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Abstract

Drought is one of the most important abiotic steesthat adversely affect plant growth and yield
potential. However, some drought resistant rhizespltompetent bacteria are known to improve
plant health and promote growth during abiotic sses. Present study showed the role of
Pseudomonas putida MTCC5279 (RA) in ameliorating drought stress on BG-362 (desi) and

cv. BG-1003 kabuli) chickpea cultivars under in vitro and greenhocseditions. Polyethylene
glycol-induced drought stress severely affected seed gatimin in both cultivars which was
considerably improved on R#oculation. Drought stress significantly affecteakrious growth
parameters, water status, membrane integrity, ode@ccumulation, ROS scavenging ability
and stressesponsive gene expressions, which were positivelgiulated upon application of RA
in both chickpea cultivars. Quantitative réiahe (QRT)}PCR analysis showed differential
expression of genes involved in transcription atton OREB1A and NAC1), stress response
(LEA and DHN), ROS scavengingCAT, APX, GST), ethylene biosynthesisACO and ACS),
salicylic acid PR1) and jasmonateMYC2) signalling in both chickpea cultivars exposed to
drought stress and recovery in the presence omabs# RA. The observations imply that RA
confers drought tolerance in chickpea by alteriagous physical, physiological and biochemical
parameters, as well as by modulating differenti@ression of at least 11 stragsponsive genes.
To the best of our knowledge, this is the firstampon detailed analysis of plant growth
promotion and stress alleviation in one monthddsl andkabuli chickpea subjected to drought
stress for 0, 1, 3 and 7 days and recovery in teggmce of a PGPR.

Key words. Amelioration, Germination, Osmolytes, PGPR, Rhitwsp, Rhizobacteria
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Abbreviations

ACO
ACS
APX
CFU
DHN
DREB1A
GST
LEA
MYC2
NAC1
PGPR
PR1
ROS
TBA
TCA

l-aminocyclopropand-carboxylate oxidase
laminocyclopropané-carboxylate synthase
Ascorbate peroxidase

Colony forming unit

Dehydrin

Dehydration responsive element binding 1A
Glutathione $ransferase

Late embryogenesis abundant
Myelocytomatosis 2

NAM, ATAF and CUC 1

Plant growth promoting rhizobacteria
Pathogenesis related protein 1

Reactive oxygen species
2-thiobarbituric acid
Tri-chloro acetic acid
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1. Introduction

Chickpea Cicer arietinum L.) is the second most important food legume cattd by resource
deprived farmers dwelling in arid and seanid regions across the globe, and is also coresidar
suitable source of dietary protein for human corstion owing to its excellent amino acid
composition (Thudi et al. 2014). It is cultivated an area of 13.54 million ha worldwide with a
total production of 13.1 million tonnes and a praity of 0.97 tonnes/ha (FAOSTAT 2013).
India ranks first among chickpea producing coustndgth a total production of 8.83 million
tonnes from an area of 9.6 million ha (FAOSTAT 201Bhe domesticated chickpea has been
broadly grouped into two distinct types namely, noéperma or smaleededdesi’ with brown-
colored seed coat, and macrosperma or {aegeledKabuli’ with beigecolored seed coat (Thudi
et al. 2014). Despite its economic importance, lgtea production has not witnessed any increase
in yield or area under cultivation in past few ddEs owing to various biotic and abiotic
constraints that challenges its production and yebdty (Thudi et al. 2014). Drought is one of
the most important abiotic stresses adversely tfigachickpea production leading to -80%
decline in its yield potential regardless of thetfenat it usually grows in relatively dry and less
irrigated lands and some of its cultivars also adegll to waterdeficit conditions (Ahmad et al.
2005).

Drought stress response is a complex trait affebyedeveral factors including environment,
genotype, developmental stage, and severity andtidor of stress (Lata et al. 2015). The
morphophysiological and biochemical traits relatied drought stress include leaf wilting,
reduction in leaf area and chlorophyll contenttrelongation, decline in RWC, and generation of
reactive oxygen species (ROS) (Lata et al. 2010SRnpairs the normal functions of cells and
cause oxidative damage by reacting with proteiipggd and deoxyribonucleic acid. Membrane
components of plants are also damaged due to gemech ROS when exposed to drought stress
(Lata et al. 2011). Apart from various physiologiaad cellular changes, several genes and gene
products also get affected by drought stress amstrgptional, postranscriptional and
translational levels (Lata et al. 2015). Taken thgeall these factors contribute towards impaired
growth and development ultimately leading to yikdds in crop plants. Therefore it is important
to develop superior varieties or resort to alterntgchnologies for sustainable agricultural
production. In the recent years there has beennen® accumulation of genetic and genomic
information in chickpea due to genome sequencingoptiidesi andkabuli types (Jain et al. 2013;
Varshney et al. 2013). This has encouraged sewwgsdnomists and researchers to utilize
genomics assisted breeding and transgenic apptoaaheviate the effects of abiotic stresses

particularly drought in chickpea (Thudi et al. 2D1Kowever improvements regarding drought
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stress tolerance remain largely elusive, as itgeantitative trait and drought stress response and
adaptation is a part of the multigenic responsetesl under watedeficit conditions (Nautiyal

et al. 2013). Further since plant breeding and ee@&gineering is a labour intensive and time
consuming process, there is a need to develop retvegegies or techniques that would be helpful
for sustained chickpea production and productivdnpe such alternate technology is the use of
plant growth promoting rhizobacteria (PGPR) foradilci stress amelioration which also holds
quite significance nowadays in the context of clagglimate and excessive fertilizer use in
agricultural soils (Nautiyal et al. 2013).

Numerous Gram positive and negative PGPR are kriownlonize plant rhizosphere and bestow
favourable effects through several direct and gatirmechanisms such as biofilm formation;
chemotaxis; siderophore, exopolysaccharide andlendoetic acid (IAA) production; and- 1
aminocyclopropané-carboxylate (ACC) deaminase activity (Srivastavale2012; Nautiyal et
al. 2013). Recently there have been several stwdese PGPR are also reported as potential
elicitors for abiotic stress tolerance includingught and salinity (Yang et al. 2009; Nautiyal et
al. 2013). However the molecular basis of plB@PR interaction in rhizosphere is yet not fully
understood as it is not a case of characterisenégo-gene” interaction (Nautiyal et al. 2013).
Pseudomonas sp. is one of the largest groups of PGPR whichraliyuoccur in agricultural soils
and known to possess several phytobeneficial t{&8tastava et al. 2012). Rseudomonas
putida strain MTCC5279 (RA) has been isolated from theedesegions of Rajasthan and its
physiological characterization for various planbwth promotional attributes and abiotic stress
tolerance such as IAA production, phosphate sagatibn and growth at different concentrations
of polyethylene glycol (PEG-6000) and salt (Na@igss were carried out in an earlier study from
our laboratory (Srivastava et al. 2012). The ACGndmase activity of this strain was also
determined in a separate experiment in our laba(aett shown). Considering its excellent
phytobeneficial and abiotic stress tolerance priggrit has been proposed as a very good PGPR
for agricultural crops. Therefore, the aim of thhegent study was to investigate the effect of RA
inoculation on various morphophysiological and biemical parameters as well as on expression
profiles of a few stress responsive genes in twkplea types, des’ and ‘kabuli’ during
different durations of drought stress and subsei@envery conditions.

2. Materialsand Methods

2.1 Germination assay

This study was conducted in a growth chamber ofDhasion of PlantMicrobe Interactions,
CSIR-National Botanical Research Institute (CNIBRI), Lucknow, India. The experiment was

laid out in a completely randomized block desigthvihree replications and with ten seeds per
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replication (n=30). Two distinct types of chickpeamely, cv. BG362 (desi) and cv. BG1003
(kabuli) were used for this study to see the effects ofiRulation on germination under PEG
induced osmotic stress. The PBG00 solutions were prepared according to weightdyme at
two different concentrations viz. 15% and 30%. Seggrminated in MilliQ water were
considered as control. Chickpea seeds were findaci sterilized with 1% NaOCI| for 5 min
followed by several washings with sterile MilliQ tea and soaked overnight. Ten seeds each of
both chickpea types were then placed on WhatmaniNidter paper in 90 mm Petri dishes and
kept in growth chamber at 25+2°C and 70% relatwmidity. The same three experimental sets
of control, 15% and 30% PEG were used for-Réculated chickpea seeds. For ¥ culation,
seeds were bacterized for 6 h in RA suspension’(€EEUmL?) grown in Nutrient broth (NB)
medium at 28°C with shaking at 250 rpm. The datgeymination percentage were recorded after
3 days of treatment. Seeds were considered germdimatly when radical measured at least 5 mm.
2.2 Green house experiment, inoculation and drought stress

The green house experiment was conducted at-GiBIRI, Lucknow, India (11° 24" N/79 °© 044"
E) during OctobefFebruary 2014€015 with temperature oscillating between 2&+Pday) and
20+2C (night) under natural sunlight. The experimenswasigned with two parameters desi

and kabuli chickpea types namely, control and fWwculated plants exposed to different
durations of drought stress viz. 0, 1, 3, and 7sdayd recovery. The surface sterilized -non
bacterized and bacterized seeds of cv.-I®2 and cv. B&003 were germinated, sown in
separate 9" pots filled with 5 kg autoclaved NBRidgn soil maintaining three replicates of each
treatment with six plants in each pot. After oneelvef germination, RAnoculated seedlings
were again supplemented with 1% bacterial susper(sib0 CFUmL?). Noninoculated control
plants received the same amount of growth mediutimowt bacteria. Plants were walhtered till

one month, and then were subjected to droughtssbrgsvithholding water for aforementioned
stress durations. Plants were then rewatered ttay8 for recovery. Stressed and control tissues
(leaves and roots) were harvested at the same tomavoid any diurnal variation. All
morphophysiological data including root length, fuemof lateral roots, number of nodules, shoot
length, number of nodes, fresh and dry weight; laiodhemical analyses were recorded on each
day of harvesting. Leaf samples for gRCR analyses were harvested, snap frozen in liquid
nitrogen and stored a80°C until further use. All experimental data areams of at least three
independent biological replicates and ~100 mg é#samples were collected for each experiment.
2.3 Relative water content

The RWC was determined in control as well as stéeésaf samples of both chickpea cultivars as

described elsewhere (Lata et al. 2011). The uppsrfudly expanded fresh leaf samples from
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plants were taken to immediately record fresh wigfgkV). Then the leaves were soaked in 30 ml
MilliQ water for 4 h at room temperature after whitrgid weight (TW) was measured. Finally
dry weight (DW) was recorded after drying the lsamples at 6Q in a hot air oven for 48 h.
RWC was calculated according to the formula : RWE $%W-DW) / (TW-DW)*100 (Barrs and
Weatherly 1962).

2.4 Electrolyte leakage

Electrolytic leakage (EL) was assessed accordiniipegomethod described by Lata et al. (2011)
with some modifications. About 100 mg fresh roahpées were taken and put in 15 ml deionised
water for 1 h in sterile culture tubes at 100 rpsing a rotory shaker at room temperature, and
then the initial conductivity (E1) was measuredhgsa conductivity meter (Orion 5 star, Thermo
scientific, US). The tubes were then placed inibgilwater for 30 min in order to release all
electrolytes in the solution, cooled to room tenapare, and then the final conductivity (E2) was
recorded. Results were expressed as the rationofuctivity before boiling to that of after boiling
according to the formula: E1/E2x100.

2.5 Lipid peroxidation

The lipid peroxidation (LP) level in control andredsed leaf samples were estimated by
measuring malondialdehyde (MDA) content viathibarbituric acid (TBA) reaction using
modified protocol of Heath and Packer (1968). Liessfues (100 mg) were homogenized in 500 pl
of 0.1% (w/v) TCA and centrifuged for 10 min ata3) g at £. The supernatant (500 pl) was
then mixed with 1.5 ml 0.5% TBA and incubated aiC9%or 25 min. Reaction was ended by
incubating on ice for 5 min. Absorbance was measate532 nm and 600 nm in a microplate
reader (Spectrum max plus; Molecular devices, Gali&, US). The level of LP was derived from
the difference in absorbance at 532 nm and 600 singlan extinction coefficient of 156 mi
cm * and expressed as micromoles of MDA formed.

2.5 Proline

Proline content was analyzed according to the paodtdescribed by Carillo and Gibbon (2011).
The ethanolic extract was prepared by homogenizirfi) mg leaves in 1 ml of 70% ethanol. The
100 ul reaction mixture constituted 1% wi/v ninhydrin6@% v/v acetic acid and 20% v/v ethanol,
mixed with 50ul of ethanolic extract. The reaction mixture wasrtiincubated at 95 for 20 min,
cooled to room temperature, and absorbance wasdegtat 520 nm in a microplate reader.

2.6 Total soluble sugar

Total soluble sugar (TSS) in control and stressbitkpea leaf samples were determined
according to Dubois et al. (1956) with some modificns. About 200 mg of fresh leaf tissue were

homogenized in 5 ml of 80% methanol and was inadat water bath at 7D for 30 min. After
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incubation, 1 ml of extract was mixed with 1 mI586 phenol and 5 ml of 95%,80, and further
incubated in dark for 15 min. Absorbance was theasured at 490 nm in a microplate reader.
2.7 Antioxidative enzymes assay

Leaf samples (100 mg) were homogenized under dhdtndition in 1 ml of extraction buffer
containing 100 mM sodium phosphate buffer (pH 708}, mM ethylenediaminetetraacetic acid
(EDTA), 1% wl/v polyvinyl pyrrolidone (PVP) and 0.5%yv triton X-100. The homogenate was
then centrifuged at 12,000xg for 10 min at 4°C btam the supernatant and protein estimation
for enzyme assay was done using BSA as standatd éLal. 2011).

Catalase (CAT) (EC 1.11.1.6) activity was determdiaecording to the method described by Lata
et al. (2011) with some modifications. The reactioixture contained 50 mM phosphate buffer
(pH 7.0), 20 mM HO; and 0.1 ml enzyme extract. Decrease in absorbaindgO, was measured
for 3 min at 240 nm on a microplate reader. On& ohiCAT activity is the amount of enzyme
required to oxidize & mol of H;O, per minute.

Superoxide dismutase (SOD) (EC 1.15.1.1) activilgswneasured by its ability to inhibit
photochemical reduction of nitrobluetetrazolium (NBby the method of Beauchamp and
Fridovich (1971). Enzyme extract (100 pl) was mixath reaction mixture (2.5 ml) containing
100 mM phosphate buffer, 100 mM-rhethionine, and 57 uM NBT. Then 400 pl of 4.4%
riboflavin was added and immediately initial absorbe was recorded at 560 nm. Final
absorbance was taken at same wavelength aftercabaton of 7 min in light. One unit of SOD
is defined as 50% reduction of NBT.

2.8 Quantitative real time (QRT) PCR analysis of drought stress responsive genes from chickpea
Total RNA was isolated from leaf samples of 30 @&y both chickpea cultivars subjected to
different durations of drought stress and recovesith or without RAinoculation, using
Spectrum’ Plant Total RNA Kit (Sigma, USA). DNase treatmemis done to remove DNA
contamination from total RNA samples using TURBOA3H (2 Unitgil, Ambion, USA). RNA
concentrations were determined at 260 nm usingeatsgphotometer (Nanodrop 1000, Thermo
Scientific, USA). The ORyOD,go nm absorption ratio (1.98.01) and OBsyOD,3,(>2.0), was
used to determine the quality and purity of RNApamations. The integrity of the samples was
established by 1.2% formaldehydgarose gel electrophoresis. The first strand diA&Dvas
synthesized using 1 pg of DNase free total RNA pdmwith oligodT primers in a 20 reaction
mix using Maxima H Minus MMuLV reverse transcriptase (Thermo Scientific, US&ljowing
manufacturer’s instructions. The cDNA products wtren diluted Sold with deionized water
before using as a template in ¢lRCR. Real time PCR was performed using 2X Brillidht
SYBR® Green QPCR (Agilent Technologies, USA) omatgtgene Mx3000P (Agilent, USA) in

8
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triplicates. A constitutive gene glyceraldehydeph®sphate dehydrogenaseAPDH; GenBank
accession # AJ010224; Garg et al. 2010) from cl@akpas used as an internal control. The
amount of transcript accumulated for each targetegeormalized to the internal control was
examined using 2*“* method (Livak and Schmittgen 2001). The primersdufor gRF PCR
analysis were either designed from sequences afeipective genes downloaded from National
Centre for Biotechnology Information (NCBI) usinget IDT Primer Quest software or from
previous studies (Appendix 1). The f’fCR cycling conditions were: initial denaturation a
95°C for 10 min, 95°C for 30 s, and 60°C for 1 rfan40 cycles followed by melt curve analysis
at 95°C for 1 min, 60°C for 30 s, and 95°C for 30'ke heat map for gene expression profiles
were generated using TIGR MultiExperiment viewere{M4) software package (Saeed et al
2003).

2.9 Statistical analysis

All experimental data obtained are the means adethndependent biological replicates and the
results are expressed as mean with standard devi@tiean+SD) or standard error (meanzSE).
One way analysis of variance (ANOVA) was used & t@gnificance between mean values of
control and stressed plants or Rfculated unstressed and stressed plants, andacisiom
among means was carried out using Duncan multgige test at P<0.05 with the help of SPSS
software version 16.0 (SPSS Inc./IBM Corp. ChicatfgA). The results were graphically
presented using Graph Pad Prism software (vers@@8) San Diego, California, USA).

3. Resaults

3.1 Effect of RA-inoculation on germination of chickpea under drought stress

To see the effects of RA on germinationdesi andkabuli chickpea types, a germination assay
was performed using PE@Bduced osmotic stress. Germination of both cv-32 and cv. BG
1003 seeds were tested at 15% and 30% -BEI® concentrations wherein increasing PEG
concentrations led to reduced and delayed emergein@alical and plumule from both types of
chickpea varieties (Table 1). A reduction in geration (30% and 43%) was observed at 15% and
30% of PEG stress respectively, for cv. B& seeds while germination percentage dropped by
63.3% and 80% in cv. BG003, as compared to control where 100% germinatias recorded
for both chickpea cultivars. The Rifeatment led to increased germination percenta@® (and
71%) at both concentrations of PEG stress as cadptr uninoculated cv. BG003 seeds
indicating its ability to ameliorate drought stresfowever RAtreatment gave no significant
advantage to cv. B@G62 seeds during germination at both concentrandPEG stress (Table 1).
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3.2 Effect of RA-inoculation on various growth parameters of chickpea

To determine the response of R#oculation on root and shoot parameters as wdbi@mass of
desi andkabuli chickpea types subjected to drought stress, plaatse regularly monitored at 0O, 1,
3 and 7 days of water stress or recovery aftery3 dé rewatering in both RA&reated and nen
treated plants (Appendix 2). Our results demonrsdrétat both primary root length and number of
lateral root increased with increasing stress dumain both uninoculated and RiAoculated
chickpea cultivars (Table 2). Ridoculated cv. B&62 and cv. B&GL003 showed an increment of
11% and 25% in primary root length and 68% and %7 number of lateral roots, respectively
as compared to individual uninoculated cultivargatay of stress. While drought recovered-RA
treated plants showed an increment of 13.3% an®o 9B root length and 34% and 20% in
number of lateral roots in cv. B&2 and cv. B&003, respectively as compared to ficrated
plants. Interestingly no significant difference wasserved in the number of root nodules in both
nontreated and RAreated cv. B&62 on exposure to drought stress or recovery €rahl
While uninoculated and R#oculated cv. B&GL003 plants showed 105% and 155% increase in
number of root nodules at"7ay of drought stress. After recovery phase ~938termodules
were observed in RAreated cv. B&GL0O03 as compared to ndreated plants. Drought stress
imposed no significant difference in the shoot tengf both cultivars whether inoculated or
uninoculated, however recovered plants showed ~tG%e growth in RAtreated cv. B&362
(Table 2). In another finding the number of nodestanches significantly increased in both the
cultivars viz. 40%, 80% and 65% in cv. B862 and 36%, 54% and 63% in cv. BGO03 after 1, 3
and 7 days of drought stress, respectively as coedp@ day0 uninoculated plants (Table 2).
While RA-inoculated plants showed 24% and 31% more numbeoaés in cv. B&62 and cv.
BG-1003 respectively, after 7 days of drought stresscmpared to uninoculated plants at same
stress duration. RAnoculated drought stress recovered cv.-B82 and cv. B&G003 showed
17% and 12.4% more number of nodes respectivelyoagared to uninoculated plants after
recovery phase. Significant decline in fresh weigid dry weight of both chickpea cultivars was
visible only on ¥ day of drought stress and it was also evident R¥&inoculation improved
stress endurance capacity of chickpea since leisction in biomass was observed at same
duration (Table 2).

3.3 RA-inoculation alters physiological and biochemical parametersin chickpea

To assess the water balance of plants, leaf RWCdetsmined in both cv. BG62 and cv. BG
1003 at different durations of drought stress awbvery with or without RAnoculation. Stress
treatments led to significant decline in RWC offbotiltivars at all durations of stress (Fig. 1A).
However after 7 days of drought stress-Réated cv. B&62 and cv. B&003 showed 16% and
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11.2% fewer declines in RWC respectively, as combdo their respective ndreated plants
indicating that RAinoculation helps in better maintenance of plantewhalance in botbtes and
kabuli chickpea. Both treated and ntreated cv. B&362 plants were also able to better maintain
membrane integrity on exposure to drought streseasgnificant difference was observed in ion
leakage at all durations of stress and recovemgoagpared to cv. B&E003 plants which showed
significant ion leakage at dilme points (Fig. 1B). However, R&oculated cv. B&003 showed
34.5% and 24% less EL post 7 days of drought stradsrecovery as compared to riorated
plants at same durations. Similarly MDA contentngfigantly increased with drought stress
progression in both untreated and-R&ated chickpea; however RAoculation reduced the level
of lipid peroxidation in this crop, as for examgkd-inoculated cv. B&62 and cv. B&003
showed 38.6% and 123%, respectively decline in MiAtent at ¥ day of drought stress as
compared to their individual inoculated plants (FigC). Further accumulation of compatible
osmolytes namely, proline and TSS in leaves of mthBG362 and cv. B&L003 increased
significantly with progression of drought stresslaestored to unstressed levels in cv. BG-362
after recovery (Fig. 2A, B). However compared tonfr@ated plants, RAreatment led to
significant decline in proline and TSS contentlastiess durations with a reduction of 114% and
214% in proline, and 50% and 198% reduction in Ti8Scv. BG362 and cv. BGL003,
respectively at 7 day of drought stress. This study also indicatesiaificant increase in SOD
and CAT activities with the progression of drougimd restoration to normal levels in both
chickpea cultivars after recovery. It is also iet#ing to observe that cv. B&2 is able to
maintain a higher SOD or CAT activity at-&ilne points under study suggesting it has betteERO
scavenging activity than cv. BE003 under drought stress (Fig. 3A, B). Comparedntiveated
seedlings, RAreated cv. B&62 and cv. B&G003 showed 79% and 70% respectively, less
activity for SOD, and >100% less activity for CAT &" day of drought stress suggesting that
RA-inoculation is helpful in reducing the effects ofodght stress by minimizing the ROS
production in plants. Taken together all these dat@hasizes that Rioculation exerts positive
effects on chickpea seedlings by protecting thesmfmembrane damage and oxidative stress
under drought stress.

3.4 RA modulates gene expression profiles of drought stress responsive genesin chickpea

To elucidate the molecular basis of mutualistienattion between PGPR and their host plants,
the expression analysis of 11 stress responsivkemgenes including two ethylene biosynthesis
genes and one gene each for salicylic acid (SA)jasmhonate (JA) signalling was done using
gRT-PCR in both chickpea cultivars at all treatments.(BA, B). Variability in expression

pattern was observed for all 11 genes under drosigéss in uninoculated and inoculated plants
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of both chickpea typesDREB1A was upregulated at all stress durations with up tdold
expression in cv. B@62 and 16old expression in cv. B@003 at " day of drought stress as
compared to respective control. However comparethéouninoculated plants, Ridoculation
repressedREB1A expression by 1.28ld in cv. BG362 and 2.50ld in cv. BG1003 at same
duration (7" day) of drought stress. The expressiomNA£1 gene was higher up tofbld in cv.
BG-362 and up to 2-6old in cv. BG1003 at ¥ day of drought stress. Rihoculation reduced
the accumulation of transcript byf@ld in cv. BG362 whereas in cv. B&G003 its expression was
almost at the basal levelEA andDHN showed ugregulation at all stress durations in both-RA
inoculated and uninoculated cv. B&62 while they were only activated off 8ay and ¥ day of
drought stress in cv. BGO03. A repression in their expression was obseore®A-inoculation

in both chickpea types (up teféld in cv. BG362 and 4fold in cv. BG1003) upon drought stress
while near equivalent expression was observed aught recovered plants. The expression of
genes encoding all three antioxidative enzymes usitely showed a constant-tggulation (up

to 6-fold for CAT; and >2fold for APX and GST) with progression of droughtess in cv. BG
362. CAT and APX showed maximum expression of ar@l 2.6fold respectively, at'7 day of
drought stress in cv. BGO03 while GST was constantly-uggulated (up to 6-8&ld) at all stress
durations in this cultivar. There was almost-falsl reduction in the transcript accumulation df al
the three antioxidative genes upon -R@culation in both chickpea types under droughgsst.
The relative expression of ethylene biosynthesrsegenamely ACO and ACS was found to be
maximum (up to Jold in cv. BG362 and &old in cv. BG1003) under drought stress as
compared to control in both chickpea cultivars. éative decline in their expression was
observed upon RAnoculation at all stress duratio®R1, a key SA signalling gene showed basal
level expression at all stress durations in botmasulated and inoculated cv. B&&2 with a
slight down regulation in nestressed RAreated plants. While approximately Zdd induction
was observed at all stress durations in cv-EB3 with or without RAInoculation as compared
to control.PR1 was found to be upegulated during recovery in both chickpea culsvddn the
other handMYC2 an important gene in J8ependent signalling pathway was constantly up
regulated (up to 4:-fold) under drought stress and recovery as comptrexbntrol in cv. BG
362, however a comparative decline in its transcepundance was observed upon -RA
inoculation at all conditions. The expression a§ thene was at basal level in uninoculated and
inoculated cv. B&LO03 at all stress durations and recovery. Theivelgene expression profiles
of the genes under study were in conformity witk thochemical and physiological analysis
conducted in both cultivars.

4. Discussion
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Drought stress is one of the most common adversgommental conditions that reduce crop
production and productivity globally. Improving dight stress tolerance of crop plants either
through breeding or genetic engineering could be ohthe most reasonable approaches for
enhanced agricultural productivity. However sinoghbapproaches are long drawn, labor and cost
intensive, and also due to the stigma of envirortaleand ethical issues associated with
genetically engineered crops, use of plant growtbmpting microbes for improving stress
tolerance of crop plants is gaining momentum oé I@tlautiyal et al. 2013). These plant root
associated rhizobacteria are known to elicit praljsamd chemical changes in plants that result in
induced systemic tolerance (IST) against abiotiesses (Yang et al. 2009). The present study
demonstrates the positive regulatory role of arotabistress tolerant PGPR, putida RA in
promoting growth as well as drought stress alléwmin chickpea. Germination is one of the most
critical stages in a crop development cycle whikrnown to be significantly affected by drought
stress (Sleimi et al. 2013). A better germinati@ncpntage reflects better seedling growth and
development which is essential for a subsequendl gogld. An overall increase in germination
percentage at both concentrations of PEG stressvinBG-1003 on RAinoculation is in
accordance with an earlier study on PGREdiated osmotic stress amelioration (Nautiyallet a
2013).

Drought stress is primarily perceived and respondgdplant roots, particularly under field
conditions. Therefore length and distribution obtoplays an important role in influencing the
ability of plants to absorb water and nutrientsrireoil. It has been postulated that deeper root
systems with greater root densities is a greasstmeanagement tool as it not only facilitates bette
extraction of soil water but also helps the plansiistain optimal growth and development under
drought stress conditions (Lopes et al. 2011)a#t heen reported that the number of lateral and
fine roots increase under drought stress in seva@mg species which not only increases root
surface area for water absorption but also inceeaset hydraulic conductivity (Miyahara et al.
2011). Accordingly greater increase in primary riotgth as well as number of lateral roots than
the control plants on progression of drought stneas observed in this study. Interestingly
significant increase in these root parameters UpAnanoculation in both chickpea cultivars as
compared to control during drought stress progoasand subsequent recovery was also observed
which can be supported from the fact that RA isaarinproducing rhizobacteria (Srivastava et
al. 2012). Auxin in turn is associated with betteot growth and/or enhanced lateral roots and
root hair formation (Overvoorde et al. 2010). Legsnusually fix atmospheric Mdwing to their
ability to form nodules which host symbiotic ba@erGenerally it has been suggested that

legumes and their symbiotic root nodule bactereasmnsitive to abiotic stresses. However there
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are reports that emoculation of PGPR with Nfixing bacteria augment nodule number of
legumes grown in green house or field situationdemmormal or drought stress conditions
(Figueiredo et al. 2008). Our results also suggeateoverall increase in nodule number in both
chickpea types upon R#oculation under drought stress. This is the fiegtort of increase in the
number of root nodules upon single PGPR inoculatiher than cancoulation with a M fixing
bacteria in a legume. The increase in nodulatiop beaexplained, at least partially, by its auxin
producing properties since I1AA production has bpesitively correlated with nodule formation
(Ghosh et al. 2013). Alternately it may elicit ss#@yn of nod geneinducing signals as some
Pseudomonas strains are also known to be putative fovasive norrhizobial endophytes (Aeron
et al. 2015). Though RAnoculation increased shoot length in both culsvas compared to the
uninoculated control plants under both normal atrdss conditions, the difference was not
statistically significant. Similar observation walso reported in loblolly and slash pine seedlings
by Enebak et al. (1996) where inoculation with PGRRin(s) do not improve shoot growth.
Increase in fresh and dry weight of RAoculated chickpea plants as compared to unintedila
ones under control, drought stress progressionracolvery phases can be correlated with the
increase in the number of shoot lateral branchegefisas increase in the primary root length and
number of lateral roots at these time points. Simdbservation has also been accounted in
several previous studies (Yang et al. 2009; Grevat. 2014).

RWC is considered as an important marker to askessater balance of plants (Lata et al. 2011).
On the other hand EL is inversely related to cedhmbrane integrity and the ability to avoid or
repair membrane damage has generally been codelate abiotic stress tolerance (Lata et al.
2011). RWC and EL of both cultivars declined sigrmihtly under drought stress; however RA
inoculation led to better maintenance of plant watatus and membrane integrity which is in
confirmation with other earlier studies (Figueiredd al. 2008; Kang et al. 2014). MDA
accumulation is an indication of strasgluced LP of cellular membrane lipids and is often
considered a marker for increased oxidative dan{agéa et al. 2011). Our findings are in
conformity with an earlier study where LP has alyedeen established as a function of
membrane integrity in 7 days old dehydration sedsshickpea plants, and together with EL was
ascertained as a direct indicator of dehydratiomsst tolerance (Bhushan et al. 2007).-RA
inoculation helped in overcoming membrane damageldwering MDA accumulation as
compared to uninoculated plants. Accumulation ahpatible osmolytes such as proline and
soluble sugars help plants to overcome drough$strg maintaining osmotic turgor (Grover et al.
2014). Their accumulation has been reported teass manifold during stress conditions (Lata et

al. 2015). Accordingly this study also reports aoréase in proline and TSS content in both
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chickpea cultivars under drought stress and sulesgqastoration to normal levels after recovery.
However the proline and TSS content of inoculateidkpea plants showed significant decline
during drought stress progression as comparednanozulated plants. This may be due to-RA
induced IST response of chickpea plants sinced@sulation may have stimulated root exudation,
biofilm formation and conservation of soil moistuas evident from increased soil moisture
content (Appendix 3) which may have resulted inaged root growth and nutrient uptake
thereby improving plant health under stress coowlitFurther degradation of ethylene precursor
ACC by bacterial deaminase may also be one ofaagans for relieving plant stress and rescuing
normal plant growth under drought stress (Yand.e2@09). Similar observations have also been
reported in sorghum by Grover et al. (2014). Drdugtress cause oxidative damage via
production of toxic ROS which need to be scaverigetbw molecular weight antioxidants and
antioxidative enzymes (Lata et al. 2011). SOD d@efence enzyme that catalyzes the conversion
of superoxide (@) radical into less damaging species such as mialeGa or H,0O,. The HO, so
generated is finally broken down into water and gety without any requirement of reducing
power by the action of CAT (Lata et al. 2011). Cangpively less activity of SOD and CAT in
RA-inoculated plants than the uninoculated ones atadbks durations suggests that low level of
oxidative stress is convened by R#oculated chickpea plants. This observation iadoordance

to Kang et al. (2014) who inferred that PGPR reduadverse effects of osmotic stress by
regulating phytohormones and antioxidants in cuamb

PGPRmediated stress resistance with the activationusherous genes in response to abiotic
stresses have recently been identified in many plapts (Nautiyal et al. 2013; Kim et al. 2014).
However molecular basis of PGRRant interactions with respect to drought tolemnn
chickpea remained largely unknown until now. Therefin order to delineate the expression of a
few drought responsive genes, gRTR analysis was performed in both cultivars subgeto
drought stress and recovery with or without -RA&culation. Dehydration responsive element
binding OREB) genes are important class of TFs expressed plymarder abiotic stresses such
as drought, salt and cold and are known to reguhseexpression of several downstream stress
responsive genes suchralk9, lea etc. (Lata and Prasad 2011). Theragulation ofDREB1 gene
under drought stress in both cultivars is in comiity to earlier reported studies (Chu et al. 2014).
Its downregulation in presence of RA at all durations ensptes its role in protecting chickpea
plants against drought stress. NAC TFs have begorterl to play important role in
developmental pathways as well as in abiotic sttelesance (Nakashima et al. 2009). Increased
expression ofNAC1 gene on exposure to drought stress in both cudtii® in accordance to

previous studies (Nguyen et al. 2015), and its caaipvely decreased transcript level in RA
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inoculated plants shows negative regulatioNAC1 by RA under stress. LEA and dehydrins are
mainly involved in protection of macromolecules andbiotic stress and hence act as key players
in plant stress tolerance (Gao et al. 2008). Téne@rexpression is also known to provide tolerance
to abiotic stresses (Lata and Prasad 2011). Instbidy, the expression of these genes was also
found to be activated with drought stress progogssvith maximum expression at 7 days of
drought stress, while R#oculation comparatively repressed their expressab all stress
durations suggesting its important role in drougfiness alleviation. Significantly lower level of
expression of genes encoding antioxidant enzymeselya CAT, APX, and GST in RA
inoculated chickpea plants of both varieties exddsadrought stress indicates that RA is capable
of relieving stress and restoring normal growthditons for inoculated plants as compared to the
uninoculated ones. Since drought stress is muladsional in nature, its affects are manifested at
various levels including changes in endogenousgttoyinones which help in generating signal
transduction network(s) leading to events respdagdr physiological adaptation of the plants to
stress (Lata et al. 2015). Increase in the ratgloflene production is known to be associated with
various environmental stresses including drougtgsst(Yang et al. 2009). PGPR help to lower
the concentration of ethylene in plants (Yang et2809). Higher rates of ethylene production
shows higher activity of enzymes involved in etimdemetabolism, such as ACS and ACO.
Accordingly the relative expression of both ACO ak@S was higher under drought stress in
both chickpea types while their expression showaddtively low level of expression in RA
inoculated plants, suggesting less production loylehe in chickpea due to ACD activity of this
PGPR. Though SA is classically associated withibistress response, its role under abiotic
stresses including drought stress is well acceptetlextensively reviewed (Fujita et al. 2006). It
has been reported that drougleisitive genotypes usually contained slightly aigamount of
SA as compared to the tolerant ones in rice witlamyt significant correlation with the degree of
drought tolerance (Pal et al. 2014). An elevatedc8Atent may be responsible for $#sponsive
gene expression e.¢R1. Accordingly higher expression ¢fR1 was observed in thkabuli
genotype as compareddesi at all conditions in this study. Strong inductiointhis gene in both
drought recovered chickpea cultivars suggesteddieeof SA in stress recovery in accordance to
an earlier reported study in bean and tomato (Sé&maret al. 2000). There has also been a
progressively rising body of evidence for the inevhent of jasmonates in drought stress (Fujita
et al. 2006). A significant upegulation of jasmonate signalling pathway g&héC2 in the desi
chickpea cultivar under drought stress and recoigelip confirmation with an earlier reported
study which established the role of jasmonateshendarly drought stress signalling and/or its

association with the tolerance mechanism of theghetolerant chickpea variety (De Domenico
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et al. 2012). Taken together our results indichtd the drought stress amelioration capacity of
chickpea plants have been significantly improvethvRA-inoculation. Similar result has also
been reported fdBacillus amyloliquefaciens strain SN13 mediated salt stress ameliorationc@ ri
(Nautiyal et al. 2013). Further sind@buli type chickpea cultivars are generally sensitive to
drought stress as compareddesi (Wang et al. 2006), and the subsequent improvenneits
drought tolerance capacity upon R#oculation as evident from its enhanced root andos
growth parameters, improved physiological and bémeical responses; and the mutually
interactive effects in RAacilitated stress responsive gene expression, sisngthens the
positive regulatory role of this PGPR in overcomithg effects of drought stress in sensitive

cultivar(s) of chickpea.

5. Conclusion and futur e per spectives

In the present work, a tripartite “plasbil-microbe” interaction was demonstrated by exploiting
Pseudomonas putida RA in ameliorating drought stress desi and kabuli chickpea. Drought
stress progression significantly affected the ghoand development of both chickpea cultivars by
affecting root length, number of lateral roots aratlules, shoot length and branching, reduced
RWC, increased EL and MDA content, enhanced osmslygnd ROS production, and-up
regulation of various stress responsive genes. €sply various droughhduced symptoms in
chickpea such as plant growth, water status, mambrantegrity, accumulation of
osmoprotectants, antioxidative enzyme activitied gene expression were significantly improved
or restored in presence of RA. RAoculation also had positive effects on betterovecy of
drought stressed chickpea plants. Based on diffietersponses of contrasting chickpea cultivars
subjected to drought stress and recovery along thiéhpublished literature and well known
concepts on cellular stress tolerance in other ppcies, a working hypothesis for the
mechanism of PGRRiediated drought tolerance in chickpea has also ké&orated (Fig. 5).
Interestingly RA is not only improving the growtlf desi chickpea but also satisfactorily
improving the drought stress ameliorating capaédiof relatively drought sensitiv@buli type
cultivar, indicating its greater potential in enbeng agricultural yield of this economically
important legume. Our results thus set up an Instiep towards understanding the physiological
and molecular basis of PGRRediated drought stress response and adaptatidmadkpea. Thus
applicability of RA in drought stress amelioratian field level should be worked out and the

possibility to develop it as bioinoculant for dréugffected areas may also be taken up.
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Legendsto figures

Fig. 1. Determination of RWC (A), EL (B) and LPX (C) in cBG-362 and cv. B&L003 exposed

to drought stress at 0, 1, 3 and 7 days and regdumethe presence or absence of RA. Data
represent the means + SD of three independentiexpats. Different letters on the graph indicate
significant differences according to Duncan’s {(&st 0.05).

Fig. 2. Determination of Proline (A) and TSS (B) in cv. B882 and cv. B&G003 exposed to
drought stress at 0, 1, 3 and 7 days and recomehgei presence or absence of RA. Data represent
the means + SD of three independent experimentSerBimt letters on the graph indicate
significant differences according to Duncan’s {(&st 0.05).

Fig. 3: Determination of SOD (A) and Catalase (B) in cv.-B& and cv. BGL003 exposed to
drought stress at 0, 1, 3 and 7 days and recomehgei presence or absence of RA. Data represent
the means + SD of three independent experimentSerBimt letters on the graph indicate
significant differences according to Duncan’s {(&st 0.05).

Fig. 4. Differential expression of genes in chickpea caltsscv. BG362 (A) and cv. B&003

(B) exposed to drought stress at 0, 1, 3 and 7 dagilgecovery in the presence or absence of RA.
The heat map has been generated based on thehfmhgje values in the treated sample when
compared with its unstressed control sample. Theucscale for foldchange values is shown at
the top.

Fig. 5: A model of the physiological, biochemical, and nool@r basis of drought stress tolerance
operating in chickpea is created based on therdifteal response of both contrastidesi and
kabuli cultivars. The enzyme assays and physiologicalpeiers estimated in this study are

indicated in normal font and wethown concepts reported in model species are shmowalics.

Legendsto Tables

Table 1. Effects of PEG stress on seed germination of cv:38& and cv. B&003 in the
presence or absence of RA. Data represent the meaB from three biological replicates.
Different letters in the same column indicate digant differences according to Duncan’s test (P
<0.05).

Table 2: Effects of drought stress on various parameteis/oBG-362 and cv. B&L003 in the
presence or absence of RA. Data represent the me8B from three biological replicates.
Different letters in the same column indicate digant differences according to Duncan’s test (P
<0.05).

L egendsto Supplementary Materials
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Appendix 1: List of primers used in gRPCR analysis.

Appendix 2: Morphological changes in the one month old chickpeaBG-362 and cv. B&G003
exposed to drought stress at 0, 1, 3 and 7 dayseaondery in the presence and absence of RA.
Appendix 3: Determination of soil moisture content in cv. 862 and cv. B&G003 exposed to
drought stress at 0, 1, 3 and 7 days and recomeheipresence or absence of RA. Data represent
the mean + SE from three biological replicates.fddént letters in the same column indicate

significant differences according to Duncan’s (&t 0.05).

24



Table 1. Effects of PEG stress on seed germination of cvw3B&and cv. BG-1003 in the presence or absenB&of

Seed Germination (%)

Treatment 15% PEG 30% PEG
BG-362 Control 70 57
BG-362 RA 73 53
BG-1003 Control 37 21

BG-1003 RA 71 43




Table 2: Effects of drought stress on various parametecy.d8G-362 and cv. BG-1003 in the presence or alssehRA.

Treatments Root Length  No. of Lateral No. of Root Shoot Length No. of nodes Fresh weight Dry weight
(cm.) Roots Nodules (cm.) (gm.) (gm.)
BG-362 Control 13.2+1.06 a 30.33t£2.3 ab 18+3.5a 19.87+0.27 a R12 a 1.62+0.11 ab 0.25+0.01 a
o BG-362 RA 13.07£0.78 a 29.67+1.2 a 21+1.5ab 21.27+0.35 abc 9.6720.67 abc 1.89+0.14 abc 0.27+0.02 ab
rzts‘ BG-1003 Control 13.17¥1.1a 45.67+10.3 abc 14+x15a 21.9+¥1.3 abcd 52 Bcde 2.28+0.09 abcd 0.32+0.01 ab
BG-1003 RA 15.43+0.98 abcdef 44.33+8.1 abc 16.33x1.4 a 23.8RCde 37+1.1 cdef 2.42+0.22 abcd 0.31+0.02 ab
BG-362 Control 14.13+1.5 abc 35.67+4.1 ab 13.33+0.67 a 19.83+8.32 26.67+2.9 ab 1.53+0.23 ab 0.23+0.04 a
. BG-362 RA 14.43+1.6 abc 53.33+12.1 abcd 15.67+2.7 a 21.93+8h2d 32.67+3.3 abcd 1.9+0.14 abc 0.28+0.01 ab
§‘ BG-1003 Control 19.03+1.2 cdefg 35.33+6.8 ab 14.33t0.8 a 22+2.rslab  42.33+0.4 defgh 2.32+0.36 abcd 0.34+0.05 ab
BG-1003 RA 19.93+2.9 defg 66.67+6.8 cdef 17+11a 22.4+0.1&%lab  47.67+1.8 ghij 2.58+0.06 abcd 0.38+0.02 ab
BG-362 Control 14.8+1.1 abcde 48+5.3 abc 12.33+2.3 a 22.33+0.td ab 36.67+3.4 bcdef 1.85+0.13 abc 0.26+0.02 ab
- BG-362 RA 15.03+1.5 abcde 71+6.6 cdef 15.33t3 a 24.5340.85 de 42+3.5 defgh 2.18+0.03 abcd 0.32+0.01 ab
rzts‘ BG-1003 Control 17.17+0.64 abcdef 5816.7 ef 16+2.1 a 20.1+0.21 a +44ldefgh 2.26+0.27 abcd 0.34+0.05 ab
BG-1003 RA 14.2+0.86 abc 81+12.4 bcde 21.67+0.6 ab 24.17+€de3 5443 jj 3.48+0.30 d 0.5£0.06 ab
BG-362 Control 17.3+0.57 abcdef  50.33+12.3 abcd 1523 a 21.9+8%d 33+2.1 abcd 1.29+0.43 a 0.2+0.07 a
- BG-362 RA 18.83+0.58 bcdefg  71+9.4 cdef 19+2 ab 23.8310. % cd 38.67+3.2 cdefg 1.68+0.13 abc 0.28+0.02 ab
rzrs’ BG-1003 Control 20.7£2.7 fg 77.33%5.9 def 28.67+1.8 bc 20.73t1.3ab 46.3316.1 fghi 1.74+0.34 abc 0.54+0.20 abc
BG-1003 RA 24+3.7 g 85.33t5.9 f 41.67+10.9d 24.83+0.97 de 35#2.6 ] 2.9740.85 cd 0.53+0.15 abc
BG-362 Control 18.47+1.8 abcdef  44+3.6 abc 19+1.1 ab 23.23+£1.85 bc 44.33+4.5 efghi 2.23+0.39 abcd 0.3+0.10 ab
; BG-362 RA 20.23+1 efg 54.33+12.7 abcde 22+2.6 ab 26.43+0.99 e 48.33+3 ghij 3.43£0.83 d 0.61+0.17 abc
§ BG-1003 Control 13.5+1.6 ab 57.33+£3.4 abcde 20t1.5ab 22.6+0.4d abc 46.33+5 fghi 2.7+0.18 bcd 0.44+0.04 ab
BG-1003 RA 14.73+1 abcd 66.67+12.1 cdef 33+2.5cd 22.1+0.®8lab 50.67+1.4 hij 3.36£0.25d 0.84+0.23 c
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DROUGHT
STRESS

PLANT RESPONSE TO STRESS

Loss of turgor and osmotic adjustment ——>

Accumulation of osmoprotectants —_—
eg. Proline, Soluble sugar, Glycine Betaine

Reduced growth rate & Lipid damage ——>

Enhanced ROS Production

Increased activity of antioxidative
enzymes eg. SOD, CAT, 4PX, GST

—>

Increased Ethylene production

Upregulation of stress responsive genes ——>

PLANT +PGPR RESPONSE TO STRESS

<€—— Maintains turgor and osmoticum

<«—— Relatively less accumulation of
osmoprotectants

<€—— Promotes growth and membrane integrity
<—— Relatively less ROS production

<«—— Decreased activity of antioxidative enzymes

<€—— Reduced ethylene stress

<€—— Reduced expression of stress responsive genes

Relatively less root growthand ~ —>

reduction in no. of nodules

|

Fig. 5

<€—— Better root growth and
increased no. of nodules

Maintains soil moisture content
Biofilm formation



Highlights

Pseudomonas putida NBRIRA inoculation improves drought stress tolerance as well
as assistsin better recovery of both desi and kabuli chickpea.

Promotes comparatively better seed germination during stress condition than
uninoculated seeds.

P. putida inoculation confers drought tolerance by altering physical, physiological and
biochemical parameters.

Inoculation reduces expression of stress responsive gene in chickpea cultivars.
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