

Materials and methods

Plant material

Four varieties of peanut (Arachis hypogaea L.), ICGV 
91114, ICGS 76, J 11 and JL 24, with varying degrees of 
drought tolerance were obtained from the International 
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Crops Research Institute for the Semi-Arid Tropics (ICRI-
SAT), Patancheru, Hyderabad, Andhra Pradesh, India. ICGV 
91114 is a high yielding (2.5–3.0 ton/ha), early maturing 
(90–95 days) bunch variety with an ability to withstand pro-
longed drought spells, tolerant to mid-season and end-of-sea-
son drought. ICGV 76 is another high yielding (1.3–1.8 ton/
ha) virginia bunch variety that matures in 120 days and has 
a good recovery from mid-season drought. J 11 is a spanish 
bunch type adaptable under a wide range of agro-climatic 
conditions while JL 24 is also a high yielding (1.5-2.0 ton/
ha) spanish bunch variety that matures in 90–95 days and 
is one of the most popular national varieties sown in areas 
where end-season drought is common.

Imposition of drought stress

The experiment was laid out in a completely randomized 
design with three replications for each variety and the seed-
lings/plants were maintained in the net house covered with 
water proof sheets during the experiment at the plant Genet-
ics experimental farm, Department of Genetics, Osmania 
University, Hyderabad. Three independent pots were main-
tained for each control and stress treatment for each variety, 
considering each pot as a replication, with 4 seeds per pot. 
The seeds were sown at a depth of 4 cm in a pot measuring 
225 mm height and 450 mm diameter. The pots were filled 
with a mixture of soil: sand at 2:1 ratio and nutrients like 
NPK fertilizers were added at a ratio of 2:3:2 for the growth 
of seedlings. They were watered regularly thrice a week for 
20 days until the water stress was imposed. Drought was 
imposed by withholding water to the 20-day-old seedlings 
for 10, 15 and 20 days to ICGV 91114 while 10 and 20 days 
to other three cultivars, maintaining their respective con-
trols. Fully expanded fresh leaf samples were collected at 
random from each replicate of the stressed plants of all the 
four varieties along with their respective controls on 31st 
and 41st days, respectively, quickly frozen in liquid nitrogen 
and stored at - 80 °C prior to protein extraction.

Relative water content (RWC)

The RWC was estimated in 10, 15 and 20 days water stressed 
plants along with their respective controls in all the 4 cul-
tivars. After recording the fresh weight of the collected 
leaves from 31st, 36th and 41st day-old seedlings, they 
were stored overnight in deionised water, in a refrigerator, 
at 4 °C and the next day, the turgid weight of the blotted 
leaves was recorded. Later, the dry weight of leaves, incu-
bated in hot air oven at 60oC for 24 h, was recorded. The leaf 
RWC was then measured and calculated as per the method 
proposed by Sharp et al. (1990) using the formula, RWC 
(%) = [(FW − DW)/(TW − DW)] × 100, where FW is the 
fresh weight, DW is the dry weight and TW is the turgid 

weight. The leaf RWC is expressed as a percentage of fully 
turgid water content.

Protein extraction

Two grams of fresh leaf tissue (pooled from 3 replicates) 
of each variety was ground to fine powder in chilled mortar 
and pestle with liquid nitrogen and homogenized twice with 
20 ml of cold acetone containing 10% trichloroacetic acid 
(TCA) and 0.07% β-mercaptoethanol (β-ME) for 30 s. This 
homogenate mixture was incubated overnight at − 20 °C and 
then centrifuged at 20,000 g for 30 min. The supernatant was 
discarded and the pellet was homogenized again with fresh 
acetone containing 10% TCA and 0.07% β-ME. This pre-
protein extraction procedure was repeated 3–4 times until 
all the pigments from the leaf tissue were removed. Later, 
this pellet was homogenized with cold acetone containing 
only 0.07% β-ME without TCA and centrifuged at 10,000 g 
for 20 min. This step was repeated twice and the pellet was 
air dried overnight.

Preparation of protein extract for 2‑DE

The total leaf proteins were extracted by thorough vortexing 
and homogenization of the pellet in 5 ml of protein extrac-
tion buffer consisting of 8.8 M urea, 2.0 M thiourea, 4% 
CHAPS (3-[3-cholamidopropyl dimethylammo-o]-1-pro-
panesulfonate), 20 mM Di-thiotheritol (DTT), 10% protease 
inhibitors cocktail and 0.01% biolytes. This homogenate was 
incubated at room temperature for one hour, centrifuged at 
20,000 g for 30 min and filtered through a 0.45 QM filter. 
This protein extraction was repeated thrice and all the super-
natants were pooled and the protein was estimated using 
Bradford assay (Bradford 1976).

Two‑dimensional polyacrylamide gel 
electrophoresis (2‑DE)

The above purified total leaf proteins were resolved by 
2-DE in two steps: in the first dimension by isoelectric 
focusing (IEF) and in the second dimension by SDS-
PAGE. Briefly, 250 g of leaf protein was loaded onto 
7 cm IPG strips (Bio-Rad) with pH 4–7 and kept over-
night for rehydration. IEF of proteins was performed with 
50 mA/strip with the following program: Step-I: 250 V 
for 20 min. at a linear slope, Step-II: 4000 V for 2 h, Step-
III: 4000 V, at a rapid slope for 10,000 Vh, and Step-IV: 
4000 V at a linear slope for 30 min. Later, these strips 
were equilibrated with an equilibration buffer-I (contain-
ing 6 M urea, 2% (w/v) SDS, 20% (v/v) glycerol, 0.375 M 
Tris–HCl (pH 8.8) and 2% (w/v) DTT) for 15 min and then 
for another 15 min with equilibration buffer-II (contain-
ing 6 M urea, 2% (w/v) SDS, 20% (v/v) glycerol, 0.375 M 
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Tris–HCl (pH 8.8) and 2.5% (w/v) iodoacetamide). At the 
end of equilibration, the strips were loaded onto the SDS-
PAGE for the second dimension. In the second dimension, 
SDS-PAGE of all the protein samples, along with a pre-
stained broad range SDS-PAGE marker (Bio-Rad), was 
performed using 12% (w/v) polyacrylamide gels with 5% 
(w/v) stacking gels. Electrophoresis was carried out in a 
Bio-Rad PROTEAN unit at a constant current of 20 mA/
gel in 1-X Tris–Glycine electrophoretic running buffer. 
After electrophoresis, the gels were fixed in a mixture of 
40% methanol and 10% glacial acetic acid, stained with 
0.25% colloidal Coomassie Brilliant Blue R-250 (CBB) 
and de-stained in a mixture of 40% methanol and 10% 
glacial acetic acid solution.

Image analysis

Protein profiles in the CBB-stained polyacrylamide gels 
were scanned as digitized images using GS-710 Calibrated 
Imaging Densitometer (Bio-Rad) with a scan density of 
42.3 × 42.3 and saved as tagged image file formats. These 
protein spots were quantified using PD Quest Basic soft-
ware version 8.0.1 (Bio-Rad) which includes spot detec-
tion, measurement, background subtraction and matching. 
The protein spots on the polyacrylamide gels obtained from 
control plants of all the 4 cultivars were differentiated into 
faint, small and large spots. These control gels were used as 
reference gels for comparison of spots on the polyacryla-
mide gels obtained from their respective stressed plants. 
The quantitative variations in the intensity of protein spots 
due to CBB staining of the polyacrylamide gels were cor-
rected using normalization parameters and thus the gaussian 
images were created. These Gaussian images exhibiting the 
matching between the protein spots of controls and their 
respective stressed plants, of each of the 4 varieties, were 
retained and rest of the unmatched spots were removed using 
spot editing tool. Protein spots across the replicate gels of 
the control and stressed plants within a variety were sub-
jected to auto spot matching by the ‘classic match tool’ in all 
the 4 cultivars. The unmatched spots on the member gels of 
the stressed plants were added to the reference gel (control 
gel image). Qualitative analysis, to know the presence of the 
spots, and quantification, of spots to know their intensity, 
was performed by employing the ‘analysis set manager’ tool. 
For quantification of protein spots in a set of gels within a 
variety, the outside limits were set as 0.5 and 1.5. The spots 
showing expression levels < 0.5 were considered as down-
regulated > 1.5 as more abundant and between these limits 
as unchanged or normal spots. On the basis of matching, 
differential spots were selected and analyzed as described 
below. Three replicates gels were analyzed for each sample 
to ensure reproducibility.

In‑gel trypsin digestion

The CBB stained 2 DE gels were washed several times with 
ultra-pure water and protein spots of interest were excised 
from gels. These spots were de-stained in a solution con-
taining 200 mM NH4HCO3 in 40% acetonitrile (ACN) 
for 30 min. at 37 °C and dried using speedvac for 15 min. 
These dry spots were subjected to in-gel trypsin digestion 
by the addition of 0.5 µg trypsin and reaction buffer consist-
ing of 40 mM NH4HCO3 and 9% ACN and digestion was 
allowed to continue at 37oC overnight. After digestion, the 
peptide samples were extracted in 0.1% trifluoroacetic acid 
(TFA) and 50% ACN and stored at -20oC for MALDI-TOF 
analysis.

Mass spectrometry analysis

The trypsin digested peptides were loaded into a constricted 
GELoader tip (Eppendorf, Hamburg, Germany) packed with 
POROS R2 chromatographic resin (Perseptive Biosystems, 
Framingham, MA) with 5 mm porosity for desalting and 
concentration. The columns were equilibrated with 20 ml of 
5% formic acid (FA) into which the digested samples were 
added. Later, the bound peptides were washed with 20 ml 
of 5% FA and eluted directly onto the MALDI target with 
0.5 ml of CHCA solution (5 mg/ml in ACN, 0.1% TFA, 
70:30 v/v). These samples were analyzed in an Applied 
Biosystems 5800 MALDI-TOF Proteomics Analyzer. The 
instrument was equipped with a nitrogen laser and operated 
in a positive-ion delayed extraction reflector mode. Exter-
nal calibration was performed using standard peptide/protein 
mixture. Usually, 250 individual spectra of each spot were 
averaged to produce a mass spectrum. The atmospheric air 
was used as collision gas to fragment the peptides and obtain 
the spectra. Peptide fragmentation was performed using col-
lision-induced dissociation (CID) and 50 laser shots from 
five sample positions were summed up for each parent ion.

Protein identification and database search

Identification of proteins was performed by searching 
against the National Center for Biotechnology Information 
non-redundant (NCBInr) and SWISS-PROT databases using 
Mascot software (http://www.matri xscie nce.com) (Perkins 
et al. 1999, Eriksson et al. 2000) with Viridiplantae (green 
plants) as the taxonomic category. The MASCOT search 
compares the experimental data to all the sequences in a 
database and returns the list of hits with decreasing scores, a 
measure of reliability of identification. The following param-
eters were used for database search with MALDI-TOF PMF 
data: (NCBI nr 20070216, 4626804 sequences, 1596079197 
residues; Taxonomy Viridiplantae, 186963 sequences), 
trypsin as digesting enzyme, 2 missed cleavages allowed, 

http://www.matrixscience.com
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carbamido-methylation, methionine-oxidation and deami-
dation (NQ) (variable modifications), monoisotopic mass, 
peptide mass tolerance at ± 100 ppm, unrestricted protein 
mass, 1 + peptide charge state. The search scores were rep-
resented as probability-based Mowse score − 10*Log (P), 
where P is the probability that an observed match was a ran-
dom event. Protein scores greater than 65 were considered 
significant (p < 0.05) in NCBI and scores > 56 were con-
sidered significant in SWISS-PROT database. For a positive 
identification in MALDI TOF-MS, the peptide score should 
exceed or equal to minimum significant score. For data-
base search with MS/MS spectra, the following parameters 
were used: (CDS combined KBMS5.0.20050302, 1967674 
sequences, 672312456 residues; Taxonomy Viridiplantae, 
177633 sequences), trypsin enzyme, carbamido-methylation, 
methionine- oxidation, deamidation (NQ) (variable modifi-
cation), monoisotopic mass value, unrestricted protein mass, 
peptide mass tolerance at ± 1.0 Da, unrestricted protein 
mass, + 1, + 2, + 3 peptide charge state with one missed 
cleavage allowed. Proteins were considered detected if they 
were identified by more than two peptides per spot.

Predicting sub‑cellular localization and functional 
annotation

Gene ontology was predicted for all the 30 proteins identi-
fied through PMF, by searching the identified protein ID in 
TargetP program (www. cbs.dtu.dk/services/TargetP) (Ema-
nuelsson et al. 2007).

Statistical analysis

The data for RWC were recorded and analyzed through two-
way analysis of variance (ANOVA) and the values were 
expressed as mean and standard error. The significance 
of the treatment effects was tested at 5% probability level 
(P = 0.05) using Tukeys test, which is one of the Post Hoc 
multiple comparisons of Two-way ANOVA of Windostat 
version 8.5.

Results and discussion

After withholding water to 20-day-old seedlings at vegeta-
tive phase, ICGV 91114, ICGS 76 and J 11 cultivars started 
showing the symptoms of wilting after 15 days of water 
stress while JL 24 variety wilted after 10 days of water 
stress. Hence, the study was conducted under mild (10 days) 
and severe (20 days) water stress conditions while in ICGV 
91114 cultivar, the leaf proteome was studied at moder-
ate (15 days) stress also to investigate the effect of drought 
stress on differential expression of proteins in the 4 cultivars 
(Fig. 1 a, b, c, d).

Effect of drought stress on relative water content 
(RWC) of leaf

Decrease in RWC is one of the early symptoms manifested 
during drought stress and is considered to be the best inte-
grated measure of plant water status that represents vari-
ations in water potential (WP), turgor potential (TP) and 
osmotic adjustment (OA) in plant tissues (Rampino et al. 
2006; Sanchez-Rodriguez et al. 2010). In our experiment, 
the 4 varieties evaluated for their drought tolerance exhib-
ited significant reduction in RWC with an increase in the 
duration of water stress from 10 to 20 days (p < 0.01). The 
highest RWC was observed in ICGV 91114, followed by 
ICGS 76, J 11 and JL 24 in the 10, 15 and 20-day stressed 
plants including the controls (Fig. 2). Groundnut is relatively 
a drought-tolerant crop with improved water use efficiency 
mechanisms that allow the plant to withstand water stress 
for certain period of time (Nautiyal et al. 2002). RWC was 
reported to be one of the best indicators of plant water status 
in maize (Ritchie et al. 1990), wheat (Valentovic et al. 2006) 
and tomato (Sanchez-Rodriguez et al. 2010) for separating 
tolerant and sensitive cultivars. The ability of ICGV 91114 
to maintain high RWC might be a resistant mechanism 
which is a result of more osmotic regulation maintained by 
accumulation of osmolytes (Padmavathi and Rao 2013). On 
the contrary, JL 24 variety showed reduction in RWC to 
a greater extent, attributing to its inability to accumulate 
osmolytes for longer periods leading to decreased osmotic 
potential, thereby losing its turgor making it a susceptible 
variety.

Two‑dimensional (2‑DE) gel analysis of leaf proteins

On 2-DE gels, the total leaf proteins resolved in the range 
of 12–100 kDa between 4 and 7 pH with the majority of 
proteins separating between 20 and 40 kDa and 5.0–6.8 
pH. Some proteins with molecular weights > 50 kDa did 
not show complete resolution resulting in clusters of mul-
tiple protein spots which is due to very similar molecular 
weights and a slight difference in pI values. Most of these 
clusters were concentrated between 4 and 7 pH with molecu-
lar weights in the range of 50 and 75 kDa. Quantification 
of protein spots on 2-DE gels, using PD Quest software, 
revealed the presence of 189 differentially expressed pro-
tein spots in the stressed plants of 4 cultivars against their 
controls. In ICGV 91114, a total of 74 differential protein 
spots were observed. Of them, 20 spots were seen in 10 DS 
(8 more abundant, 7 down-regulated and 5 new), 5 in 15 DS 
(3 more abundant and 2 new) and 14 in 20 DS plants (9 more 
abundant, 4 down-regulated and 1 new). A total of 14 protein 
spots were found in common among all the stressed plants, 
however, with variable levels of expression. 6 protein spots 
(spot No.23, 33, 34, 35, 51and 54) were common between 
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10 and 15 DS, 14 spots were common between 15 and 20 DS 
while only protein spot No. 10 is common between 10 and 
20 DS (Fig. 3 & Supplementary Table 1). In ICGS 76, a total 
of 41 protein spots exhibited differential expression. In 10 
DS, 17 spots were expressed more abundantly and 12 were 
down-regulated. Interestingly, 5 new spots; 19,20,21,22,23 
appeared while spot No. 29 disappeared. Apart from the 
26 common spots (spot No. 1–11, 13, 16, 17, 19, 20, 22, 

24, 25, 26, 28, 30, 34, 38, 40 and 41 in 10 DS), in 20 DS, 
9 protein spots were expressed additionally that includes 4 
more abundant (spot No. 34,35,36 37), 2 down-regulated 
(spot No. 38, 41) and 3 new proteins (spot No. 31, 32, 33) 
(Fig. 4 and Supplementary Table 2). In J 11 cultivar, 44 
protein spots showed differential expression, out of which 
30 spots were expressed in 10 DS that include 9 spots that 
were down-regulated, 12 spots expressed more abundantly, 

Fig. 1  a 10-, 15- and 20-day water stressed plants of ICGV 91114 
along with their controls. Drought was induced to the 20-day-old 
peanut seedlings at vegetative phase under pot culture. The plants 
could withstand drought up to 15  days of water stress and then 
started showing the symptoms of wilting. b 10-, 15- and 20-day 
water-stressed plants of ICGS 76 along with their controls. Drought 
was induced to the 20-day-old peanut seedlings at vegetative phase 
under pot culture. The plants could withstand drought up to 15 days 
of water stress and then started showing the symptoms of wilting. c 
10-, 15- and 20-day water-stressed plants of J11 along with their con-

trols. Drought was induced to the 20-day-old peanut seedlings at veg-
etative phase under pot culture. The plants could withstand drought 
up to 10 days of water stress and then started showing the symptoms 
of wilting in 15-day stressed plants and completely wilted in 20-day 
stressed plants. d 10-, 15- and 20-day water-stressed plants of JL24 
along with their controls. Drought was induced to the 20-day-old pea-
nut seedlings at vegetative phase under pot culture. The plants could 
withstand drought up to 10 days of water stress and then started wilt-
ing completely in 15-day stressed plants and drying up in 20-day 
stressed plants
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7 new spots (15,17,19,23, 27, 28 and 30) and 2 spots (25 
and 26) that disappeared. Both 10 and 20 DS showed 14 
protein spots in common. There was no change observed in 
the expression of Spot No. 32, 33, 34, 38, 40, 41 and 44 in 10 
DS in comparison with controls while in 20 DS, these spots 
were expressed more abundantly and also all the new spots 
observed in 10 DS did not show any expression in 20 DS 
(Fig. 5 and Supplementary Table 3). In JL 24, of the 30 pro-
tein spots, 28 spots were expressed in 10 DS (12 more abun-
dant, 16 down-regulated and 2 new) and 2 spots in 20 DS. 
Among these 30 spots, 14 spots were common between 10 
and 20 DS, however, with different levels of expression (spot 
No. 5,6, 12, 13 and 25 were more abundant in 10 DS while 
down-regulated in 20 DS. Similarly, spot No. 1,2,3,7,8,9,10, 
15, 17, 18, 19, 20, 21, 26, 27 and 30 were expressed only in 
10 DS and did not show any sort of expression 20 DS (Fig. 6 
and Supplementary Table 4).

Fig. 2  Relative water content in 4 cultivars of peanut subjected to 10, 
15 and 20  days of water stress. Four seeds from each variety were 
sown in pots filled with a mixture of soil and nutrients in a green 
house. Pots were watered regularly thrice a week for 20  days until 
the water stress was imposed. Drought was imposed by withholding 
water to the 20-day-old seedlings for 10, 15 and 20 days. At the end 
of experiments, the relative water content of leaves was estimated as 
described in methods. The bars represent mean  ±  SD and the bars 
that do not share common superscript differ significantly (p < 0.05)

Fig. 3  The 2D gels showing the leaf proteome of peanut cultivar 
ICGV 91114. The leaf protein extracted from drought stressed and 
respective control plants from 10 (a), 15 (b) and 20 days (c) was sub-

jected to 2D-gel electrophoresis as described in methods. The images 
were digitized and quantified densitometrically
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Peptide mass fingerprinting (PMF) analysis

Based on the fold change and visual scoring, 30 differentially 
expressed protein spots; 17 from ICGV 91114, 6 from ICGS 
76 and 7 from J 11 were selected and subjected to trypsin 
digestion to carryout PMF analysis. These digested peptides 
were injected to MALDI-TOF for obtaining the mass spec-
tra (MS) of each protein. The MASCOT search in NCBInr 
database for comparing the mass of these peptides with that 
of the theoretical mass of proteins is deposited in the tax-
onomy; Viridiplantae (green plants) resulted in the identifi-
cation of 30 proteins (Tables 1, 2 and 3). Of these, 28 protein 
spots were found to be with single protein identities while 2 
spots, spot No. 38 & 53, were found to contain two proteins 
each on sequencing. These 30 identified proteins exhibited 
sequence homology with proteins from Arabidopsis thaliana 
(13), Oryza sativa (4), Arachis hypogaea (6), Glycine max 
(1), Pisum sativum (1) and Vigna unguiculata (1), while 
some proteins showed homology with cereal crops like Zea 
mays (1), Triticum aestivum (1) and with other crops: Cadel-
lia pentastylis (1) and Daucus carota (1) (Fig. 7).

Ontological classification of proteins

The 30 identified proteins were grouped into different cat-
egories based on their sub-cellular localization, biological 
process and molecular function according to the annotation 
in the Viridiplantae taxonomic database. These proteins 
when queried using Targetp software revealed their locali-
zation in various cell compartments, mostly plastids, cell 
membrane and nucleus, etc. The data on biological process 
showed that over 20% of proteins were defense related, 12% 
stress responsive, 12% signaling, 12% DNA repair, 12% car-
bohydrate metabolism, 12% photosynthesis, 4% detoxifica-
tion and other 4% lipid biosynthesis. The molecular func-
tion of these proteins indicated their involvement in protein 
binding, antioxidant activity, sugar binding, kinase activity, 
etc. (Fig. 8). Of these, 12 proteins were sequenced using 
MALDI TOF–TOF (Table 4). These 12 proteins were cat-
egorized into 5 different groups; (a) molecular chaperons 
(LEA-1, 17.3 kDa Hsp and structural maintenance of chro-
mosome-1), (b) signal transduction proteins (Susy-1, Calm-
odulin-binding protein, 14-3-3), (c) photosynthetic proteins 
(PS I, small and large subunits of Rubisco), (d) defense-
related proteins (putative lectins and M/G binding lectins) 
and (e) detoxification proteins (APX-1). Corresponding spot 
numbers of the proteins in each variety are provided in (Sup-
plementary Table 5).

Molecular chaperons

Among the 3 molecular chaperons, LEA-1 proteins showed 
over expression in 15 and 20 DS plants of ICGV 91114. Sp
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Plants adapt to water deficit by the induction of specific 
genes encoding LEA proteins (Granier 1988). An increased 
expression of LEA proteins in ICGV 91114 might be attrib-
uted to one of the primary defense mechanisms to prevent 
the loss of intercellular water during drought. During water 
stress, LEA proteins prevent cellular collapse by adjust-
ing osmoticum along with other hydrophilic proteins and 
compatible solutes (Xiong and Zhu 2002; Tunnacliffe and 
Wise 2007) and also act as molecular chaperones (Wise and 
Tunnacliffe 2004). Another class of stress inducible pro-
teins commonly expressed during environmental stresses 
are small heat shock proteins (sHSPs). In our study, sHSPs 
with 17.3 kDa M. Wt. were up-regulated only in the 15 and 
20 DS of ICGV 91114 cultivar and the other cultivars did 
not exhibit any expression. Similarly, Katam et al. (2016) 
also reported abundant expression of heat shock proteins 

like disulfide isomerase-2 (PDI2) in drought-tolerant pea-
nut cultivar, Vemana and reduced expression in susceptible 
cultivar. These proteins were known to assist in protein fold-
ing, assembly, translocation and degradation during plant 
growth and development (Park and Seo 2015). Drought 
stress causes unfolding and denaturation of proteins mak-
ing them dysfunctional during which these sHSPs prevent 
the aggregation of denatured proteins and assists in refolding 
of non-native proteins by acting as molecular chaperones 
(Vierling 1991; Boston et al. 1996; Close 1996). Their func-
tion may be restored back by the interaction of 17.3 kDa 
HSPs with osmolytes, cell signaling molecules, cell cycling 
and cell death regulators (Wang et al. 2004). The other 
classes of proteins namely SMC-1 protein complexes have 
multiple functions like sister chromatid cohesion, conden-
sation, repair of eukaryotic chromosomes and are essential 

Fig. 4  The 2D gels showing the leaf proteome of peanut culti-
var ICGS 76. The leaf protein extracted from drought stressed and 
respective control plants from 10 (a) and 20 days (b) was subjected 

to 2D-gel electrophoresis as described in methods. The images were 
digitized and quantified densitometrically
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for faithful chromosome segregation (Wang et al. 2004; 
Lehmann 2005). Overexpression of SMC-1 protein in 15 and 
20 DS plants of ICGV 91114 implies better protection of its 
DNA from damages leading to double-strand breaks in DNA 
and mutations, reduced protein synthesis, cell membrane 
destruction and damage to photosynthetic proteins caused by 
reactive oxygen species (ROS) during drought stress (Britt 
1999; Nasmyth and Haering 2005).

Signal transduction proteins

The 15 and 20 DS plants of ICGV 91114 exhibited over 
expression of Susy-1 while all other varieties did not exhibit 
its expression. It is an important enzyme belonging to the 
family glycosyltransferase-1 that participates in carbohydrate 

metabolism, catalyzing the reversible conversion of sucrose 
and UDP to UDP glucose and fructose in various metabolic 
pathways (Sebkova et al. 1995; Cooke et al. 2003). Similar 
results were reported in the phloem cells of leaves and roots 
of Arabidopsis (Strum et al. 1999). Phosphorylation of Susy-
1, under severe drought stress, activates sucrose cleavage 
reaction enabling the plant to meet the increased demand 
for translocation of carbohydrates under limited ATP sup-
ply (Winter and Huber 2000). Calcium ion binding protein 
(CalM 42), also a signaling protein, was overexpressed 
only in the 15 and 20 DS of ICGV 91114 and did not show 
any expression in other 3 cultivars. In Arabidopsis thali-
ana, this protein is known to interact with calcium sensors 
and aid in trichome branching, the specialized epidermal 
structures that protect against drought stress (Dejardin et al. 

Fig. 5  The 2D gels showing the leaf proteome of peanut cultivar J 11. 
The leaf protein extracted from drought stressed and respective con-
trol plants from 10 (a) and 20 days (b) was subjected to 2D-gel elec-

trophoresis as described in methods. The images were digitized and 
quantified densitometrically
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1999; Schellmann and Hulskamp 2005; Ishida et al. 2008). 
The most significant class of signaling proteins, 14-3-3 pro-
teins, were expressed more abundantly in 10, 15 and 20 DS 
of ICGV 91114. In ICGS 76, this protein was expressed 
in minute quantities compared to their controls in 10 DS 
and expressed more in 20 DS while it is down-regulated 
in 10 and 20 DS of J11. In the susceptible cultivar, JL24, 
the expression of this protein is almost negligible in 10 DS 
while 20 DS did not exhibit any expression. Katam et al. 
(2016) also reported the expression of these 14-3-3 proteins 
at higher levels in drought-tolerant peanut cultivar. These 
14-3-3 proteins are a part of conserved regulatory protein 
family that binds to serine/threonine-phosphorylated resi-
dues expressed in all the eukaryotic cells with a striking 
ability to bind to signaling proteins like H + ATPases, pro-
tein kinases, phosphatases and transmembrane receptors that 
assist in regulation of stress responsive proteins (Ferl 1996). 

Binding of these 14-3-3 proteins to other phosphorylated 
drought stress responsive proteins might result in rapid adap-
tation of enzymatic activities and metabolic pathways under 
water stress (De Vetten and Ferl 1994).

Photosynthetic proteins

Water stress is one of the most important environmental 
factors inhibiting photosynthesis due to damage of chlo-
rophyll pigments, thereby reducing their light harvesting 
capacity (Graan and Boyer 1990). During photosynthesis, 
chlorophyll pigments in photosystem-II are excited by sun-
light releasing electrons and energy in the form of an ATP 
molecule required for the break down of water molecule 
 (H2O) into ½O2 and  2H+ maintaining an electron gradi-
ent which is further excited in photosystem-I to produce 
 NADP++  H+. This highly energetic NADPH molecule is 

Fig. 6  The 2D gels showing the leaf proteome of peanut cultivar 
JL24. The leaf protein extracted from drought stressed and respective 
control plants from 10 (a) and 20 days (b) was subjected to 2D-gel 

electrophoresis as described in methods. The images were digitized 
and quantified densitometrically
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then fed into the Calvin cycle to carry out carbon fixation. 
Hence, overexpression of Photosystem-I reaction center 
subunit-II of chloroplast precursor protein in the 20 DS 
plants of ICGV 91114, ICGS 76 and J 11 varieties might 
help in the uninterrupted supply of NADPH during photo-
synthesis to ensure the supply of substrates to carbon skel-
eton for various metabolic pathways conferring increased 
drought tolerance. However, the decline in the intracellu-
lar levels of  CO2 might create an oxidative stress leading 
to the destruction of photosynthetic apparatus, changes 
in the conformation of chloroplast proteins, imbalances 
in the ions and other macromolecules making JL 24 the 
most susceptible (Lauer and Boyer 1992; Bray et  al. 
2000). Ribulose-1,5-biphosphate carboxylase/oxygenase 
(RuBisCo) is the key photosynthetic enzyme that plays a 
significant role in the fixation of  CO2 in C3 plants which 
can be quickly remobilized under stress (Jensen and Bahr 
1977). Many studies reported the reduced expression of 

RuBisCo under drought stress (Parry et al. 2002) while the 
studies in the drought-tolerant peanut cultivar, Vemana by 
Katam et al. (2016), reported high abundance of RuBisCo 
under stress conditions. Kottapalli et al. (2009) reported 
the reduction in photosynthesis-related proteins in tolerant 
genotypes during water stress which includes proteins like 
Rubisco LSU and SSU, oxygen evolving enhancer protein 
of PS II and chlorophyll a/b binding proteins. However, 
in our study, both larger and smaller subunits of Rubisco 
exhibited down-regulation in all the stressed plants of 4 
varieties compared to their respective controls while PS I 
reaction centre subunit II protein showed overexpression 
in severely stressed plants of ICGV 91114, ICGS 76 and 
J11 cultivars. Overproduction of reactive oxygen species 
(ROS) during drought stress cleaves the large subunit of 
Rubisco directly or modify it to become more susceptible 
to proteolysis (Feller et al. 2008).

Table 2  Peptide mass fingerprinting (PMF) of stress-induced proteins in ICGS 76

Sp.No., spot number, Expl. M.Wt., experimental Mol. Wt., Theo. M.Wt., theoritical M.Wt.

Sp. No. Exptl. M.Wt. Theo. M.Wt Homologous 
protein

Organism Biological 
process

Molecular 
function

Cellular 
component

Mascot score Accession no.

4 30.5 27.2 Cytosolic 
ascorbate 
peroxidase

Vigna 
unguicu-
lata

Hydrogen 
peroxide 
stress 
response

Oxidore-
ductase/
peroxidase 
activity

Cytoplasm 113 gi|1420938

8 20.0 16.2 PR10 protein Arachis 
hypogaea

Defense 
response/
response 
to biotic 
stimulus

– – 76 gi|52547774

15 17.0 71.4 FACT 
complex 
subunit 
SSRP1

Zea mays DNA repair/
DNA repli-
cation/reg-
ulation of 
transcrip-
tion- DNA 
dependent

DNA bind-
ing

Chromo-
some/
nucleus

52 SSRP1_
MAIZE

19 21.0 16.2 PR10 protein Arachis 
hypogaea

Defense 
response/
response 
to biotic 
stimulus

– – 52 gi|52547774

30 30.0 30.1 Lipoate 
protein 
ligase-like 
protein

Arabidopsis 
thaliana

Lipoate bio-
synthetic 
process/
Protein 
modifica-
tion process

Octanoyl 
transferase 
activity

Chloroplast 38 gi|7939551

31 27.0 22.3 Photosystem 
I reaction 
center 
subunit II, 
chloroplast 
precursor

Arabidopsis 
thaliana

Photosyn-
thesis

Protein bind-
ing

Chloroplast 
membrane

61 PSAD2_
ARATH
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Defense related proteins

Lectins are carbohydrate-binding proteins that specifically 
recognize diverse sugars and mediate a variety of biologi-
cal processes (Lis and Sharon 1998). Several studies indi-
cated the induction of different lectins with diverse functions 
from cell wall modification to regulation of gene expres-
sion in response to both abiotic and biotic stresses (Vijayan 
and Chandra 1999; Van Damme et al. 2004). In our study, 
alpha-methyl-mannoside-specific lectin was overexpressed 
only in the 20 DS plants of ICGV 91114 and either did not 
exhibit (or) showed almost negligible expression in other 
three cultivars. Similarly, the other classes of lectins like 
mannose/glucose-binding lectins also showed increased 
expression in all the stressed plants of ICGV 91114 cultivar 
only and showed reduced expression/negligible in other 3 
cultivars. However, no expression is seen in 20 DS of JL24 
cultivar. Similarly, Bhushan et al. (2007) reported expression 

Table 3  Peptide mass fingerprinting (PMF) of water stress-induced proteins in J 11

Sp.No., spot number, Expl. M.Wt., experimental Mol. Wt., Theo. M.Wt., theoritical M.Wt.

Sp.No. Exptl. M.Wt. Theo. M.Wt. Homologous 
protein

Organism Biological 
process

Molecular 
function

Cellular 
component

Mascot score Accession no.

8 8.64 15.6 RUBP 
carboxylase 
small chain 
precursor

Phaseolus 
vulgaris

Photosyn-
thesis

Lyase/Mon-
oxygenase

Plastid 181 gi|123534

10 31.0 30.7 Alpha-
methyl-
mannoside-
specific 
lectin

Arachis 
hypogaea

– Cytokinin 
binding

– 283 gi|15233402

11 34.0 29.2 14-3-3 pro-
tein

Vigna angu-
laris

– Protein 
domain 
specific 
binding

– 459 gi|45594277

12 32.0 28.3 Mannose/
Glucose-
binding 
lectin 
precursor

Arachis 
hypogaea

– Sugar bind-
ing

– 233 gi|8099130

13 27.5 21.8 2-cys perox-
iredoxinlike 
protein-

Hyacinthus 
orientalis

Stress 
response

Antioxidant 
activity/
perox-
iredoxin 
activity

Chloroplast/
plastid

96 gi|47027073

24 21.0 16.2 PR10 protein Arachis 
hypogaea

Defense 
response/
response 
to biotic 
stimulus

– – 76 gi|52547774

32 19.5 16.2 PR10 protein Arachis 
hypogaea

Defense 
response/
response 
to biotic 
stimulus

– – 52 gi|52547774
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Fig. 7  The homology of differential peanut proteins with proteins 
from other crops listed in NCBInr Viridiplantae Database
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of mannose lectin in stress-tolerant chickpea cultivar under 
water-deficit stress. In contrast, Kottapalli et  al. (2009) 
reported overexpression of lectins like galactose-binding and 
mannose/glucose-binding isoforms only in the susceptible 
genotype and undetectable in tolerant genotypes. Lannoo 
and Van Damme 2014 in their extensive research on lec-
tins reported that plants express minute amounts of specific 
lectins only upon environmental stresses, while most of the 
lectins involved in plant defense are constitutively expressed 
in high amounts in seeds and vegetative storage tissues.

Detoxification proteins

Cytosolic ascorbate peroxidase-1 (APX-1) enzyme that plays 
a key role in regulation and signaling of  H2O2 in plant cells 
is yet another protein that accumulated in larger quantities 
in all the stressed plants of ICGV 91114, ICGS 76 and J 11 
varieties under drought stress. During drought stress, ROS 
produced in the chloroplasts and peroxisomes traverse to the 
nuclei through cytosol (Davletova et al. 2005; Asada 2006; 
Van Breusegem and Dat 2006). APX-1 is required for the 
protection of chloroplasts against ROS and in its absence, 
the ROS scavenging machinery is significantly compromised 
(Mittler et al. 2004). Grimplet et al. (2009) reported that 
increased production of ascorbate by APX activity restored 
the oxidation levels during stress in the drought-tolerant 
cultivar. APX was significantly down-regulated in 20-day 
stressed plants of JL 24 leading to the accumulation of 
hydrogen peroxide in the cytosol triggering cell injury and 
death and thus making this variety the most drought suscep-
tible. Similarly, Katam et al. (2016) reported negative inter-
action of APX in the drought susceptible peanut cultivar.

Comparative analysis of expression levels 
of identified proteins in 4 varieties

The following proteins: cytosolic ascorbate peroxidase, pho-
tosystem I reaction center subunit II of chloroplast precursor, 

alpha-methyl-mannoside-specific lectin, mannose/glucose 
binding lectin and 14-3-3 proteins were identified and ana-
lyzed for their differential levels of expression in 10 and 20 
DS plants of all the 4 varieties. There was an increase in 
the expression levels of APX protein by 1.5 folds indicating 
its up-regulation in 10 DS plants compared to their respec-
tive controls in all the 4 varieties, while in 20 DS plants of 
ICGV 91114, ICGS 76 and J 11 there was an increase by 
twofold exhibiting over expression, whereas in JL 24 this 
protein exhibited a significant down-regulation. Photosystem 
I reaction center subunit II of chloroplast precursor protein 
exhibited an increased expression by > 2 folds in 20 DS 
plants of 3 varieties while this protein did not express in rest 
of the treatments and controls (Fig. 9a). The alpha-methyl-
mannoside-specific lectin exhibited upregulation only in the 
20 DS plants of ICGV 91114 and mannose/glucose binding 
lectin proteins exhibited upregulation in the 10, 15 and 20 
DS of ICGV 91114 while 14-3-3 proteins exhibited upregu-
lation in 10, 15 and 20 DS of ICGV 91114 and only 20 DS 
of ICGS 76 (Fig. 9b).

Conclusion

Considering the prominent role peanut crop plays in our 
economy as an oilseed crop, identification of genotypes 
tolerant to drought stress plays a significant role in improv-
ing productivity levels. The 30 drought-tolerant proteins 
identified in the present investigation could be used as a 
reference library for probing the drought-tolerant proteins 
in other crops. The twelve proteins that were sequenced 
namely LEA-1, calcium ion binding protein, Susy-1, 
17.3 kDa heat shock protein, SMC-1, cytosolic ascorbate 
peroxidase, 14-3-3 proteins, alpha-methyl-mannoside-
specific lectin, mannose/glucose-binding lectins, PS I and 
Rubisco were reported to confer a significant role in drought 
stress from previous studies and also the current study. A 
repository of these proteins provides a basis for exploring 

Fig. 8  Functional cataloguing 
of drought stress responsive 
proteins

Signalling proteins
6%

Stress Response
9%

Defense protein
19%

Detoxifying proteins
9%

Photosynthetic proteins
9%
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metabolism
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Lipid biosynthesis
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DNA repair
13%

Unknown
13%

others
13%
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Table 4  MS/MS sequences of MALDI-TOF identified drought-tolerant proteins in peanut

Sp. No. Exptl. 
M.Wt.

Protein identified Accession 
no.

Mascot score Sequence 
coverage

Matching peptide sequence in red

53 21.5/5.8 Late embryogenesis 
abundant protein

gi|56709428 66 50 MASRQDRREA RAEADARRAA EEIARAR DER 
VMQAEVDARS AADEIARARA DRGAATM-
GAD TAHHAAG GGG  ILESVQEGAK SFVS-
AVGRTF GGARDTAAEK TSQTADATRD 
KLGEYKDYTA DKARETNDSV ARKTNETADA 
SRDKLGEYKD YTADKTRETK DAVAQKASDA 
SEATKNKLGE YKDALARKTR DAKDTTAQKA 
TEFKDGVKAT AQETRDATAD TARKAKDATK 
DTTQTAADKA RETAATHDDA TDKGQGQGLL 
GALGNVTGAI KEKLTVSPAA TQEHLGGGEE 
RAVKERAAEK AASVYFEEKD RLTRERAAER 
VDKCVEKCVE GCPDATCAHR HGKM

53 21.5/5.8 Calcium ion binding gi|15233402 75 24 MESNNNEKKK VARQSSSFRL RSPSLNALRL 
QRIFDLFDKN GDGFITVEEL SQALTRLGLN 
ADLSDLKSTV ESYIQPGNTG LNFDDFSSLH 
KTLDDSFFGG ACGGGENEDD PSSAAENESD 
LAEAFKVFDE NGDGFISARE LQTVLKKLGL 
PEGGEMERVE KMIVSVDRNQ DGRVDFFEFK 
NMMRTVVIPS S

38 19.5/6.3 Sucrose synthase 
isoform 1

gi|1351139 82 33 MGEPVLTRVH SLRERMDSTL ANHRNEILMF 
LSRIESHGKG ILKPHQLLAE YEAISKEDKL 
KLDDGHGAFA EVIKSTQEAI VSPPWVALAI 
RLRPGVWEYV RVNVHHLVVE ELSVPQYLQF 
KEELVIGSSD ANFVLELDFA PFTASF-
PRPT LTKSIGNGVE FLNRHLSAKM FHGK-
DSMHPL LEFLRLHNYN GKTLMLNNRV 
QNVNGLQSML RKAGDYLSTL PSDTPYSEFE 
HKFQEIGFER GWGDTAERVT EMFHMLLDLL 
EAPDASTLET FLGKIPMVFN VVILSPHGYF 
AQENVLGYPD TGGQVVYILD QVPALEREMI 
KRIKEQGLDI KPRILIVTRL LPDAVGTTCN 
QRLEKVFGAE HAHILRVPFR TEKGILRKWI 
SRFEVWPYIE TFTEDVAKEI ALELQAKPDL 
IIGNYSEGNL VASLLAHKLG VTQCTIAHAL 
EKTKYPDSDI YWEKFDKKYH FSSQFTADLI 
AMNHTDFIIT STFQEIAGSK DTVGQYESHT 
AFTMPGLYRV VHGIDVFDPK F-VSPGADT 
SVYFSYKEKE KRLTTLHPEI EELLYSSVEN 
EEHLCIIKDK NKPILFTMAR LDNVKNLTGF 
VEWYAKSPKL RELVNLVVVG GDRRKESKDL 
EEQAQMKKMY ELIDTYKLNG QFRWIS-
SQMN RVRNGELYRY IADTKGAFVQ PAF-
YEAFGLT VVEAMTCGLP TFATLHGGPA 
EIIVHGKSGF HIDPYHGEQV AELLVNFFEK 
CKTDPSQWDA ISAGGLKRIQ EKYTWQIYSE 
RLLTLAGVYG FWKHVSKLDR LEIRRYLEMF 
YALKYRKLAE SVPLAKDE
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Table 4  (continued)

Sp. No. Exptl. 
M.Wt.

Protein identified Accession 
no.

Mascot score Sequence 
coverage

Matching peptide sequence in red

38 19.5/6.3 Structural mainte-
nance of chromo-
some 1

gi|45594277 73 31 MPAIQSPSGK ILQLEMENFK SYKGHQLVGP 
FKDFTAIIGP NGSGKSNLMD AISFVLGVRT 
GQLRGSQLKD LIYAFDDRDK EQRGRKAFVR 
LVYQMDDGVE LRFTRSITSA GGSEYRIDNR 
VVNLDEYNGK LRSLGILVKA RNFLVFQGDV 
ESIASKNPKE LTGLLEEISG SEELKKEYEG 
LEEKKASAEE KAALIYQKKK TIGNEKKLKK 
AQKEEAEKHL RLQEELKALK RERFLWQLYN 
IENDIEKANE DVDSEKSNRK DVMRELEKFE 
REAGKRKVEQ AKYLKEIAQR EKKIAEKSSK 
LGKIQPELLR FKEEIARIKA KIETNRKDVD 
KRKKEKGKHS KEIEQMQKSI KELNKKMELF 
NKKRQDSSGK LPMLDSQLQD YFRLKEEAGM 
KTIKLRDEHE VLERQRRTDL EALRNLEENY 
QQLINRKNDL DEQIKRFKDR QGEIETSSSK 
YKNETTSLKT ELRALQEKHV NAREASAKLK 
TRIAELEDQL SDLTAERYEN ERDSRLTQAV 
ESLKRLFQGV HGRMTDLCRP NRKKYNLAVT 
VAMGRFMDAV VVEDENTGKD CIKYLKEQRL 
PPMTFIPLQS VRVKQVFERL RNLGGTAKLV 
FDVIQFDPEL EKAVLYAVGN TLVCDELEEA 
KVLSWSGERF KVVTVDGILL TKAGTMTGGT 
SGGMEAKSNK WDDKKIEGLK KNKEDFEQQL 
ENIGSIREMQ MKESEISGKI SGLEKKIQYA 
EIEKKSIKDK LPQLEQEERN IIEEIDRIKP 
ELSKARTEVD KRKTEMNKLE KRMNEIVDRI 
YKDFSQSVGV PNIRVYEETQ LKTAEKEAEE 
RLELSNQPAK LKYQLEYEQN RDVGSRIRKI 
ESSISSLETD LEGIQKTMSE RKETAVKITN 
EINNWKKEME ECKQKSEEYE KEILDWKKQA 
SQATTSITKL NRQIHSKETQ IEQLISQKQE 
ITEKCELEHI TLPVLSDAME EDDSDGPQFD 
FSELGRAYLQ ERRPSAREKV EAEFRQKIES 
KTSEIERTAP NLRALDQYEA IQEKEKQVSQ 
EFEAARKEEK QVADAFNTVK QKRYELFMEA 
FNHIASNIDK IYKQLTKSNT HPLGGTAYLN 
LENEDDPFLH GIKYTTMPPT KRFRDMEQLS 
GGEKTVAALA LLFSIHSYRP SPFFILDEVD 
AALDNLNVAK VAKFIRSKSC QAARDNQDAE 
DGNGFQSIVI SLKDSFYDKA EALVGVYRDT 
ERSCSSTMSF DLRNYQES

43 17.3/5.9 17.3 kDa class I heat 
shock protein

gi|123534 70 40 MSLIPSFFGG RRSSVFDPFS LDVWDPFKDF 
PFPSSLSAEN SAFVSTRVDW KETPEAHVFK 
ADIPGLKKEE VKLEIQDGRV LQISGERNVE 
KEDKNDTWHR VERSSGKLVR RFRLPENAKV 
DQVKASMENG VLTVTVPKEE IKKPDVKAID 
ISG

4 30.5/6.1 Cytosolic ascorbate 
peroxidase

gi|1420938 113 20 MGKSYPTVSP DYQKAIEKAK RKLRGFIAEK 
KCAPLILRLA WHSAGTFDSK TKTGGPFGTI 
KHQAELAHGA NNGLDIAVRL LEPIKEQFPIV-
SYADFYQLA GVVAVEITGG PEVPFHPGRE 
DKPEPPPEGR LPDATKGSDH LRDVFGKAMG 
LSDQDIVALS GGHTIGAAHK ERSGFEGPWT 
SNPLIFDNSY FTELLTGEKD GLLQLPSDKA 
LLTDSVFRPL VEKYAADEDV FFADYAEAHL 
KLSELGFAEA
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Table 4  (continued)

Sp. No. Exptl. 
M.Wt.

Protein identified Accession 
no.

Mascot score Sequence 
coverage

Matching peptide sequence in red

31 27/6.3 Photosystem I reac-
tion center subunit 
II, chloroplast 
precursor

PSAD2_
ARATH

61 9 MATQAAGIFN SAITTAATSG VKKLHFFSTT 
HRPKSLSFTK TAIRAEKTDS SAAA AAA PAT 
KEAPVGFTPP QLDPNTPSPI FAGSTGGLLR 
KAQVEEFYVI TWNSPKEQIF EMPTGGAAIM 
REGPNLLKLA RKEQCLALGT RLRSKYKITY 
QFYRVFPNGE VQYLHPKDGV YPEKANPGRE 
GVGLNMRSIG KNVSPIEVKFTGKQSYDL

10 31/4.5 Alpha-methyl-
mannoside-specific 
lectin

gi|15233402 283 50 MAISKKILPL LSIATIFLLL LNKAHSLGSL 
SFGYNNFEQG DERNLILQGD ATFSASKGIQ 
LTKVDDNGTP AKSTVGRVLH STQVRLWEKS 
TNRLTNFQAQ FSFVINSPID NGADGIAFFI 
AAPDSEIPKN SAGGTLGLSD PSTAQNPSAN 
QVLAVEFDTF YAQDSNGWDP NYQHIGFDVD 
PIKSAATTKW ERRNGQTLNV LVSYDANSKN 
LQVTASYPDG QSYQVSYNVD LRDYLPEWGR  
VGFSAASGQQ YQSHGLQSWS FTSTLLYTSP 
HYLKLGRFMI

11 34/4.6 14-3-3 protein gi|45594277 459 50 MAAAPTPREE NVYMAKLAEQ AERYEEMVEF 
MEKVSAAADN EELNVEERNL LSVAYKNVIG 
ARRASWRIIS SIEQKEESRG NEDHVTVIRD 
YRSKIESELS NICDGILKLL DSRLIPSASS 
GDSKVFYLKM KGDYHRYLAE FKTGAERKEA 
AESTLAAYKS AQDIANAELP PTHPIRLGLA 
LNFSVFYYEI LNSPDRACNL AKQAFDEAIA 
ELDTLGEESY KDSTLIMQLL RDNLTLWTSD 
MQDDGADEIK EAAPKQDDQ

12 32/4.7 Mannose/glucose-
binding lectin 
precursor

gi|8099130 233 50 LDSLSFSYNN FEQDDERNLI LQGDAKFSAS 
KGIQLTKVDD NGTPAKSTVG RVLHSTQVRL 
WEKSTNRLTN FQAQFSFVIK SPIDNGADGI 
AFFIAAPDSE IPKNSAGGTL GLFDPQTAQN 
PSANQVLAVE FDTFYAQDSN GWDPNYQHIG 
IDVNSIKSAA TTKWERRDGQ TLNVLVTYDA 
NSKNLQVTAS YPDGQRYQLS YRVDLRDYLP 
EWGR VGFSAA SGQQYQSHEL QSWSFTSTLL 
YTSPHYLKLG RFMI

1 56/6.2 RUBP carboxylase 
large chain

gi|1351139 519 50 MSPQTETKAS VGFKAGVKDY KLTYYTPEYE 
TKDTDILAAF RVTPQPGVPP EEAGAAVAAE 
SSTGT WTT VW TDGLTSLDRY KGRCYHIEPV 
AGEENQYIAY VAYPLDLFEE GSVTNMFTSI 
VGNVFGFKAL RALRLEDLRI PTSYSKTFQG 
PPHGIQVERD KLNKYGRPLL GCTIKPKLGL 
SAKNYGR AVY ECLRGGLDFT KDDENVNSQP 
FMRWRDRFLF CAEALFKAQA ETGEIKGHYL 
NATEGTCEEM IKRAVFAREL GAPIVMHDYL 
TGGFTANTSL AHYCR DNGLL LHIHRAMHAV 
IDRQKNHGMH FRVLAKGLRL SGGDHIHAGT 
VVGKLEGERD ITLGFVDLLR DDFIEKDRSR 
GIYFTQDWVS LPGVLPVASG GIHVWHMPAL 
TEIFGDDSVL QFGGGTLGHP WGNAPGAVAN 
RVALEACVQA RNEGRDLARE GNEIIREASK 
WSPELAAACE VWKEIKFEFE AMDTL

8 8.64 RUBP carboxylase 
small chain precur-
sor

gi|123534 181 50 TSVANNGGRV QCIQVWPTVG KKKFETLSYL 
PPLTKQQLAK EVDYLLRKGW VPCLEFELEH 
GFVYREHNKS PGYYDGRYWT MWKLPMF-
GCT DSSQVLKELY EAQTAHPDGF IRIIGFD-
NVR QVQCISFIAY KPPGY

Peptides of Arachis proteins sequenced through MS/MS are shown in bold which are matching with the peptides of Viridiplantae taxonomic 
group
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Fig. 9  a Comparison of 2DE 
gels (4–7 pH) exhibiting the 
differential expression of cyto-
plasmic APX and PSI proteins 
in 4 varieties of groundnut. b 
Comparison of 2DE gels (4–7 
pH) exhibiting the differential 
expression of putative lectins in 
4 varieties of groundnut



 3 Biotech  (2018) 8:157 

1 3

 157  Page 20 of 21

possible protein–protein interactions and for further func-
tional genomic studies. These proteins could be exploited as 
protein markers to evaluate the peanut germplasm and other 
crop plants for drought tolerance.
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Drought, one of the environmental stresses, plays crucial role in reduction in plant production on major-
ity of agricultural fields of world, In order to evaluate drought stress on RNA content Relative water con-
tent (RWC), and chlorophyll content, Water deficit was induced by Polyethylene glycol (PEG) in peanut
(Arachis hypogaea), accession number ICGV 91114. In this current study we evaluate RNA content and
Relative water content (RWC) both in leaves and roots and chlorophyll content in leaf. The present study
was undertaken with the aim to investigate the effect of water deficit imposed by PEG-6000, 40 old day
seedlings were treated with varying concentrations of polyethylene glycol-6000 (PEG-6000; w/v-5%, 10%,
15% & 20%) for 24 h. The results showed that RNA content and Relative water content (RWC) content was
significantly reduced in both leaves and roots with increased concentration of PEG, In leaves, a concen-
tration dependent decline in chlorophyll content with increasing concentration of polyethylene glycol-
6000 (PEG-6000). Reduction in chlorophyll ‘a’ level was to a greater extent than the chlorophyll ‘b’.
Thus, this attributes can be used as screening tool for drought tolerance in peanut.
� 2017 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Due to unfavorable environmental conditions plants are sub-
jected to various abiotic and biotic stresses affecting their growth,
metabolism and yield (Kaur and Gupta, 2005). Drought is one of
major abiotic stresses constraining crop productivity worldwide,
it reduces plant productivity by inhibiting growth and (Singh
et al., 2014) slows growth, induces stomatal closure, and therefore
reduces photosynthesis (Németh et al., 2002). Extensive field stud-
ies have been conducted for understanding the plant tolerance and
oxidative stress in response to water deficit. The stress caused due
to water creates senescence and abscission in the plants
(Karamanos, 1978). The effect of water stress in the leaf of the
plant mainly reduces the bulk production of the biomass
(Rawson and Turner, 1982; Saxena, 1993). The relative amount of
Chlorophyll is directly connected to the photosynthetic capacity
of the major plants (Fotovat et al., 2007). Besides chlorophyll con-
tent, drought stress play a major role in affecting the enzymes
involved in the Calvincycle (Monakhova and Chernyadev, 2002).
It is reported that the production of plants also affected by showing
to reactive oxygen species (Horling et al., 2003). Polyethylene
glycol(PEG-6000) generates osmotic stress which reduces photo-
synthetic rate, which later effects chlorophyll-a and chlorophyll-b
contents, any stress to the plant effects mechanism of photosyn-
thesis at cellular level which includes pigments, photosystems,
the electron transport system and co2 reduction pathways and
reduce photosynthesis.

PEG is mainly used for the determination of the drought stress
related information’s from the plants (Turkan et al., 2005; Landjeva
et al., 2008). It is known that PEG does not enter the cell wall space
(Rubinstein, 1982) and PEG molecules with a molecular weight
greater than 3000 are apparently not absorbed (Tarkow et al.,
1996). In the present study, PEG-6000 was used for drought. Sim-
ulation of drought stress by polyethylene glycol (PEG) induces
drought stress on the plants (Jiang et al., 1995). It is reported that
PEG induced significant water stress in plants and not having any
toxic effects (Emmerich and Hardegree, 1990). The objective of this
research was to determine, relative water content(RWC) and RNA
content in leaves and root, chlorophyll content in leaves of peanut
(Arachis hypogaea)ICGV 91114 under drought stress.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.sjbs.2017.04.008&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://dx.doi.org/10.1016/j.sjbs.2017.04.008
http://creativecommons.org/licenses/by-nc-nd/4.0/
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2. Materials and methods

2.1. Sample collection

For carrying out the above three experiments, ICGV 91114 were
obtained from the International Crops Research Institute for the
Semi–Arid Tropics (ICRISAT), Patancheru, Hyderabad, Telangana,
India. Four seeds per pot in the suitably sized pots filled with mix-
ture of soil were sown to raise the seedlings plants, the seedlings/-
plants were maintained in the net house covered with water proof
sheets during the experiment. They were watered regularly thrice
a week for 40 days until water stress was carried out at the flower-
ing stage.

2.2. Drought treatment

40 old days seedlings were plucked from the pots and treated
with different concentrations of PEG 6000 (Polyethylene Glycol)
100 ml of 5%, 10%, 15% and 20% along with controls (100 ml of
water) for 24 h, later the leaf and root were harvested separately,
Leaf Samples were named as 1(control) 2 (5% PEG treated) 3(10%
PEG treated) 4 (15% PEG treated) & 5 (20% PEG treated), Root Sam-
ples were named as A (control) B (5% PEG treated) C (10% PEG trea-
ted) D (15% PEG treated) E (20% PEG treated). After naming, leaf
and root were kept frozen under liquid N2, and stored at �80 �C,
until later experiment to measure chlorophyll, relative water con-
tent and RNA content.

2.3. RNA isolation and quantification

RNA was isolated from leaves and root by Trizol reagent. The
Trizol reagent was developed by Chomczynski and Sacchi (1987)
is a mixture of phenol and guanidine isothiocyanate. The freshly
cultivated plants were used for the extraction of the total RNA.
The standard extraction methodology were followed for the the
extraction of the total RNA. Total RNA was quantified using
micro-spectrophotometry (NanoDrop Technologies, Inc.). DNA
was removed with Turbo DNA-free (Ambion, Inc.) using the rigor-
ous protocol. RNA integrity was measured using an Agilent 2100
Bioanalyzer (Agilent Technologies, Inc.).

2.4. Relative water content

To determine relative water content, 20 leaves from each group
were weighed immediately (FW) after harvesting the plant. Leaves
were then placed in distilled water for 4 h and then turgid weight
(TW) was measured. Then the leaves were dried in oven at 80 �C
for 24 h to obtain their dry weight (DW). The method proposed
by Sharp et al. (1990) Relative water content was calculated by
the following formula.

RWC ¼ FW� DW=TW� DW� 100
2.5. Chlorophyll estimation

Total Chlorophyll content, content of Chlorophyll ‘a’ and Chloro-
phyll ‘b’ were extracted and quantified the modified method of
Arnon (1949). After the extraction and analysis, the relative
amount of Chlorophyll ‘a’, Chlorophyll ‘b’ and the total content of
Chlorophyll were calculated using the following formulae:

Chlorophyll ‘a’ ðmg=gÞ ¼ ½ð12:7XA663� 2:69XA645ÞV=W�

Chlorophyll ‘b’ ðmg=gÞ ¼ ½ð22:9XA645� 4:68XA663ÞV=W�

Total Chlorophyll ðmg=gÞ ¼ ½ð20:2A645þ 8:02A663ÞV=W�
where
A = Absorbance at specific wavelengths
V = final volume of chlorophyll extract in 80% Acetone
W = fresh weight of tissue extracted 12.7, 2.69, 22.9, 4.68, 20.2
& 8.02 are the constants

In the present experiment the volume (V) of 10 ml 80% Acetone
and weight (W) of 500 mg fresh leaf tissue was used in all the 5
water stressed samples and also the control (Arnon, 1949).
3. Results and discussion

Drought tolerant with a high yield potential under drought
stress; currently, drought is a major limiting factor in peanut culti-
vation, making irrigation necessary. However, peanut crop plants
can adapt to water stress in various ways, Many agro-
physiological parameters related to drought tolerance have been
established, RNA content, Relative water content (RWC) and
chlorophyll content with decrease in water supply (Deblonde
et al., 1999). A fast screening tool would be helpful in selecting
valuable genotypes with defined growth strategies that translate
to drought tolerance and are suitable for experiments and/or
breeding. In this present investigation the plants were short term
drought-stressed by PEG 6000 (Polyethylene Glycol) for 24 h. In
this experiment 40 day old seedlings were imposed water stress
with different concentration; 100 ml of 5, 10, 15, 20%, of PEG
6000 (Polyethylene Glycol). The present data indicates the signifi-
cant differences in RNA content, Relative water content (RWC) in
leaf and root, chlorophyll contents in leaf when drought- stressed
was induced by PEG 6000 (Polyethylene Glycol). A pronounced
reduction in, RNA content (Tables 1 and 2; Figs. 1 and 2). Relative
water content (RWC) (Tables 3 and 4; Figs. 3 and 4). And chloro-
phyll contents (Table 5; Fig. 5) with increasing water deficit was
observed. There is reduced RNA synthesis with increased water
stress, (He et al., 1999) chloroplast RNAase was upregulated which
causes degradation of RNA during water stress. It was also been
reported the decrease of ribosomes and polyribosomes during
water stress ribosomes get cluttered on mRNAs to protect them
from degradation, therefore ribosomes get disrupted hence
another reason for mRNAs degradation (Mason et al., 1988)
(Scott et al., 1979) This data indicates a pronounced reduction in
RNA content in leaf and root with increasing water deficit (Tables
1 and 2 Figs. 1 and 2). To understand the dehydration tolerance
which shows the metabolic activities in the tissues of plant, RWC
is considered to measure water status in plant (Sinclair and
Ludlow, 1986) it was also observed the decline of RWC with
increased water stress was also observed in barley (Yuan et al.,
2005) and tomato (Zgallaï et al., 2005) and pigeonpea plants
(Kumar et al., 2011). It clearly evidence that severe stress clearly
affect the relative water content as compare to the control of same
age group plant the significant differences in RWC was observed as
compare to control and stressed of leaf and root (40 days old). The
sharp decrease in RWC with the increased PEG concentration was
noted of same age group plants. As water stress effects photosyn-
thesis, The highest content of chlorophyll ‘a’ and ‘b’ was observed
in control leaves while both progressive stresses of PEG concentra-
tion. Chlorophyll content was also affected during the present
investigation which shows that long progressive stress along with
some other environmental factor may affect photosynthetic ability
of the plant system. Water stress imposed by PEG-6000 effects
Enzymes of chlorophyll metabolism and photosynthetic pigments,
In our present report it was observed that Chla is more sensitive
than Chlb to PEG induced water stress (Hsu and Kao, 2003). Also
demonstrated that PEG induced water stress cause decrease in
total chlorophyll content in rice leaves. Hassanzadeh et al. (2009)



Fig. 2. Figure showing the RNA Concentration in Root.

Fig. 1. Figure showing the RNA Concentration in Leaf.

Fig. 3. Figure showing Relative Water Content (RWC) in Leaf.

Table 1
Effect of water deficit on RNA content in Leaf.

S. no Samples PEG concentration (%) A260/A280 Concentration (mg/ml)

1 Leaf 1 (Control) 00 1.85 2.87 ± 0.005
2 Leaf 2 05 1.86 2.67 ± 0.01
3 Leaf 3 10 1.89 2.05 ± 0.01
4 Leaf 4 15 1.89 1.99 ± 0.01
5 Leaf 5 20 1.87 1.56 ± 0.01

Table 2
Effect of water deficit on RNA content in Root.

S. no Samples PEG concentration (%) A260/A280 Concentration (mg/ml)

1 Root A (Control) 00 1.88 2.56 ± 0.025
2 Root B 05 1.81 2.08 ± 0.01
3 Root C 10 1.86 1.98 ± 0.01
4 Root D 15 1.89 0.99 ± 0.005
5 Root E 20 1.83 0.58 ± 0.005

Table 3
Effect of water deficit on relative water content (RWC) in Leaf.

PEG RWC%

Control 0.831
5 0.64
10 0.523
15 0.4
20 0.35

Table 4
Effect of water deficit on relative water content (RWC) in Root.

PEG RWC%

Control 0.879
5 0.586
10 0.426
15 0.348
20 0.093
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revealed decrease in Chla but increase in Chlb content under
drought stress in seasame. Decrease in the total chlorophyll con-
tent by PEG 6000 has also been noticed by Pratap and Sharma
(2010) in black gram and Guo et al. (2013). A reason for decrease
in chlorophyll content as affected by water deficit is that drought
or heat stress by producing reactive oxygen species (ROS) such as
O2 and H2O2, can lead to lipid peroxidation and consequently,
chlorophyll destruction also, with decreasing chlorophyll content
due to the changing green color of the leaf into yellow, Several
methods which range from withdrawal of water to plants to the
use of chemicals such as polyethylene glycol, mannitol etc., have
been employed to create water stress in plants. Plant exposes their
root system to this solution and no other toxicities were observed
at plant level following the addition of PEG-6000 (Scott et al.,
1979). It is reported that PEG induced significant water stress in



Fig. 4. Figure showing Relative Water Content (RWC) in Root.

Table 5
Effect of water deficit on Chlorophyll ‘a’ ‘b’ and total Chlorophyll.

PEG Chlorophyll ‘‘a” Chlorophyll ‘‘b” Total

Control 1.606 0.474 2.08
5% 1.34 0.47 1.817
10% 1.1 0.56 1.673
15% 0.874 0.528 1.38
20% 0.66 0.386 1.048

Fig. 5. Figure showing total chlorophyll content in Leaf.
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plants and not having any toxic effects (Emmerich and Hardegree,
1990). RNA content, Relative water content (RWC) and chlorophyll
content parameter can be used to select high yielding genotypes
that maintain cell turgor under water stress environment to give
relative high yield. A decrease in the RWC observed in both pro-
gressive mild and severe water stress. Relatively higher RWC was
noted in progressive mild stress than severe stress indicating that
plants have the ability to sustain their water content under mild
stress, whereas this ability lost under severe stress treatment.
Decrease in the RWC in PEG induced water stress was also reported
in rice leaves (Hsu and Kao, 2003) and in Tomato (Zgallaï et al.,
2005). According to results of (Bayoumi et al., 2008), RWC involved
in absorbing more amount of water from the soil and/or the ability
to control water loss through stomata and RWC parameter can be
used to select high yielding genotypes that maintain cell turgor
under water stress environment to give relative high yield.

4. Conclusions

Our present results indicate that a progressive water stress
induced PEG-6000 cause significant physiological and biochemical
changes in peanut (Arachis hypogaea) ICGV 91114 plant. RNA con-
tent, relative water content (RWC) and chlorophyll content, and
parameter can be used to select high yielding genotypes that main-
tain cell turgor under water stress environment. This experiments
can be used for other cultivars conditions to have more are more
RNA content, relative water content (RWC) and chlorophyll con-
tent are more resistant to drought stress and their yield is stable.
This attributes can be used as screening tool for drought tolerance
in other cultivars. This study was following to find characters of
resistant under drought stress and the results showed that RNA
content, relative water content (RWC) and chlorophyll content
made difference between control and stress of peanut (Arachis
hypogaea) ICGV 91114. Thus, this attributes can be used as screen-
ing tool for drought tolerance.
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A B S T R A C T

Dehydrins (DHNs) are highly hydrophilic, thermo stable, calcium dependent chaperons involved in plant de-
velopmental processes as well as in diverse abiotic stresses. A systematic survey resulted in the identification of 7
dehydrins (DHNs) in Setaria italica and Zea mays, but 6 in Sorghum bicolor. They are classified into 5 sub-groups,
namely YnSKn, SKn, KnS, S, and YnS. DHNs of Sorghum exhibit 1 ortholog with Oryza sativa and Z. mays and 3
with S. italica. Unlike other DHNs, SbDHN5 has been found as an ordered protein with many phosphorylation
sites. Network analyses of novel YnS subgroup showed interaction with HSP70 and FKBP genes. In silico pro-
moter analysis revealed the presence of abscisic acid (ABA), drought, salt, low temperature stress-responsive
elements. The miRNA target analysis revealed DHNs are targeted by 51 miRNAs responsive to abiotic stresses.
High transcript expressions of DHNs were observed in root, stem and leaf compared to inflorescence in S. bicolor.
All DHN genes exhibited high levels of expression in stem under cold, heat, salt, and drought stresses. In contrast
to other DHNs, the SbDHN2 of YnS subgroup, exhibited the highest expression, under multiple stresses in all the
tissues indicating its involvement against a wide array of abiotic stresses.

1. Introduction

Dehydrins (DHNs) or group 2 LEA protein family members are ex-
pressed under cellular dehydration and play crucial roles in response to
abiotic stresses. Due to their hydrophilicity and high glycine content,
DHNs assist cells to withstand dehydration stress (Anchordoguy and
Carpenter, 1996). DHNs are unstructured proteins and share many
features with other types of intrinsically disordered/unstructured pro-
teins. Due to their disordered state, DHNs escape from denaturing under
abiotic stress conditions (Livernois et al., 2009; Hincha and
Thalhammer, 2012). Under dehydration stress, tissue and develop-
mental specific expressions of DHNs have been observed. Some DHNs
are more responsive to the developmental stages of the plant than to
abiotic stresses. They act as chaperons involved in developmental

processes like late embryogenesis and stabilize macromolecules, dena-
tured proteins, and membrane structures in stressed plants (Close,
1996; Hinniger et al., 2006). DHNs contain a consensus sequence of
lysine rich residues (K-segment), representing a highly conserved 15
amino acid (EKKGIMDKIKELLPG) motif, with repeated glycine and
polar amino acids forming amphipathic-helices. These helices interact
with lipid components and hydrophobic sites of the partially denatured
proteins of cell membranes and protect the proteins from denaturation
(Koag et al., 2009). DHNs have a serine rich segment (S-segment),
which can be modified by phosphorylation. The phosphorylated DHNs
binding activity is generally conserved in the acidic subfamily of DHNs
(Kovacs et al., 2008). DHNs consist of 1–3 tandem copies of the con-
sensus Y-segment (V/T) DEYGNP, near the N terminus. They show si-
milarity to the plant and bacterial chaperonin nucleotide binding site
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motifs (Hanin et al., 2011). DHNs, based on the number and order of the
Y-, S- and K-segments, are classified into several classes, such as KS,
SK3, YSK2, Y2SK2, Kn, Y2SK3, and YSK3 (Close, 1996). In barley, YSK2-
type DHN was up-regulated by drought, but not by cold stress. SK3-,
Kn-, and KS-type DHNs are induced by low temperature and drought
(Tommasini et al., 2008). Overexpression of Sorghum DHN1 (YSK2) in
tobacco displayed enhanced tolerance to high temperature and osmotic
stress conditions (Halder et al., 2017). YnSKn-type DHNs are expressed
during drought, salt, frost, ABA, gibberellic acid, methyl jasmonate, and
salicylic acid (SA) treatments. KnS-type DHNs bind to metal and sca-
venge hydroxyl radicals and protect the membrane integrity (Hanin
et al., 2011). KS-type DHNs on the other hand are small proteins ex-
pressed in the reproductive tissues like anthers during chilling stress
(Wang et al., 2014). The SKn-type acidic DHNs consist of compositional
and structural features, and membrane binding properties. They protect
the membranes from freezing and desiccation by acting as molecular
chaperones or ion sequestration agents to prevent the damage of
membrane lipids (Alsheikh et al., 2003; Kovacs et al., 2008).

DHNs scavenge reactive oxygen species (ROS), causing enhance-
ment in the antioxidative enzyme activity under dehydration stress
(Kumar et al., 2014). DHNs/DHN-like proteins with ion (calcium in
particular) binding activity might act either as calcium buffers or as
calcium-dependent chaperones like calreticulin and calnexin (Alsheikh
et al., 2003). Eight DHNs have been reported earlier in rice (Wang et al.,
2007; Verma et al., 2017), 13 in barley (Tommasini et al., 2008), 10 in
Arabidopsis (Hundertmark and Hincha, 2008), 11 in poplar (Liu et al.,
2012), 9 in Malus (Liang et al., 2012), 4 in Vitis (Yang et al., 2012), and
23 in Brassica napus (Liang et al., 2016). However, the information
regarding the number of diverse DHN-types in warm grasses like Setaria
italica, Sorghum bicolor, and Zea mays is lacking. Hence, the present
investigation was carried out with an objective to find out the number,
type, distribution, characterization, motif and promoter analysis,
phosphorylation sites and structure of DHNs in 3 economically im-
portant warm grasses; S. italica, S. bicolor, and Z. mays with special
focus on S. bicolor and their evolutionary relationships with Oryza and
Arabidopsis, besides tissue specific expression profiles.

2. Materials and methods

2.1. Plant material and stress conditions

To investigate the expression levels of DHNs, seeds of Sorghum bi-
color, variety BTx623, were sown in pots containing 4.5 kg of black clay
soil under glass house conditions at 28/20 °C day/night temperatures.
After the emergence of inflorescence, the plants were subjected to
drought stress by withholding water for 5-days, cold stress by keeping
the plants at 4 °C for 4 h and heat stress by exposing the plants to 40 °C
for 4 h in a growth chamber and salinity stress by treating the plants
with 150mM NaCl solution for 24 h. Respective controls were main-
tained under similar conditions. Roots, stems, leaves, and inflorescences
were collected and snap frozen immediately in liquid nitrogen and
stored at −80 °C until further use.

2.2. In silico identification of DHN genes

DHN gene sequences of Arabidopsis, Oryza, Hordeum, Vitis,
Lycopersicum, and Malus were retrieved from NCBI database and sear-
ched against Sorghum bicolor, Setaria italica, and Zea mays genomes in
Gramene database (http://www.gramene.org/) to find out their
homologs. Edit plus (http://www.editplus.com/) and Genscan (http://
genes.mit.edu/GENSCAN.html) programs were used to retrieve the
DHN gene cds and protein sequences. Based on the homology, all the
identified putative DHN protein sequences were subjected to SMART
program (http://smart.embl-heidelberg.de/) to identify their conserved
domains (Letunic et al., 2004).

2.3. Sequence analysis of DHNs

The identified DHN genes were mapped to their respective chro-
mosomes based on the information provided in the Gramene Database.
Gene Structure Display Server (http://gsds.cbi.pku.edu.cn) software
was used for obtaining the DHN gene structures - exons, introns, and
untranslated sequence regions (UTRs) based on the alignments of their
coding sequences (Guo et al., 2007). Multiple sequence alignment was
performed using ClustalX (Larkin et al., 2007) to explore conserved
sequences and regulatory domains including their functional homology.
Multiple Em for Motif Elicitation (MEME) software (http://meme-suite.
org/) was employed with default parameters: number of motifs
(1−10), motif width of (5–50) and the number of motif sites (5–10) to
analyze sequence patterns and their significance (Bailey et al., 2006).
Molecular weight (MW), isoelectric point (pI), and GRAVY (grand
average of hydropathy) of DHNs were identified using ProtParam of
Expasy tools (Gasteiger et al., 2005) (http://web.expasy.org/
protparam), while phosphorylation sites were predicted by employing
NetPhosK1 software of Expasy tools (Blom et al., 2004). Disorder ten-
dencies of all the identified DHNs were analyzed using the IUPred
(http://iupred.enzim.hu/) (Dosztanyi et al., 2005). The putative
transmembrane helices within DHNs were identified using TMHMM
server (http://www.cbs.dtu.dk/services/TMHMM/) (Moller et al.,
2001). Subcellular localization of DHNs was identified using CELLO
V2.5 (http://cello.life.nctu.edu.tw) (Yu et al., 2006) and WoLFPSORT
programs (http://wolfpsort.org/) (Horton et al., 2007). Secondary
structures of DHN proteins were predicted using PSIPRED v3.0 program
(Jones, 1999). All the DHNs were queried against the Protein Data Bank
(Berman et al., 2000) to identify the best template with similar amino
acid sequences and known 3D structures for developing the homology
models. Homology structures of DHNs were built by employing the
Modeller 9.15 software (http://www.salilab.org/) (Webb and Sali,
2014) and validated by PROCHECK software to identify phi-psi angles
of amino acids (Laskowski et al., 1993). Amino acids that were not
found in the allowed regions were brought back into the allowed re-
gions by loop building with the help of Swiss Protein Data Bank viewer
programme. The protein-protein interaction of Sb YnS-subgroup was
generated by employing STRING (http://string-db.org/) software.

2.4. In silico prediction of potential cis-regulatory elements

To predict the putative cis-regulatory elements of DHN promoter
regions PLACE (Higo et al., 1999) and PLANTCARE (Lescot et al., 2002)
software programs were used. Genomic sequence of length 2000 bp
upstream to start codon was retrieved from S. bicolor, S. italica, and Z.
mays and used for analysis.

2.5. Phylogenetic analysis of DHNs

The N-J phylogenetic tree was constructed with the DHN protein
sequences of S. bicolor, S. italica, Z. mays, O. sativa, and A. thaliana using
MEGA 6.2 software (Tamura et al., 2013) by employing the Poisson
correction, pairwise deletion and bootstrap value (1000 replicates)
parameters.

2.6. In silico prediction of gene specific molecular markers (SSRs and ILPs)
and miRNAs targeting DHNs

Gene specific molecular markers including SSRs and ILPs were de-
veloped in genomic transcripts of identified DHN genes using
BatchPrimer3v1.0 (http://probes.pw.usda.gov/batchprimer3/) server.
Further, putative miRNAs in different plant species targeting the DHN
genes were identified using psRNATarget server (Dai and Zhao, 2011)
with default parameters.
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2.7. Classification, signature amino acid analysis and evolutionary
relationship of DHNs

DHN sequences belonging to different crops were retrieved from
Gramene and Phytozome databases. They are further classified manu-
ally using MEME (Bailey et al., 2006) to identify the nature of motifs
with default parameters; number of motifs (1–10), motif width (5–50),
and the number of motif sites (5–10). The amino acid percentages were
calculated by Protparam tool (Gasteiger et al., 2005), to identify the
signature amino acids. To know the evolutionary relationship, phylo-
genetic tree for a set of 451 DHN sequences was constructed using
MEGA 6.2 software (Tamura et al., 2013) by employing the Maximum
Parsimony (MP) search method Tree-Bisection-Reconnection (TBR) that
uses all sites and bootstrap value (1000 replicates) parameters.

2.8. RNA isolation and qRT-PCR analysis

Total RNA was extracted from different tissues of S. bicolor exposed
to different abiotic stresses along with their respective controls using
MACHEREY-NAGEL kit by following the manufacturer's instructions. A
total of 2.5 μl RNA (2.5 μg concentration) was converted to cDNA using
Superscript III first strand synthesis kit (Invitrogen) and used as tem-
plate after diluting it with nuclease free water (1:12). The SYBR Green
Master Mix (2×) was used according to the manufacturer's re-
commendations on the RealPlex (Eppendorf) to study the gene ex-
pression. Gene expression analysis was performed for 6 SbDHNs
(SbDHN1 to SbDHN6) with expected product sizes of 80–124 bp
(Supplementary Table 1) in 96-well optical PCR plates. Three biological
replicates were taken for qRT-PCR analysis with the following thermal
cycles: 1 cycle at 95 °C for 10min, followed by 40 cycles alternatively at
95 °C for 15 s and 62 °C for 1min. Amplicon dissociation curves were
recorded with fluorescence lamp after 40th cycle by heating from 58 to
95 °C within 20min. Transcript levels of eukaryotic initiation factor4α
(SbEIF4α) and protein phosphatase2A (SbPP2A) genes were used as
internal controls (Reddy et al., 2016). Experiments were repeated thrice
and average values are represented. Relative gene expressions were
calculated by employing Rest software (Pfaffl et al., 2002).

3. Results

3.1. In silico identification of DHN genes

A total of 43 DHN nucleotide sequences; 10 from Arabidopsis, 4 from
Vitis, 9 from Malus, 7 from Oryza and 13 from Hordeum were retrieved
from NCBI database. Blast search of the DHN sequences against the
genomes of S. italica, S. bicolor, and Z. mays, resulted in the identifi-
cation of 17 putative genes in S. italica, 23 in S. bicolor and 19 in Z. mays
(total 59). On testing these sequences by SMART software, a conserved
domain search tool, only 20 of the 59 were confirmed to be DHNs; 7
each in S. italica, and Z. mays and 6 in S. bicolor (Table 1).

3.2. Chromosomal location and gene structure of DHNs

The 7 and 6 DHNs identified in S. italica and S. bicolor are localized
on 3 different chromosomes each, while 7 DHNs identified in Z. mays
are distributed on 6 different chromosomes. Among the 7 DHNs in S.
italica, SiDHN1 is mapped on chromosome 1, SiDHN2, 3, and 4 on 5 and
SiDHN5, 6, and 7 on 8. Of the 6 DHNs in S. bicolor, SbDHN1 and 2 are
located on chromosome 3, SbDHN3, 4 and 5 on 9, and SbDHN6 on
chromosome 10. Out of the seven DHNs in Z. mays, ZmDHN1 is tagged
on to chromosome 1, ZmDHN2 and 3 on 4, ZmDHN4 and 5 on 5,
ZmDHN6 on 8 and ZmDHN7 on chromosome 9 (Fig. 1 and Table 1).
DHN gene structures revealed that only 2 of them contain one exon
while all other DHNs contain 2 to 4 exons. In S. italica, 2 exons were
identified in SiDHN1, 2, 6 and 7 genes, 3 in SiDHN4 and 4 in SiDHN3
and 5. In the case of S. bicolor, one exon was identified in SbDHN3; 2 in

SbDHN4 and 6, 3 in SbDHN1 and 2, and 4 exons in SbDHN5. In Z. mays,
only one exon was noticed in ZmDHN4; 2 in ZmDHN1, 3, 5, 6 and 7
genes and 3 exons in ZmDHN2 (Fig. 2 and Table 1).

3.3. Conserved domains and motif analysis of DHNs

Multiple sequence alignment showed highly conserved domains of
K- (lysine), S- (serine) and Y- (tyrosine) rich segments in all the DHNs of
S. italica, S. bicolor, and Z. mays (Fig. 3A). The motif search by MEME
software revealed that the K-rich domain is the most common among all
the DHNs, while S- and Y-segments varied among these taxa. Motifs 1,
3, and 5 represented the K-segment, motif 2 the S-segment, and motifs 4
and 9 the Y-segment. In all the DHNs, the S- and Y-segments are present
only once with an exception in SiDHN4, SbDHN1, and SbDHN2. In Z.
mays, some DHNs have been found without Y-segments, while K-seg-
ment is repeatedly found 2–3 times similar to that of Arabidopsis
(Fig. 3B and Supplementary Fig. 1). DHNs in these three crops are
classified into YnSKn, SKn, KnS, S, and YnS types. The YnSKn group of
DHNs is common among all the three crops, while in S. italica and S.
bicolor, only the newly identified YnS group is present but absent in Z.
mays. On the other hand, KnS and S groups appeared only in Z. mays.
Based on the presence of 3 and 4 motifs, the SbDHN5 is grouped into
SK-type (Table 1). The YnS sub group of Sorghum contained DnaJ do-
main, whereas it is absent in Setaria.

3.4. Analysis of DHN proteins in S. bicolor, S. italica, and Z. mays

ZmDHN3 is the smallest confirmed protein with 108 aa while the
largest one (SbDHN6) is 388 aa in length. MWs of DHNs in S. italica
ranged between 14,126.34 and 33,741.27 Da and pI values from 4.79 to
10.11, while in S. bicolor, they ranged from 15,399.74 to 37,488.09 Da
and pI from 5.79 to 9.25. In Z. mays, MWs ranged from 12,199.09 to
35,266.67 Da and pI from 5.51 to 9.92. Most of the identified DHNs are
basic in nature. The ZmDHN6 of YnSKn type and all the SKn-type DHNs
exhibited low isoelectric point, with an exception of SKn-type (SiDHN5
and SbDHN5) which have high pI compared to YnSkn DHNs. The
GRAVY values of S. italica varied between −1.246 and −0.374,
whereas in S. bicolor DHNs, they ranged from −1.282 to −0.330 and in
Z. mays DHNs between −2.158 and −0.306 indicating their hydro-
philicity. Both the WoLFPSORT and CELLO software predicted the sub-
cellular localization of DHNs in nucleus, mitochondria, chloroplast, and
extra cellular matrix, however, these software exhibited varied locali-
zation of SiDHN4, SiDHN5, SbDHN2, ZmDHN2, and ZmDHN6. The
protein instability index of the DHNs, as explored by Protparam soft-
ware, indicated that 5 of the 7 (71.4%) SiDHNs are stable, whereas 3
out of 6 (50%) SbDHNs and 3 out of 7 (42.8%) ZmDHNs are stable. The
IUPred Server (http://iupred.enzim.hu/) predicted that all the DHNs
are IDPs with the exception of SbDHN5, which is an ordered or folded
protein (Table 1). The NetPhos software predicted that all the DHNs
contain higher number of PKC than CK1, CK2, and PKA types. The
YnSKn-type DHNs contained more number of putative PKC sites than
protein kinase CK2. In SKn DHNs, CK2 sites are more in number than
PKC, with an exception of SiDHN5 and SbDHN5. Besides PKC and CK2
sites, SKn DHNs also contained PKA, DNAPK, RSK and CK1 sites, which
are absent in YnSKn type. However, ZmDHN5 does not contain any PKC
but contains more number of CK2 sites (Supplementary Table 2). The
Psipred software analysis of secondary structures of all the DHN pro-
teins of Setaria, Sorghum, and Zea exhibited highly disordered regions
with less helix or strand motifs, except SbDHN5 which contained fewer
disordered regions and consisted of high number of strand motifs. The
helices are located within K-segments. Generally, YnSKn DHNs dis-
played less number of helices or strands, due to their disordered ten-
dency, but SiDHN1 and SiDHN3 exhibited the highest amount (80%) of
disordered tendency of motifs with high number of helices. Three SKn-
type 3 (SbDHN3 and ZmDHN3, and ZmDHN5) proteins showed 90% of
motifs with disordered tendency and the highest number of helices.
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Further, it is observed that a KS-type ZmDHN4 and YSK-type ZmDHN7
lacked the strand motifs (Fig. 4A). Three-dimensional models of all 20
proteins generated at 80.4–95.2% confidence levels by similarity search
software, the BLASTP are shown in Fig. 4B and Supplementary Table 3.
Based on the highest homology, their structures have been visualized
using Pymol tool (https://www.pymol.org/). The predicted 3-D struc-
tures of 20 DHNs revealed the presence of conserved DHN domain of
nearly 150 amino acids. The β-sheets are absent in SiDHN1, 6 and
ZmDHN1, while ZmDHN2, a KS-type DHN, lacked α-helices.

3.5. Identification of cis-regulatory elements of DHN promoters

Analysis of cis-acting elements revealed the presence of ABRE, DRE,
DPBF, MYB and MYC, HSE, salt stress-responsive and LTR elements.
DHNs are rich in Skn-1 type motifs, with endosperm specific expression
elements that play an important role in seed development. They contain

KST1 elements, involved in guard cell-specific gene expression, and
pollen specific elements associated with pollen and anther development
(Table 2). The motif analysis of DHN promoters revealed that 1, 3, 11,
14, 23, 25, 27 and 29 motifs have ABRE elements; 12, 13, 14, 21 and 23
have DRE; 2, 5, 6, 7, 9, 13 and 16 have HSE; 8, 25, 26 and 27 have
LTRE; 3, 21, 23, 27 and 29 have CGCG (salt-responsive elements); 7, 14
and 24 have TAAG (endosperm-responsive elements); 6 has AGAAA
(pollen and anther-responsive elements); 5 and 12 have GTCAT (guard
cell-responsive elements); 9, 10, 11, 15, 17, 19, 27 and 30 have MYB;
and 1, 6, 14, 21, 28 and 30 have MYC, the water stress-responsive
elements (Supplementary Table 4; and Supplementary Figs. 2 and 3).

3.6. Phylogenetic and gene duplication analysis of DHNs

All DHNs of Setaria, Sorghum, and Zea were grouped into YnSKn,
YnS, SKn, and KnS-types. While YnSKn has been found to be the largest

(A)

(C)

(B)

Fig. 1. Locations and duplications of DHNs in Setaria (A), Sorghum (B) and Zea (C); scale represents the mega bases. The chromosome numbers are indicated at the bottom of each bar.

Fig. 2. Distribution of exons, introns, upstream and downstream regions in DHNs.
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A

B

Fig. 3. A. DHNs exhibiting multiple sequence alignments and highly conserved Y, S, and K domains in Setaria, Sorghum and Zea. B. Distribution of 1–10 MEME identified DHN conserved
motifs in Setaria, Sorghum, Zea, Oryza, and Arabidopsis are shown in colors. Gene clusters and p values are shown on the left side and motif sizes at the bottom of the figure.
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subgroup (4/7 in Setaria, 3/6 in Sorghum, and 3/7 in Zea), followed by
SKn subgroup (2/7 in Setaria, 2/6 in Sorghum and 2/7 in Zea), and the
smallest has been KnS observed in Zea (2/7). But, only one KnS was
found each in Oryza and Arabidopsis. A new subgroup, YnS, an inter-
mediate type between YnSKn and SKn, and an ortholog clustered with
YnSKn subgroup, has been noticed only in Setaria and Sorghum but
absent in Zea. Two paralogs, the regional duplication events; SiDHN2
and SiDHN3, and SiDHN5 and SiDHN6, were observed in Setaria, which
might have resulted due to the gene duplication of their ancestral genes.
One paralog ZmDHN6 and ZmDHN7 was reported as segmental dupli-
cation event in Zea, but no such paralogs were noticed in Sorghum. Out
of the 4 common orthologs of Setaria, SiDHN1 and SbDHN3, SiDHN4
and SbDHN2, and SiDHN7 and SbDHN4, are common to Sorghum, while

only one SiDHN1 and ZmDHN3 with Zea. Further, only one common
ortholog, SbDHN5 and ZmDHN1 were found common among Sorghum
and Zea (Figs. 1 and 5).

3.7. In silico prediction of gene specific molecular markers and miRNAs
targeting DHNs

In the present study, a total number of 49 SSRs and 2 ILPs were
discovered among genomic transcripts of identified DHNs
(Supplementary Table 5). Tri-nucleotide SSR repeats (25/49) out-
numbered the other repeats, while hexanucleotide SSR repeats (8/49)
were found less than tri nucleotide SSRs. The dinucleotide and tetra-
nucleotide SSR repeats were found more than pentanucleotide repeats,

A

B

Fig. 4. A. DHN protein secondary structures of Setaria, Sorghum and Zea. B. Modelled 3D structures of DHN proteins; Si= Setaria italica, Sb= Sorghum bicolor and Zm= Zea mays.
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Table 2
Conserved cis-acting elements in DHN promoters of Setaria italica, Sorghum bicolor and Zea mays.

DHNS Cis elements

ABRE
(CACGTG)

DRE
(ACCGAC)

HSE
(AGAAAATTCG)

LTR (CCGAAA) CGCGBOX
(VCGCGB)

DPBF
(ACACNNG)

GT1GMSCAM4
(GAAAAA)

KST1
(TAAAG)

MYB
(WAACCA/
YAACKG/
CNGTTR)

Myc
(CANTTG)

SKN1(GTCAT)

SiDHN1 5 6 0 7 14 1 0 2 3 8 0
SiDHN2 7 1 2 1 2 2 1 4 24 8 2
SiDHN3 10 1 1 2 2 3 0 0 18 8 1
SiDHN4 14 4 2 3 4 5 6 0 20 6 3
SiDHN5 3 0 0 1 0 3 6 10 15 20 3
SiDHN6 13 5 5 7 10 8 2 12 44 24 2
SiDHN7 13 4 1 5 8 3 2 4 25 10 1
SbDHN1 10 8 0 6 12 4 0 2 3 10 1
SbDHN2 6 4 0 7 10 3 2 1 4 4 3
SbDHN3 17 1 0 5 34 1 2 3 14 21 0
SbDHN4 5 7 0 3 6 3 0 1 5 4 0
SbDHN5 9 5 0 8 32 4 3 1 12 15 0
SbDHN6 12 7 0 6 2 3 5 3 27 10 3
ZmDHN1 6 1 0 4 0 5 5 10 38 50 0
ZmDHN2 11 0 0 1 10 2 0 0 20 2 4
ZmDHN3 4 4 0 9 18 1 1 1 8 14 1
ZmDHN4 3 0 1 3 2 2 3 7 22 18 2
ZmDHN5 5 8 1 10 12 2 1 3 15 12 3
ZmDHN6 14 3 0 3 4 4 2 3 16 20 2
ZmDHN7 11 3 0 3 4 2 2 3 18 20 2

ABRECTAL: Response to ABA, CGCGBOX: Multiple signal transduction, DPBF: ABA, DRE: Dehydration responsive elements, GT1GMSAM4: Salt and pathogenesis related, LTRE: Low
temperature and cold responsive, MYB: Response to drought and ABA, MYC: Response to drought, cold and ABA, POLLEN: Pollen and anther development, TKST1: Guard cell-specific
gene expression.

Fig. 5. Neighbor joining phylogenetic tree of YnSKn, YnS, SKn, KnS, YK and Kn DHN proteins of O. sativa, A. thaliana, S. italica, S. bicolor and Z. mays; Os=Oryza sativa, At=Arabidopsis
thaliana, Si= Setaria italica, Sb= Sorghum bicolor and Zm= Zea mays.
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but less than hexanucleotide repeats (Supplementary Fig. 4). Two ILP
markers were also mined in SbDHN2 gene. Besides, putative microRNAs
(miRNAs) targeting the DHNs genes were identified using psRNATarget
server. The analysis revealed 14 DHN (ZmDHN1, ZmDHN3, ZmDHN4,
ZmDHN6, SbDHN3, SbDHN5, SbDHN6, SbDHN1, SbDHN4, SiDHN2,
SiDHN4, SiDHN6, SiDHN7, and SiDHN3) genes are targeted by 51
miRNAs which belong to diverse classes of miRNA families responsive

to various abiotic stresses (Supplementary Table 6).

3.8. Classification, signature amino acid analysis and evolutionary
relationship of DHNs

A total of 451 DHNs belonging to 17 families and 53 crops were
identified and classified into YnSKn, SKn, KnS, Kn, S, YnKn, and YnS
based on their conserved characteristic domains. Out of them, 223 were
divided into YnSKn, 123 SKn, 23 KnS, 47 Kn, 4 YnS, 23 YnKn, and 8 S
sub-types. The YnSKn is the most common sub-group in all the families,
while SKn members appeared less in number in monocots when com-
pared to dicots. Both KnS and Kn appeared only in fewer species
(Supplementary Fig. 5 and Supplementary Table 7), suggesting that
they are evolved in particular genome or they might have lost during
the course of evolution. Further evaluation of segments revealed several
truncated segments especially with K segment. Out of 451 DHNs, it has
been observed that they are absent in 24 K segments (Supplementary
Table 8 and Supplementary Figs. 6 & 7). The amino acid composition
analyses illustrated that DHNs are rich with glutamic acid, glycine,
histidine, alanine, arginine, aspartic acid, leucine, proline, threonine,
and valine along with lysine and serine. But, cysteine and tryptophan
are completely absent. DHNs exhibited variations in glutamic acid and
glycine percentages, and if glutamic acid residues are more, glycine
residues are less and vice versa. Interestingly, all the DHNs exhibited the
highest percentage of glycine, except SKn sub-type, which contained
more amount of glutamic acid. The KnS and Kn sub-groups are rich with
histidine. Further, proline levels also exhibited variations alongside
glutamic acid (Supplementary Table 9).

3.9. Transcriptional profiling of SbDHNs

All the 6 identified and confirmed DHN genes in S. bicolor exhibited
better expression in roots in comparison with leaves, inflorescences,
and stems. Though SbDHN2 and SbDHN4 were constitutively expressed
in all the four tissues, their expression levels were high in roots. The

-3.0 3.0

SbDHN6

SbDHN5

SbDHN4

SbDHN3

SbDHN2

SbDHN1

Fig. 6. Transcriptional profiling of SbDHNs in leaf, stem, root and inflorescence tissues of
Sorghum bicolor.
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Fig. 7. Relative expression patterns of SbDHNs in different tissues under cold, heat, salt and drought stresses in Sorghum bicolor, (a) root, (b) stem, (c) leaf and (d) inflorescence.

M. Nagaraju et al. Plant Gene 13 (2018) 64–75

72



other 4 DHNs exhibited upregulation in leaves and inflorescences but
down-regulation in stems (Fig. 6 & Supplementary Table 10). Under
drought, salt, heat, and cold stresses, Sorghum DHNs displayed differ-
ential expressions in roots, stems, leaves, and inflorescences. Among the
6 DHN genes, SbDHN2 exhibited the highest expression levels under
stress in roots, stems, leaves, and inflorescences followed by SbDHN4
and SbDHN6. While SbDHN1 and 3 did not exhibit upregulation in any
one of the stress conditions, expression of SbDHN2 in roots was 114.9-
folds higher under high temperature compared to cold, salt, and
drought. SbDHN4 recorded upregulation (10.3-folds) in roots treated
with high temperature stress followed by drought (7.6-folds). Fold-wise
increase in the expression of SbDHN5 was 3.5 under elevated tem-
perature. In contrast, SbDHN6 showed 18.8 and 5.5-folds higher ex-
pression levels in roots under salt and high temperature stresses re-
spectively (Fig. 7A & Supplementary Table 10). In leaf, SbDHN1, 2, 4, 5,
and 6 did not exhibit any upregulation during stress. Expression level of
SbDHN3 was 3.2-folds better under high temperature stress in leaf
(Fig. 7B & Supplementary Table 10). Contrarily, SbDHN1 expression
was 7.2, 3.8, and 3.8-folds higher under cold, high temperature, and
drought stresses respectively in stem tissues. SbDHN2 recorded 160.4-
folds increase in its expression levels under cold followed by drought
(136.4-folds), high temperature (123.6-folds), and salt stresses (50.8-
folds). Thus, upregulation of SbDHN2 appeared high in the stem com-
pared to other DHNs. In contrast, SbDHN3, 5 and 6 did not exhibit
higher levels of expression under stress conditions (Fig. 7C & Supple-
mentary Table 10). In inflorescence, barring SbDHN3, other DHNs were
not much upregulated. Only SbDHN3 recorded 2.6-folds higher ex-
pression under salt stress (Fig. 7D & Supplementary Table 10).

3.10. Protein – protein interaction of SbYnS DHNs

To explore the functions of novel SbYnS sub-group DHNs, protein –
protein interaction network map was constructed (Supplementary
Fig. 8). The map showed interaction among the proteins Hsp 70, FKBP-
type peptidyl-prolyl cis-trans isomerise, tankyrase 2, ser/thr protein
phosphatase 6, ankyrin repeat, SOCS box protein 3 and ankyrin protein
3 that contained tetratricopeptide and ankyrin repeats with YnS type
DHNs. Their functions are retrieved based on protein – protein inter-
action network, and it appeared that they participate in endocytosis,
spliceosome and protein processing in the endoplasmic reticulum.

4. Discussion

4.1. Characterization of DHNs

Comparison between Setaria, Sorghum, and Zea DHNs revealed
variation in the number and patterns of exons and introns. Presence of
more than one intron in all the 3 cereals have been observed with an
exception of SbDHN3 and ZmDHN4 which are devoid of any introns,
similar to their common ancestor, the Oryza (Wang et al., 2007). The
number of exons and introns in a gene revealed the divergent re-
lationship between the gene families as pointed out by Cao (2012).
More number of introns may be causing the delay of transcription by
extending the length of nascent transcript and thus burdening the gene
expression (Jeffares et al., 2008). All the DHNs exhibited distinct dif-
ferences between pI and kinases. The positively charged YnSKn-type
DHNs, with higher pI are bound to the cell membranes during stress,
thereby protect the cells and thus confer stress tolerance (Yang et al.,
2012). The present investigation revealed that YnSKn type DHNs are
phosphorylated by PKCs, while SKn DHNs by CK2s, and both the types
may be promoting the activity of DHNs for conferring tolerance against
stress. DHNs are highly hydrophilic and unstructured, and due to this
nature, they escape from stress and protect other proteins too (Hincha
and Thalhammer, 2012). However, the SbDHN5 has been found as an
ordered protein with higher pI and phosphorylation sites.

The YnSKn DHNs are common in all the three crops (Setaria 4,

Sorghum 3 and Zea 3), and are triggered in response to severe drought,
salt, frost, ABA, methyl jasmonate, salicylic acid, and high temperature
(Close, 1997; Rahman et al., 2010; Halder et al., 2017), compared to
one SKn-type DHN in Setaria, 2 each in Sorghum and Zea. Two KnS-type
chilling stress-responsive DHNs are present in Zea, but absent in Setaria
and Sorghum. Expression of KnS-type DHN was reported in reproductive
tissues in response to chilling stress (Wang et al., 2014). In the present
investigation, a new group, called YnS-type DHNs, endowed with more
number of phosphorylation sites and abiotic stress regulatory cis-acting
elements, 1 each in Setaria and Sorghum, have been identified for the
first time. Kn-type DHNs identified in Arabidopsis have not been ob-
served in all the 3 crops (Close, 1996). It appears that LEA genes are
highly conserved (Liang et al., 2016) among plants though gene losses
or gains were noticed. Two regional duplication events were noticed in
Setaria, while one segmental duplication event in Zea, mays. But, no
duplication event was noticed in Sorghum, indicating less number of
DHNs in S. bicolor compared to Setaria and Zea. Perhaps, it is lost in the
evolution. The distributions of DHNs in monocots are crowded on only
few specific chromosomes, with an exception of Zea, compared to di-
cots.

4.2. Phylogenetic analysis of DHNs

Analysis of phylogenetic tree revealed presence of 4 divergent sub-
groups of DHNs in Setaria, Sorghum, and Zea and on comparison ex-
hibited similarity with Oryza (monocot), but wide variation was noticed
with that of Arabidopsis (dicot), indicating that the DHNs are derived
from their common ancestor Oryza. Expansion of DHN family generally
occurs through tandem and genome duplication events. In Arabidopsis,
3 tandem duplications and 3 whole genome duplication events resulted
into 6 DHNs, thus increasing the original 4 DHNs to a total of 10 DHNs
(Hundertmark and Hincha, 2008). Similarly, 3 tandem duplication
events in Oryza resulted into 3 DHNs and thus enhanced the original 5
DHNs to a total of 8 DHNs (Wang et al., 2007). It appeared that the
whole genome duplication event must have occurred at least once in
poplar, Oryza, and Arabidopsis, while such an event is unlikely in Se-
taria, Sorghum, and Zea (Jaillon et al., 2007), but resulted into a varied
number of DHNs in these crops. The YnSKn DHNs are expressed during
drought and salt stress, while SKn, KnS and Kn mostly during cold stress
though some of them appeared to be associated with desiccation and
salt stresses (Liang et al., 2012; Wang et al., 2014). This indicated that
YnSKn DHNs are relatively associated with desiccation and salt stress,
whereas SKn, KnS, and Kn seemed to be associated with plants like
Triticum and members of Rosaceae family that grow in low tempera-
tures.

4.3. Promoter analysis of DHNs

In the present study, endosperm specific cis-elements SKn-1 were
noticed closer to translation start sites in majority of the DHN promoters
and are upregulated during the late embryogenesis stage (Washida
et al., 1999). Baker et al. (1994) demonstrated that DHN promoters rich
in low temperature-responsive elements confer tolerance against cold,
drought, and ABA-induced stresses. Heat shock elements (HSE) have
been noticed in Setaria and Zea DHNs, but surprisingly not in Sorghum.
The guard cell specific and stomatal conductivity regulating KST1 cis-
elements noticed in DHN promoters may participate in K+ influx and
guard cell movement during stress (Plesch et al., 2001). This study also
revealed the presence of AGAAA-rich POLLEN1LELAT52 cis-elements
inferring the involvement of DHNs in anther and pollen development
(Flicchkin et al., 2004).

4.4. In silico analysis of gene specific molecular markers and miRNAs

S. bicolor is sensitive to cold, drought and salt stresses. Several
molecular markers (simple sequence repeats) have been identified in S.
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bicolor for cold (Burow et al., 2011) and drought (Zhu et al., 2017).
Therefore, the observed gene specific markers in DHNs might aid fur-
ther in the development of drought, salinity, and cold stress tolerant
sorghum cultivars using genotyping and marker-assisted selection ap-
proaches.

Most of the stress-responsive miRNAs target transcription factors.
For example, miR164 targeted the NAC mRNAs in Arabidopsis thaliana
and rice and altered the plant developmental and abiotic stress re-
sponses (Fang et al., 2014). In Arabidopsis, miR156-mediated down-
regulation of SPL enhanced the abiotic stress tolerance, and heat stress
memory (Stief et al., 2014). Since several miRNAs were shown to be
upregulated under multiple abiotic stresses (Sunkar and Zhu, 2004;
Zhou et al., 2010), Our in silico analysis points out that miRNAs target
DHNs and therefore, they may be validated further for understanding
the mechanism of DHN activities and for improving abiotic stress tol-
erance in S. bicolor.

4.5. Network analysis of SbYnS–type DHN

It has been observed that SbYnS DHN contained a Dnaj domain.
DnaJs are co-chaperones which assist Hsp70 and bring about tem-
perature stress tolerance. Work by Mulaudzi-Masuku et al. (2015) de-
monstrated that transfer of plant Hsp70 gene brought about thermal
tolerance in E. coli. The Hsp 70 proteins along with DnaJ prevented
aggregation of proteins, participated in protein translocation and
mediated assembly or dis-assembly of multimeric proteins and targeted
proteosomes for degradation (Hartl, 1996). Tetratrico peptide repeat
(TPR) motifs are protein-protein interaction modules that are asso-
ciated with the regulation of diverse cellular functions. Schapire et al.
(2006) have identified TITAN LIKE protein (TTL1) containing TPR
motifs. Such motifs have been found to be required for abscisic acid
responses and osmotic stress tolerance. Therefore, proteins containing
TPRs have emerged as essential determinants for signal transduction
mediated by stress-related hormone. Association of DHNs with TPR
protein indicates that this interacting partner is helping in signal
transduction during stress. The SbYnS DHN along with other proteins in
the network might maintain the membrane integrity, protect proteins
from denaturation, and scavenge ROS under diverse abiotic stress
conditions.

4.6. Transcript profiling of DHNs in different tissues under abiotic stress

High expression of DHNs was observed at the late embryogenesis
stages compared to vegetative tissues and very limited expression at the
seedling stages in Arabidopsis (Rorat et al., 2004). But upon exposure of
plants to stress, higher amounts of DHN expressions were noticed in the
vegetative tissues (Bray, 1994). Similar to OsDHN3 in rice, SbDHN2 in
Sorghum exhibited the highest expression levels under stress in roots,
stems, leaves, and inflorescences (Verma et al., 2017). Higher expres-
sion levels of SbDHN2, 4, and 6 observed in root, stem, leaf, and in-
florescence indicated that they play an important role during vegetative
as well as reproductive stages by their participation in plant develop-
ment, pollen germination and seed filling; similar to that of higher
expression levels recorded in Arabidopsis LEA gene (At5g27980) (Wang
et al., 2008). SbDHN2 and 4 were highly induced under all abiotic
stresses in roots and stems in comparison with other DHNs. Massarelli
et al. (2006) used a functional screening method based on random
overexpression of a plant cDNA library in E. coli to identify plant genes
related to salt tolerance. They found that DHN2 gene is induced by
NaCl. This suggests that DHN2 protein is associated with salt stress and
is conserved across prokaryotes as well as plants. Expression of three
DHN genes was noticed in sugarcane under heat stress, but the ex-
pression was independent of changes in water relations in leaves
(Wahid and Close, 2007). Similarly, grapevine DHN2 was induced by
both heat and cold stress with different expression profiles (Yang et al.,
2012). Xu et al. (2008) found that expression of brassica BjDHN2 and

BjDHN3 resulted in higher tolerance to Cd2+ and Zn2+ metals by at-
tenuating lipid peroxidation and protecting cellular membranes. Thus,
DHN2 gene stands apart by associating with multiple stresses like salt,
heat, cold and metal unlike that of other DHN genes. Significantly high
expression of SbDHN3 was observed in the inflorescence under salt and
heat stresses, similar to the expression of grapevine DHN1 during late
embryogenesis under drought, cold and heat (Yang et al., 2012). High
activity levels in different tissues under varied abiotic stress conditions
inferred the involvement of DHNs during developmental processes also.

5. Conclusion

In the present study, a novel Y2S subgroup was identified in
Sorghum bicolor. SbDHN2 gene, belonging to Y2S subgroup, upregulated
especially in stems under different abiotic stress conditions indicated its
potential role in stress. DHNs expressed abundantly in roots, leaves, and
stems, particularly SbDHN2, 4, and 6 under cold, high temperature, salt,
and drought stress conditions. The present investigation laid a foun-
dation for further functional validation of DHNs and the development of
cereals for abiotic stress tolerance.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.plgene.2018.01.004.
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Abstract: A genome-wide scanning of Sorghum bicolor resulted in the identification of 25 SbHsf
genes. Phylogenetic analysis shows the ortholog genes that are clustered with only rice, representing a 
common ancestor. Promoter analysis revealed the identification of different cis-acting elements that 
are responsible for abiotic as well as biotic stresses. Hsf domains like DBD, NLS, NES, and AHA 
have been analyzed for their sequence similarity and functional characterization. Tissue specific ex-
pression patterns of Hsfs in different tissues like mature embryo, seedling, root, and panicle were stud-
ied using real-time PCR. While Hsfs4 and 22 are highly expressed in panicle, 4 and 9 are expressed in 
seedlings. Sorghum plants were exposed to different abiotic stress treatments but no expression of any Hsf was observed 
when seedlings were treated with ABA. High level expression of Hsf1 was noticed during high temperature as well as 
cold stresses, 4 and 6 during salt and 5, 6, 10, 13, 19, 23 and 25 during drought stress. This comprehensive analysis of 
SbHsf genes will provide an insight on how these genes are regulated in different tissues and also under different abiotic 
stresses and help to determine the functions of Hsfs during drought and temperature stress tolerance. 

Keywords: Heat shock transcription factors, Phylogenetic analysis, Cis-acting elements, Paralogs, Molecular chaperones, Abi-
otic stress. 

1. INTRODUCTION 

 High temperature and drought have adverse effects on 
water relations, photosynthesis and results in 50% crop re-
duction [1]. In response to heat stress, rapid accumulation of 
small heat shock proteins (Hsps) was observed in all eu-
karyotes and plants. Hsps act as molecular chaperones and 
prevent the aggregation and denaturation of proteins [2]. 
Heat shock transcription factors (Hsfs) transcriptionally 
regulate the Hsp genes. Plant Hsfs play a central role in the 
heat stress response. Tomato HsfA1, A2, and A3 confer heat 
stress tolerance when overexpressed [3-5]. LpHsfA1a and 
AtHsfA2 enhance thermotolerance upon overexpression but 
abolished when knocked-out or interfered [6, 7]. Transcrip-
tion factor A2 has been found as a key regulator in response 
to many environmental stresses [8]. In Arabidopsis, overex-
pression of HsfA4a leads to decreased production of cytoso-
lic H2O2 scavenging ascorbate peroxidase (APX) and it was 
hypothesized that Hsfs may act as H2O2 sensors in the plants 
[9]. HSFA1D, HSFA2, and HSFA3 act as key factors in 
regulating APX2 expression during diverse stress conditions 
[9]. Overexpression of AtHsfA1b-gusA in transgenic tomato 
plants led to the constitutive expression of Hsps, elevated 
levels of APX activity, with enhanced heat and chilling tol-
erance. Hsfs are also induced by other abiotic stresses like 
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salinity, temperature, cold, and metal [10]. Overexpression 
of OsHsfA2e and AtHsfA3 showed tolerance to salt stress 
[11, 12] but HsfA3 conferred enhanced thermotolerance and 
salt hypersensitivity in germination in Arabidopsis [13]. 
While HsfA1b (AtHsfA1b) gene is involved in chilling toler-
ance in tomato [14, 15], OsHsfA4a is involved in cadmium 
tolerance in rice and wheat [16]. Besides imparting abiotic 
stress tolerance, several heat shock factors are also involved 
with disease resistance and developmental activities. HsfB1
and HsfB2b are associated with pathogen resistance in 
Arabidopsis [17]. Further, HsfA9 was reported to be essen-
tial for embryogenesis and seed maturation in sun�ower and 
Arabidopsis [18, 19]. Hsfs bind to the conserved cis-acting 
(5’-nGAAn-3’) heat shock elements (HSE) of the promoters. 
At least 3 HSE are required for better interaction with Hsf. 
Based on homology and conservation of domains, plant Hsfs
are classified into three classes. When compared with fungi 
and animals, plants have many Hsf genes [20, 21]. Genome-
wide screening of many plants resulted in the identification 
of 16 to 35 Hsfs depending on the species [22-24]. 
 The Hsf gene family has not been characterized in Sor-
ghum bicolor. But, functional and evolutionary relationship 
between organisms can be studied only when multiple se-
quences of these families are available for alignment and 
phylogenetic analysis. Therefore, an attempt has been made 
in the present study to identify, classify and to characterize 
Sorghum Hsf genes and predict their evolutionary relation-
ship with Arabidopsis and Oryza. Further, it is also not 
known where and when these Hsf genes are expressed in 
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Sorghum. Therefore, in the present investigation, tissue spe-
cific expression profiles of these Hsfs have been studied by 
carrying out quantitative real-time PCR under different abi-
otic stress treatments (by with-holding water for for 5-days 
for drought, by keeping at 40C for 4 h for cold, by exposing 
to 400C in a growth chamber for 4 h, by saturating potted 
plants with 150 mM NaCl and by collecting the tissue sam-
ples after 4 h treatment and by spraying 100 �M ABA and 
incubating the plants for 4 h for tissue collection). These 
results will be useful not only for studying the structure and 
function of SbHsfs but also for enhancing abiotic stress tol-
erance in this crop plant. 

2. MATERIALS AND METHODS 

2.1. Plant Materials and Stress Treatments 

 Sorghum bicolor variety cultivar Parbhani Moti, an im-
proved desi variety was used for gene expression related 
experiments. Sorghum plants were grown in earthen pots 
containing 4.5 kg of black clay soil (Vertisol) under glass 
house conditions with 28/200C day/night temperatures. 
Plants were maintained up to 28 days under well watered 
conditions and then used for different abiotic stress treat-
ments. Drought stress was imposed by with holding the wa-
ter supply for 5-days followed by leaf sample collection. For 
cold stress (low temperature) treatment, the plants were kept 
at 40C in a refrigerator for 4 h and was used for tissue collec-
tion. For heat stress (high temperature) treatment, plants 
were kept at 400C in a growth chamber and tissues were col-
lected after 4 h of treatment. Salinity stress was induced by 
saturating the potted plants with 150 mM NaCl solution and 
leaf samples were collected after 24 h of treatment. For ABA 
stress, plant leaves were sprayed with 100 �M ABA solution 
and leaf sample was collected after 4 h. Different tissue 
samples like seedlings, leaf, flower, mature embryos, and 
roots were collected from different growth stages of Sor-
ghum plants grown under normal growth conditions. For 
each sample, tissues were collected from three different 
plants grown under the same experimental condition 
(28/200C day/night temperature), to provide biological repli-
cates. Tissues were snap frozen immediately in liquid nitro-
gen and stored at -800C until RNA extraction.  

2.2. Identification and Localization of Hsfs in Sorghum 
Genome 

 Non-redundant nucleotide and amino acid sequences of 
Arabidopsis and rice Hsfs [25] were collected from TIGR 
and NCBI data bases. A total of 47 sequences were collected 
and each Hsf coding sequence (cds) was blasted against Sor-
ghum bicolor genome in Gramene database by default set-
tings. Gene sequences from the genome were retrieved using 
Edit plus (http://www.editplus.com/) and the sequences are 
subjected to Genscan (http://genes.mit.edu/GENSCAN.html) 
for coding sequences (cds) and amino acids. The redundant 
sequences which share the same chromosome location were 
eliminated and the remaining candidate genes were checked 
for Hsf DBD (DNA binding domain) in the Pfam database 
by employing SMART program [26], to identify coiled - coil 
structure and core of HR - A/B region. Sequences without 
the presence of DBD and coiled - coil regions have been 
eliminated. 

2.3. Multiple Sequence Alignment 

 ClustalX2 [27] was used for multiple sequence alignment 
and domain prediction with default parameters. Bioedit 
(http://bioedit.software.informer.com/7.1/) and Genedoc 
(Free Software Foundation Inc.) were used for manually 
editing. For subcellular localization, WoLFPSORT [28], for 
finding out transmembrane helices TMHMM [29] and for 
gene characterization GSDS [30, Gene Structure Display 
Server http://gsds.cbi.pku.edu.cn] were used. NLS and NES 
were predicted with the help of NLStradamus [31], Nucleo 
[32], and Net NES [33]. Conserved motif analysis was car-
ried out using MEME [34]. 

2.4. Promoter Analysis 

 In silico promoter analysis was carried out using 1 kb 
sequence upstream to all the Sorghum Hsfs. Promoter se-
quences were retrieved from the genome using Edit plus. 
PLACE [35] and Plant Care [36] softwares were used to 
identify the cis-acting elements in the promoter sequences. 
The distribution of cis-elements in promoter regions were 
further identified using MEME tool [34]. 

2.5. Phylogenetic Tree 

 Phylogenetic tree was constructed by MEGA 5.1 using 
the N-J method with 1000 boot strap replicates [37] on the 
basis of amino acid sequences of Oryza sativa, Arabidopsis, 
and Sorghum. Gene duplication events were also investi-
gated using phylogenetic tree based on the 70% similarity 
and 80% coverage of aligned sequences [38, 39]. 

2.6. RNA Isolation and qRT-PCR 

 The list of primers used for the qRT-PCR analysis is 
shown in the supplementary (Table 1). Total RNA was ex-
tracted from control and treated tissues using MACHEREY-
NAGEL kit according to the manufacturer’s instructions. A 
total of 2.5 �g RNA was reverse-transcribed into cDNA us-
ing SuperScript III First-Strand Synthesis Kit (Invitrogen) 
for qRT-PCR analysis. The cDNA was diluted into 1:12 with 
nuclease free water as template for qRT-PCR. The Bioline 
Master Mix (2X) was used to detect gene expression profile 
according to the manufacturer's recommendations on the 
RealPlex (Eppendrof). qRT-PCR was carried out in 96-well 
optical PCR plates, and the reaction was performed in a total 
volume of 10 �L containing 0.4 �M of each primer (1.5 �L), 
cDNA (1.0 �L) and Bioline Master Mix (2X) and nuclease 
free water was added upto 2.7 �L. qRT-PCR primers were 
designed using Primer3 software with GC content of 40-
60%, Tm >500C, primer length 20-25 nucleotides, with ex-
pected product size of 90-180 bp (Table 1). The thermal cy-
cles performed were as follows: 950C for 10 min, followed 
by 40 cycles at 950C for 15 s and 620C for 1 min. Amplicon 
dissociation curves were recorded after cycle 40 by heating 
from 58 to 950C with fluorescence measured within 20 min. 
Three technical replicates were used for each gene. Expres-
sion levels of the SbACP2, EIF4A, and S/T-PP genes were 
used as internal controls. The experiments were independ-
ently repeated three times, and the data from these experi-
ments were averaged. Relative gene expression calculations 
were carried using Rest software [40]. 
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Table 1. List of Sorghum Hsf proteins. The identified Hsf proteins are listed according to their chromosome location. Hsf proteins 
are designated according to their locus id, protein sequence (AA) length, annotations, chromosomal locations their mo-
lecular weight (Mw), isoelectric point (pi), protein localization, and introns. 

S. No. Gene Name Locus 
AA

Length 
Annotation 

Chromosome 
Location 

Mw   (Da) pI Localization Intron 

1 SbHsf01 Sb03g06630 467 RHsf 7 1 51515.94 5.48 Cytoplasm 2 

2 SbHsf02 Sb03g12370 371 RHsf 8/Hsf 3 1 42186.32 4.96 Cytoplasm 2 

3 SbHsf03 Sb03g53340 371 RHsf 4 1 40678.33 4.94 Nucleus 1 

4 SbHsf04 Sb03g63750 477 - 1 52598.68 4.92 Nucleus 1 

5 SbHsf05 Sb10g28340 328 RHsf 6 1 37535.13 5.00 Nucleus 1 

6 SbHsf06 Sb3g02990 383 Putative Hsf sp 17 1 43217.74 5.58 Nucleus 2 

7 SbHsf07 Sb3g63350 313 - 1 35158.51 7.23 Nucleus 1 

8 SbHsf08 Sb01g042370 415 RHsf 8/ Hsf 3 1 46456.79 4.91 Nucleus 0 

9 SbHsf09 Sb03g25120 302 RHsf 12 / Hsf 5 2 33727.63 6.78 Nucleus 1 

10 SbHsf10 Sb08g36700 334 - 2 34544.70 9.71 Nucleus 0 

11 SbHsf11 Sb09g28200 482 - 2 51240.71 10.10 Chloroplast 2 

12 SbHsf12 Sb01g35790 561 - 2 59489.99 7.61 Chloroplast 1 

13 SbHsf13 Sb02g004370 372 RHsf 5 2 41766.57 4.70 Nucleus 0 

14 SbHsf14 Sb01g39020 456 Putative Hsf 8 3 49714.46 6.73 Chloroplast 4 

15 SbHsf15 Sb01g53220 421 RHsf 11/Hsf 8 3 46415.83 9.60 Chloroplast 1 

16 SbHsf16 Sb01g54550 434 RHsf 9 3 48351.37 5.13 Nucleus 1 

17 SbHsf17 Sb03g028470 365 RHsf 13/Put. Hsf 1 3 39232.33 6.05 Lysosome 0 

18 SbHsf18 Sb02g13800 347 - 4 37301.03 9.63 Chloroplast 2 

19 SbHsf19 Sb02g29340 143 - 4 15257.53 8.07 Chloroplast 2 

20 SbHsf20 Sb02g32590 176 - 4 19217.10 4.78 Chloroplast 1 

21 SbHsf21 Sb4g13980 404 Putative Hsf sp 17 4 44957.02 5.34 Nucleus 1 

22 SbHsf22 Sb04g48030 439 RHsf 1 6 46314.56 5.52 Chloroplast 1 

23 SbHsf23 Sb09g026440 476 RHsf 10/ Hsf sp 17 9 52621.30 5.05 Nucleus 2 

24 SbHsf24 Sb06g35960 279 - 10 29070.51 6.98 Cytoplasm 1 

25 SbHsf25 Sb06g36930 439 - 10 47365.84 4.85 Cytoplasm 0 

3. RESULTS 

3.1. Identification and Localization of Hsfs

 Screening of Sorghum genome resulted in the identifica-
tion of 25 SbHsfs and are named according to their chromo-
somal locations (Table 1). Hsfs are distributed on chromo-
somes 1, 2, 3, 4, 6, 9, and 10 and the number of Hsfs varied 
from chromosome to chromosome. Eight Hsfs were identi-
fied on chromosome 1, five on chromosome 2, four on 3 and 
4, two on chromosome 10 and one on chromosomes 6 and 9 
(Fig. 1). WoLFPSORT was employed to identify subcellular 
localization of Hsfs and 12 of them are located in nucleus, 4 
in cytoplasm, 8 in chloroplast and 1 in lysosome (Table 1). 
Transmembrane helices were not observed in the Hsfs identi-
fied. 

3.2. Sequence Analysis of SbHsfs

 The length of the Hsf proteins varied from 143 to 561 
amino acids, the molecular weights between 15.25 to 59.48 
KDa and the pI from 4.7 to 10.10. Most of the SbHsf contain 
only 1 intron, 4 introns were noticed in SbHsf14, but no in-
trons in SbHsf8, 10, 13, 17, and 25 (Table 1). The multiple 
sequence alignment shows highly conserved DBD domains 
in Sorghum bicolor Hsfs (Fig. 2). The N terminal DBD of 
Hsfs contains 3� and 4� folds, which is the specific location 
of HSE. The DBD is approximately 100 amino acids in 
length, but SbHsf2, 9 and 18 contain only 30 residues. HR-
A/B domains in Hsfs are characterized by coiled - coil struc-
tures, which is the key feature containing Leu-Zipper protein 
interaction domains (Fig. S1). SMART program was used to
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Fig. (1). Locations and duplications of Sorghum Hsf paralogs are shown on chromosomes 1-10. The scale represents megabases. The chro-
mosome numbers are indicated at the top of each bar.

Fig. (2). Multiple sequence alignment of the DBD of the 25 members of Sorghum Hsf family is shown. The definition of Hsf number corre-
sponds to order of alignment. The results clearly show the highly conserved DBD domains among all Hsf genes. The secondary structure 
elements of DBD (�1-�1-�2-�2-�3-�3-�4) are shown.

predict the DBD characteristic features of HR-A/B regions 
of Hsfs (Table 2). NLS and NES are important for intracellu-
lar distribution of Hsfs between the nucleus and cytoplasm 
and was predicted by using cNLS, NLstradmus, and NET 
NES 1.1 tools. Most of the Hsfs contain two motifs of basic 
amino acids K/R. Previous comparisons from Arabidopsis,
Oryza, and Zea mays show a wide range of NLS monopartite 
and bipartites found near C terminal of HR A/B regions of 
Hsfs. Only SbHsfs 2, 9, and 16 contain bipartite NLS (Table 
2). MEME tool was employed to explore motif distribution 
both in gene and promoter sequences. It supports the phylo-
genetic analysis and helps to determine conserved motifs 
which are species specific, class specific and group specific 
(Fig. 3). The Sorghum Hsfs contain 30 highly conserved mo-

tifs with 5 to 43 residues in length (Fig. S2) and the number 
of motifs vary from 4 to 12. The SbHsf 18, 19, 20, and 24 
contain 4 conserved motifs. Out of these, 2 and 3 are DBD, 
15, 16, and 19 are coiled coil structure, 21, 24, and 25 are 
NLS, 12, 13, and 14 are AHA and 23 is NES motif. MEME 
finds the NLS motifs in SbHsf 11, 12, 17, 18, 22, 23, and 24 
which could not be detected by NLS software. 

3.3. Promoter Analysis 

 Table 3 shows the conserved cis-acting element motifs 
present in promoter regions. Motifs 12, 14, and 16 have 
ABA responsive elements; 16 and 24 have TATA box 2; 16, 
26, and 29 have TATA box 3; 21 has LTRE which are low 
temperature and cold responsive elements, 26 have Myb and
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Table 2. Functional domains and motifs of Sorghum bicolor Hsfs. 

Gene Group DBD NLS NES 

SbHsf01 A2 119-212 327 (ASRKRRRPIG) 384 (LENLALNI) 

SbHsf02 A9 3-43 155 (DGNRKRRFQAL) 94 (LLMQQLLV) 

SbHsf03 A2 55-148 143 (RTIKRRRPPS) 333 (VELLSLGL) 

SbHsf04 A1 1-88 199 (ANKKRRLPKQ) - 

SbHsf05 A2 8-101 207 (ISKKRRRPID) - 

SbHsf06 A2 36-129 232 (ISKKRRRRIV) 165 (LLMTEVVKL) 

SbHsf07 B4 44-137 280 (DGKKRRAQQV) - 

SbHsf08 A9 1-83 252 (DGNRKRRFQAL) 191 (LLMQQLVDL) 

SbHsf09 B4 3-33 280 (GKKKKRAHQD) - 

SbHsf10 B4 87-181 - 313 (LALEGADLSLTV) 

SbHsf11 B4 200-293 - 461 (LALEGADLSLTV) 

SbHsf12 B2 107-232 - 90 (FFLVLLLLL) 

SbHsf13 A2 155-288 246 (ISKKRRRRID) - 

SbHsf14 A10 10-103 227 (KNIKRRRASK) - 

SbHsf15 C 107-200 382 (PAPGKRRRIG) 366 (VVLRAML) 

SbHsf16 A4 23-115 199 (HGKKRRLPIP) 166 (LEDKLIFL) 

SbHsf17 C 63-135 - 11 (LHTELALGLL) 

SbHsf18 C 2-36 - - 

SbHsf19 A4 140-233 - 113 (LVYDALLVL) 

SbHsf20 A3 9-102 - 23 (MLLEPKLEDEDV) 

SbHsf21 A5 88-203 137 (FHKKRRLPG) 97 (VSQIEDLERRV) 

SbHsf22 B3 47-140 - 422 (LDVLTLSV) 

SbHsf23 A4 30-123 - 279 (MELALVSL 

SbHsf24 C 49-142 - 179 (MLAFLLKVV) 

SbHsf25 A10 24-117 307 (AGRKRRLLD 336 (VLAFEELAL) 

Number in brackets indicates the position of the putative localization signal (NLS), nuclear export signal (NES) and DNA Binding Domains (DBD).

28 have Myc waterstress responsive elements (Fig. 4 and 
Fig. S3). The promoter elements like ABRE, ANAERO, 
ARF, DPBF, DRE, LTRE, MYB, and MYC responsive to 
ABA, drought, low temperature, and cold are commonly 
present in all the 25 Hsfs along with high temperature re-
sponsive elements. The Hsfs also contained pathogenesis and 
salt stress responsive cis-elements GT1GMSCAM4 and 
WBOXNTERF3 for wound response and WBOXANTNPR1 
for salicylic acid signal response. The CGCGBOX cis-
elements present in Hsfs are involved in multiple signal 
transduction and KST1 is involved in guard cell-specific 
gene expression and pollen specific elements associated with 
pollen and anther development in different stress conditions. 
SbHsfs 9 and 13 contain a maximum of 15 ABRE cis-
elements and SbHsfs2, 4, and 21 contain a minimum of one 
ABRE cis-elements (Table 4). 

3.4. Phylogenetic Analysis 

 Phylogenetic tree was constructed by using MEGA 5.1, 
and neighbour joining method was employed for multiple 
sequence alignment of 22 Arabidopsis, 25 rice, and 25 Sor-
ghum Hsfs. Based on the bootstrap values and phylogenetic 
relationship, they were classified into 3 major Hsf classes A, 
B, and C. Phylogenetic analysis of rice, Arabidopsis, and 
Sorghum depicts a close relationship of rice and Sorghum,
both being members of poaceae. While 10 subgroups are 
present in class A, 4 are seen in B and the least in C. The 
contrasting feature of the phylogenetic analysis is in the 
number of Hsfs that varied among the subclass A in rice, 
Sorghum and Arabidopsis. For example A2 (five) subgroup 
is present in the species rice and Sorghum, it is absent in 
Arabidopsis. While A6, A7, and A8 subgroups could not be 
found in monocot species like rice and Sorghum, 2, 2, 3 
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Fig. (3). Distribution of conserved motifs in the Hsf family members is shown. All motifs were identified by MEME using the 25 complete 
amino acid sequences of Sorghum Hsf genes. Names of all the members among the defined gene clusters and combined p values are shown 
on the left side of the figure, motif sizes are indicated at the bottom. Different motifs represented by different colours are numbered 1-30.

Table 3. Conserved cis-acting elements of Sorghum bicolor Hsfs. MEME motifs, cis elements, signal sequence and their functional 
roles. 

S. No. Motif Cis Elements Seq (signal) Functions 

1 12, 14, 16 ABA ACGTG Etiolation-induced expression (erd1) 

2 17 Anaero 2 AGCAGC Fermentative pathway 

3 2,3,23, 24 ARR NGATT Response regulator 

4 3, 25 CAAT CAAT Promoter of legumin gene 

5 27,29,30 CACTT CACT Promote phosphoenolpyruvate carboxylase 

6 6,17 CGC Box VCGCGB Ca++/calmodulin binding 

7 1,3,21,24,25,26,27,28,29,30 DOF AAAG DNA binding proteins and carbon metabolism 

8 2,12,28 DPBF ACACNNG ABA and embryo-specification 

9 2,26,29 GATA GATA Chlorophyll a/b binding 

10 6,13 GCC CORE GCCGCC G box high level constitution expression 

11 9,25,27 GT1 GRWAAW SA inducible 

12 20,23,24,26 GTGA GTGA Late pollen gene g10, pectate lyase 

13 5 HEXA CCGTCG Histone H4 

14 3 I BOX CORE GATAAG Light regulated 

15 21 LTRE CCGACA Low temperature and Cold 

16 26 MYB CNGTTR Water stress 

17 28 MYCONSES CANNTG erd1 (etiolation responsive to dehydration) 

18 5,6 PAL BOX CCGTCC Phenylalanine ammonia-lyase 

19 8,16,23 POLASI GI AATAAA Poly adenylation 



Heat Shock Factors in Sorghum Current Genomics, 2015, Vol. 16, No. 4    285

(Table 3) contd…. 

S. No. Motif Cis Elements Seq (signal) Functions 

20 4,20 POLASI G2 AATTAAA Poly adenylation rice amylase 

21 16,23,29 POLASI G3 AATAAT Poly adenylation 

22 25,27,28,29 POLLEN AGAAA Endo beta mannose, anther and pollen Development 

23 21 PRE CONSES SCGAYNRNN Plastid responsive and light 

24 3,16,29 ROOT MOTIF ATATT Promotes rol D 

25 2 RYREPEATLE CATGCAT GLYCININE, ABA res., embryogenesis 

26 11,13,14 SORLIP1 GCCAC Phytochrome A, root development 

27 5,12,24 SORLIP2AT GGGCC Light inducible 

28 15 SORLREPSAT TGTATATAT Phytochrome A 

29 2 SPH CORE TCCATGCAT Viviporous 1, seed specific development 

30 1,12,14,20,23 SURE GAGAC Sulfur transporter 

31 27 TAAAGSTKSTK1 TAAAG Controlling guard cells and K+ influx 

32 16,29 TATA2 TATAAAT Accurate initiation for phaseolin 

33 16,26,29 TATA 3 TATTAAT Accurate initiation 

34 8,16 TATA 4 TATATAA Accurate inhibition G 

35 8,16,23,26,29 TATA 5 TTATTT lutamine synthase (non photo syn) ? 

36 30 WBOXATNPR1 TTGAC Response to SA signal 

37 2, 11, 30 WBOXNTERF3 TGACY Response to wound signal 

38 2, 12, 30 WRKY TGAC Repressor for gibberellin signaling 

Fig. (4). Distribution of conserved motifs in promoter regions of Hsf family is shown. All motifs were identified by MEME using the pro-
moter sequences of Sorghum Hsf family analyzed by PLACE and PlantCARE software. Different motifs are indicated by different colours 
and numbered 1-30, which represent the conserved cis-acting elements. For details of motifs refer to table 3.
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Table 4. Conserved cis-acting elements present in promoter of Sorghum Hsfs. 

Gene Cis Acting Elements 

ABRE
CTAL 
(MAC
GYGB) 

AN-
AERO 
(AAAC
AAA) 

ARF 
(TGTCTC)

CGCGBOX
AT 

(VCGCGB)

CURE 
(GTAC) 

DPBF 
(ACAC
NNG) 

DRE 
(RCCG

AC) 

GT1GM 
SCAM4 

(GAAAAA)

LTRE 
(CCGAAA)

MYB 
(WAACCA/
YAACKG/
CNGTTR)

MYC 
(CATG
TG/CA
NNTG) 

POL-
LEN1LE 
LAT52 

(AGAAA) 

TAAAGS
TKST1 

(TAAAG) 

WBOXN-
T ERF3 

(TGACY) 

WBOX-
AT NPR1 
(TTGAC) 

SbHsf01 5 1 2 6 10 8 1 4 2 15 38 9 3 7 6 

SbHsf02 1 2 1 0 8 0 0 0 2 16 8 4 3 5 3 

SbHsf03 3 0 0 2 6 1 1 1 2 4 4 2 0 0 0 

SbHsf04 1 2 1 10 20 6 4 3 4 23 24 8 7 8 3 

SbHsf05 8 0 3 4 16 5 3 3 4 27 40 6 3 7 6 

SbHsf06 9 9 0 26 10 4 2 4 7 30 38 9 10 5 4 

SbHsf07 4 5 1 0 22 3 1 4 0 18 22 4 7 13 6 

SbHsf08 4 7 0 6 6 3 2 3 5 16 24 4 5 3 6 

SbHsf09 15 2 0 24 6 7 5 4 7 18 16 9 3 4 3 

SbHsf10 3 3 2 0 12 4 0 1 0 7 14 7 6 3 0 

SbHsf11 9 2 0 0 8 2 1 3 0 9 18 11 3 3 2 

SbHsf12 7 4 2 4 14 1 0 5 0 23 10 5 1 3 2 

SbHsf13 15 6 0 24 6 5 4 5 7 21 18 10 6 7 2 

SbHsf14 3 3 2 4 12 3 0 0 1 29 22 11 4 7 1 

SbHsf15 9 2 1 12 4 2 0 3 0 12 8 3 5 2 1 

SbHsf16 2 1 0 10 0 0 0 0 0 10 0 2 0 2 2 

SbHsf17 6 3 0 12 0 4 0 1 1 3 12 1 1 2 1 

SbHsf18 12 3 0 14 4 1 3 1 3 10 4 0 0 3 1 

SbHsf19 6 0 0 0 14 2 2 7 3 30 8 5 5 12 16 

SbHsf20 2 6 1 10 8 4 4 10 6 25 36 16 6 9 7 

SbHsf21 1 2 0 0 4 3 2 7 2 22 12 12 2 4 8 

SbHsf22 4 0 0 4 8 3 0 5 4 14 10 12 2 6 2 

SbHsf23 9 6 1 44 6 4 12 6 12 23 16 7 1 8 3 

SbHsf24 8 4 3 42 12 4 3 5 7 35 30 13 3 9 6 

SbHsf25 6 6 1 8 6 2 1 1 2 15 14 7 5 2 2 

ABRECTAL: Response to ABA, ANAERO: Anaerobic conditions, ARF: ABA and auxin responsive, CGCGBOX: Multiple signal transduction, CURE: Cu and oxygen responsive, , 
DPBF: ABA,  DRE: Dehydration responsive elements, GT1GMSAM4: Salt and pathogenesis related, LTRE: Low temperature and cold responsive, MYB: responsive to drought and 
ABA, MYC: Response to drought, cold and ABA, POLLEN: pollen and anther development, TKST1: Guard cell-specific gene expression, WBOXNTERF3: Wound signal and 
WBOXATNPR1: Salicylic acid responsive.

have been detected respectively in Arabidopsis (Figs. 5 and
6). Among the four subclasses of B, B1 are absent in Sor-
ghum, but one is detected in rice. Further, in class C, the 
genome of Arabidosis revealed only one Hsf, but four each 
could be identified in rice and Sorghum.

3.5. Gene Duplication Events 

 Two paralogs participated out of 25 Sorghum Hsfs in 
regional duplications within the chromosomes. These 
paralogs evolved from their common ancestral genes through 
gene duplication events. While no segmental duplication 
events were observed in Sorghum 8 and 7 were recorded in 
maize and rice respectively out of nine paralogs. Maize and 
rice Hsf family is expanding with large number of segmental 
duplications (Fig. 5). 

3.6. Transcript Profiling of SbHsfs in Different Tissues 

SbHsf genes displayed differential expression in different 
tissues (Fig. 7a). Out of four major tissues (mature embryo, 
seedling, root, and panicle), panicle showed higher levels of 
Hsf abundance than the mature embryos. No Hsfs were up- 
or down-regulated in the case of mature embryos (Fig. 7a). 

While in seedling Hsfs4, 9 are highly expressed, 13 and 22 
are moderately expressed. In the case of roots, only 4 and 13 
are well expressed. Moderate expression levels were also 
recorded in Hsfs5, 6, 21, 23, and 25 in roots. On the other-
hand, Hsfs4 and 22 are highly expressed, Hsf1, 3, 5, 9, 10, 
13, 16, 19, 23, and 25 recorded moderate transcript levels in 
panicle tissues (Fig. 7a). 

3.7. Abiotic Stress Induced Expression of Hsfs

 All Hsfs displayed a differential expression in response to 
various abiotic stresses (Fig. 7b). Among the five treatments 
(ABA, cold, heat, salt, and drought), drought stress induced 
higher transcript abundance than the other treatments. ABA, 
did not enhance the levels of Hsfs except in Hsf23, where 
only minor increase was noticed. Expression was signifi-
cantly upregulated in HSf1, 15, 19, and 25 under cold stress 
(Fig. 7b). Moderate levels of expression was observed in 
Hsfs 2, 3, 4, 5, 6, 8, 10, 13, 16, 21, 23, and 24. During heat 
stress, Hsf1 was highly expressed, and moderate expression 
were displayed in Hsfs 6, 9, 13, 21 etc. During salt stress, 
Hsfs4, 6, 13, 16, 21, and 23 were up-regulated. In contrast, 
many Hsfs like 1, 5, 6, 10, 13, 18, 22, 23, and 25 were 
upregulated during drought stress (Fig. 7b). 



Class A Hsf 
 

 
 

Class B Hsf 
Class C  Hsf 
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Fig. (5). The Hsf phylogenetic tree is constructed using neighbour joining method. The phylogenetic tree constructed with MEGA 5.1, has 
been generated on the basis of amino acid sequences of Oryza sativa, Arabidopsis thaliana and Sorghum bicolor. The Hsf proteins are classi-
fied into 3 major groups A, B and C, in which group A is subdivided into 10 groups, A1 to A10, and B is subdivided into 4 groups, B1 to B4.
The abbreviations: Os = Oryza sativa, At = Arabidopsis thaliana, Sb = Sorghum bicolor.

Fig. (6). The number of SbHsf subgroups in three classes are shown.

4. DISCUSSION 

4.1. Sequence Analysis 

 Hsfs have been identified in several plants [21-24, 41-43] 
but not in S. bicolor which is often exposed to salt, drought, 
and temperature stresses. Genetic variability for drought tol-
erance exists in Sorghum [44] but the effects of high tem-
perature and water stresses on reproductive biology and 
seed-set needs further investigations and identification of 
candidate genes for breeding programs aimed at crop im-
provement. While eight Hsfs are distributed on chromosome 
1, no Hsfs could be detected on 5, 7 and 8. In the case of 

Arabidopsis, maize and rice, Hsfs are spread all over the
chromosomes but chromosomes 11 and 12 lack them [47,
25]. Like rice and maize, S. bicolor has also the same num-
ber of Hsfs, which reflects that Hsfs are conserved during the
process of evolution [47, 25]. The theoretical pI of Hsfs
range between 4.7 to 10.10, which indicates that they contain
both acidic and basic proteins. Hsfs 2, 9 and 18 contain 30
residue-length DBD, which may occur due to deletions in
DBD regions of � and 4 �-helices and due to genetic diver-
sity in SbHsfs. Class A requires AHA motifs for their func-
tioning, but SbHsf14 and 20 lack such motifs. SbHsfs18 and
24 belong to class C but do not contain AHA motifs. They

 O. sativa 
A. thaliana 
S. bicolor 
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may bind to other classes of A and C Hsf types and form 
hetero oligomers and start their function [25]. In silico sur-
vey of the putative cis-elements of the Sorghum Hsfs showed 
the presence of HSE, ABA responsive elements, ARR, An-
aero, CACTT, low temperature responsive elements (LTRE), 
pollen specific cis-regulatory (AGAAA) and desiccation 
responsive elements. This indicates that Hsfs are not only 
expressed during high temperature but also during other en-
vironmental stresses. The presence of HSE cis-elements in 
the promoter regions is correlated with the expression of Hsf
genes under high temperature stress in Arabidopsis, rice, 
maize, and wheat [47-50]. Bate and Twell [51] observed that 
transcriptional activation of late pollen gene (lat52) is con-
trolled by a pollen-specific cis-regulatory elements AGAAA 
and TCCACCATA to attain high gene expression levels as-
sociated with pollen maturation. Promoter analysis of the 
endo-�-mannanase gene demonstrated pollen-specific cis-
acting elements POLLEN1LELAT52 (AGAAA) which are 
associated with anther and pollen development [52]. In the 
present study also, such AGAAA elements were detected in 
the promoter regions of Hsfs indicating that these Hsfs may 
be involved in anther and pollen development in Sorghum.
Promoter analysis of the KST1 gene, (an inward rectifying 
potassium channel) revealed a sequence motif TAAAG and 
the involvement of these elements suggests a role for Dof 
transcription factors in guard cell-specific gene expression 
and stomatal conductivity [53]. Such TAAAG elements have 
been observed in our promoter analysis, raising scope for 
speculation of Hsf promoters in K+ influx and guard cell 

movement. Hsfs are not only expressed during abiotic stress, 
but also biotic stress since their promoter regions contain 
potential cis-elements such as WBOXNTERF3 and 
WBOXATNPR1 which are responsive to biotic stresses like 
wound, pathogen, and salicylic acid [54, 55]. While ERF3
gene is activated by wounding in tobacco [55], the disease 
resistance regulatory protein NPR1 has been found to be 
required to activate AtWRKY18 [56]. Detecting ABA and 
salicylic acid response elements in the promoter regions of 
Hsfs provide valuable clues on the underlying regulatory 
mechanisms of Hsfs that may further lead to development of 
plants with biotic and abiotic resistance.  

4.2. Phylogenetic Analysis 

 The phylogenetic tree revealed that proportion of the 
three Hsf classes differed considerably among the three spe-
cies. While class A contained the large number of Hsfs, class 
B accounted for small number, and class C the minimum. 
Hsfs with three distinct classes A, B, and C appeared to be 
more in number in majority of angiosperms except in Medi-
cago truncatula (class C absent), when compared to lower 
plants that contain classes like A and B as in the case of 
Picea abies, Selaginella moellendorffii, Physcomitrella pat-
ens, Chlorella sp. NC64 etc. [21]. Differences in different 
subgroups of A4, A9, B1 and B2 were observed between rice 
and a relatively temperature and drought tolerant S. bicolor,
which is a C4 plant. Subgroup B1 is absent in Sorghum while 
it is present in rice. Perhaps these differences in different 

Fig. (7). (a). Relative expression of SbHsfs at the transcript level is shown in different tissues. Relative expression of SbHsf transcripts are 
shown during different abiotic stress conditions in comparison to its control as revealed by quantitative RT-PCR analysis. Values represent 
the expression values obtained after normalizing against control value. All samples were analyzed in triplicates, in three independent experi-
ments. Names on the horizontal axis indicate the identified SbHsfs, and the vertical axis represents the various tissues, i.e., mature embryos, 
panicle, seedlings and root. Each color represents the relative expression levels. (b). Relative quantification of SbHsfs under diverse abiotic 
stress treatments is shown. Relative expression of SbHsf transcripts is shown during different abiotic stress conditions in comparison to its 
control as revealed by quantitative RT-PCR analysis. Values represent the expression values obtained after normalizing against control value. 
All samples were analyzed in triplicates, in three independent experiments. Names on the horizontal axis indicate the identified SbHsfs, and 
the vertical axis represent various treatments such as ABA, cold, heat, salt and drought. Each color represents the relative expression levels.

 (a)  (b) 
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subclasses of A and B play critical roles during various types 
of abiotic stresses and developmental activities in these two 
contrasting plants. However, such an assumption needs to be 
validated experimentally. In plants, gene duplication events 
play an important role in evolution [57]. In polyploidization, 
gene duplicates accumulate [58] and these processes involve 
several transcription factors [59]. Recently, Song et al. [24] 
observed duplication events in the expansion of Hsf genes in 
Chinese cabbage. These observations clearly indicate that 
Hsf transcription factor family contributed to polyploidy [24, 
59]. In the present study, segmental gene duplication events 
could not be observed in Sorghum unlike that of maize and 
rice [47, 25]. 

4.3. Transcript Analysis in Different Tissues and During 
Different Abiotic Stress Conditions 

 The expression patterns of different Hsf genes may differ 
depending on the plant species [21]. Yamaguchi-Shinozaki 
and Shinozaki [60] have shown that transcription factors 
interact with each other. It appears that each of the Hsf genes 
respond differentially to different abiotic stresses and devel-
opmental stages. Several transcriptome studies show that Hsf
transcription plays significant roles in response to abiotic 
stress [23, 24, 48]. This type of unique expression patterns of 
Hsf transcripts were observed in response to both abiotic 
stresses and developmental stages also [9, 21, 43]. The var-
ied patterns of Hsf expressions in different tissues may relate 
to the differences in cis-acting elements present in different 
promoter sequences. In the present study, Hsfs that are ex-
pressed during one type of abiotic stress, did not up-regulate 
when exposed to the other type of stresses, the exception 
being Hsf1 for cold and drought, and Hsf6 for salt and 
drought. Cross-talk exists between abiotic stress signal and 
plant growth and the expression of different transcription 
factor gene families [24, 41, 45, 60] indicating that these 
Hsfs play critical roles in maintaining drought and tempera-
ture stress tolerance and also play a vital role during devel-
opment [21, 41, 46]. 
 Six out of 21 Hsfs in Arabidopsis and 8 and 9 out of 25 in 
Oryza and Sorghum were induced by heat stress respectively 
[61, 62]. In many plants, intron-mediated enhancement 
(IME) of gene expression was noticed as in the case of Alco-
hol dehydrogenase 1, and Bronze 1 as reported by Callis et
al. [63], Shrunken 1 in maize [64] and Phosphoribosylan-
thranilate transferase 1 in Arabidopsis [65]. Introns in-
creased the transcription initiation and mRNA levels in these 
cases [66]. While in rice, intron mediated enhanced gene 
expression was observed, in Sorghum, exceptions were no-
ticed in SbHsf08, 10, 13 and 25. These Hsfs in S. bicolor
showed elevated expression levels without any intron. In-
triguingly, SbHsf14 contains 4 introns but displayed lower 
expressions during stress. This infers that IME gene expres-
sion may vary depending upon the Hsf present in a specific 
species. OsHsfA2d, which is duplicated with OsHsfA2c, has 
two introns in place of one in the original gene A2c and 
OsHsfB2b/OsHsfB2c. This OsHsfB2b/OsHsfB2c has 2 in-
trons and exhibited more expression during heat stress and 
considerably higher expression in almost all the other abiotic 
stresses and during seed development [62]. In S. bicolor,
regional duplicated gene pair SbHsf02/SbHsf08 has no in-
trons instead of 2 in the original gene SbHsf02, Hsf08 ex-

pressed abundantly in all the tissues and during all stress 
treatments. On the other hand, SbHsf10/SbHsf11 has 2 in-
trons, but not expressed during all stresses.  

 Class A HSFs have been characterized in more detail 
than class B and C HSFs in plants. In Arabidopsis, expres-
sion of HsfA2 was high among the class A HSFs under high 
temperature and light stresses [8]. In rice, the expression of 
all OsHsfA2 genes increased by heat stress except for A2b,
which is actually a duplicated gene with A2e [62]. In Sor-
ghum, 5 members of HsfA2 genes have been noticed in con-
trast to 6 in rice, and are also highly induced during drought, 
salt, heat, and cold stresses. HsfB1 is absent in Sorghum and 
Oryza but present in Arabidopsis. Though HsfB1 is heat in-
ducible, its overexpression did not lead to thermotolerance in 
Arabidopsis [14, 61]. On the other hand, in tomato, HsfB1 is 
a transcription co-activator functioning along with HsfA1
and hypothesized as a heat shock induced factor essential for 
maintenance and restoration of house keeping gene transcrip-
tion during stress [67]. OsHsfB2a, B2b and B2c were in-
duced by heat stress but expressed in developing seeds. In 
Sorghum, Hsf B2 was not induced under any stress but ob-
served in panicles. Double knock-out mutants for AtHsfB1
and B2 displayed normal fertility and thermotolerance as 
compared with single knock-out mutants in Arabidopsis
[17]. In S. bicolor, B3 was highly expressed in panicle and 
early seedling stage during droght but not in rice. On the 
other hand, B4 and class C Hsfs are moderately induced un-
der all stress conditions. Thus, several differences exist 
among different classes of Hsfs between water loving rice 
and relatively drought tolerant S. bicolor.

 In conclusion, 25 SbHsfs genes were identified in the 
genome of S. bicolor. Such a systematic analysis of Hsfs
help us in finding out the functions of Hsf signaling path-
ways associated with different abiotic stress conditions and 
also growth and development. The diverse expression pat-
terns suggest that these genes may perform different physio-
logical functions depending on the type of tissue and its 
needs. Some SbHsfs were constitutively expressed, while 
others exhibited a distinct expression pattern in different 
tissues and under diverse abiotic stress treatments, implying 
that SbHsfs genes have functional diversity. This study pro-
vides the first step towards the future studies of Hsf protein 
functions and enhancing drought or thermotolerance stress 
and also the association of SbHsf genes under diverse envi-
ronmental conditions. 
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