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Abstract

Sandy soils are known for dry spells due to low rainfall in arid-semiarid climatic regions. A study was conducted to
identify the effectiveness of moderately drought tolerant and characteristically plant growth promoting bacterial strain
Mesorhizobium ciceri-CR-39 for improving growth, physiology, nutrition and yield of wheat (cultivar: Sahar) under drought at
critical growth stages (tillering, flowering, and grain filling) in a sandy loam. Results demonstrated significant decreases due to
drought at all critical growth stages. However, inoculation with Mesorhizobium ciceri-CR-39 significantly reduced the impact
of drought at either growth stage of the crop. Grain filling stage drought showed highest decreases in growth, physiology, yield
and nutrient concentrations. Inoculation significantly improved the parameters relating to plant photosystem, growth, biomass,
yield and nutrient concentrations under normal conditions followed by the plants experiencing drought at tillering stage.
Conclusively, Mesorhizobium ciceri-CR-39 significantly demonstrates its potential as a plant growth promoter for wheat under
drought due to stress tolerance, more root colonization, nutrient solubilization, and auxin and exopolysaccharides production
ability. However, field oriented studies are recommended for gauging its potential.

Key words: Drought, Wheat, Rhizobia, Nutrition, Physiology.

Introduction

Wheat is a cereal crop feeding almost 50% of the
World’s population. It is sensitive to mild-severe drought
where the severity response varies at different growth
stages of the crop. Unfortunately, global warming has
increased variability in rainfall patterns which may lead to
severe droughts in near future (Gregersen et al., 2013).
Similarly, predictions for severe drought have been
narrated in Anon. (2007) report whereas, Pfeiffer ef al.,
(2005) reported periodic drought in more than 50% wheat
cultivated areas worldwide. Moreover, the effects of
terminal drought on wheat yields are likely to increase in
future (Dias de Oliveria et al.,, 2013). Currently, around
32% of the wheat cultivated area (99 mha) in developing
countries observe frequent drought (Rajaram, 2001).

It is an established fact that drought adversely affects
plant growth and development and results significant
losses in plant’s productivity (Farooq et al., 2009; Mirzaei
et al., 2012). However, the extent of loss depends on the
intensity, length and severity of drought, type of cultivar,
and growth stage of the plant where it happened (Mark
and Antony, 2005; Khakwani et al., 2012; Abid et al.,
2016). On the contrary, efficient utilization of water
during sensitive growth stages of wheat (such as tillering,
booting, earing, anthesis, and grain development stages)
under water deficits condition may result into better crop
performance (Jamal ef al., 1996; Zhang & Oweis, 1999).
Also, drought may affect wheat growth during all
phenological stages but the reproductive and grain-filling
are the most sensitive (Pradhan et al., 2012).

Wheat is the major cereal crop, grown in nearly all
parts of Pakistan. The average wheat yield is reasonably
low in rain-fed areas and lands at the tail end of canals,

where shortage of water is frequent (Ashraf, 1998).
Besides other factors, arid and semi-arid environments
could result in reduction of crop yield by inducing water
deficit stress during crop growth and development
(Ashraf et al., 1995). Drought stress conditions impedes
crop production by changing physiological and
biochemical responses such as alteration in antioxidant
defense, exopolysaccharides and phytohormones levels;
buildup of compatible organic solutes like amino acids,
sugars and biochemical processes (Bartels & Sunkar,
2005). It is, therefore, a great concern to stabilize crop
yields under adverse environmental conditions through
developing novel ways of sustainable crop management.
Drought shock could be mitigated through the
interactions between rhizosphere microorganisms and
plants (both in controlled and ordinary environments) in
specific soil. These interactions affect the hormonal balance
and source-sink relationships of plants with a potential to
alter their responsiveness to drought (Staudinger et al.,
2016). Plant growth promoting bacteria (PGPB) could be a
bulwark against drought stress and can amplify crop
productivity under such stressful environments utilizing
their drought tolerance and plant growth promoting traits
(Kaushal & Wani, 2016). PGPB alleviate the shock of
drought stress on plants by modulating physiological and
biochemical processes leading to modification in
phytohormones level and anti-polyamines. Production of
volatile organic compound, de-hydrins and heat shock
proteins by PGPB have also been recorded to play a
significant role in the attainment of tolerance against
drought. Selected rhizobial strains could develop
endophytic association with wheat and can enhance its
production under drought stress (Yanni et al., 2016). The
current study was conducted to examine the capability of
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rhizobium  strain  Mesorhizobium  ciceri-CR-39 in
ameliorating the damaging effects of drought on wheat at
its various growth stages in a sandy loam soil and to get
sustainable yields under water deficit stress environment.

Materials and Methods

Seed inoculation: Rhizobial strain Mesorhizobium ciceri-
CR-39 was selected on its ability to tolerate severe
drought, and growth promotion of wheat under
polyethylene glycol induced drought (Hussain et al.,
2014a). Fresh inocula was prepared in 100 mL sterilized
yeast extract mannitol (YEM) broth in 250 mL conical
flask. The inoculated broth was incubated at 28 + 1°C and
100 rpm for 72 h in an orbital shaking incubator. After
incubation the cells were harvested at 4°C by
centrifugation at 4000g for 15 min. The inocula of optical
density 0.5 McFarland units (0.5 OD ~10® cells mL™") with
harvested cells in sterilized YEM broth was developed
using densitometer (Den-1 Densitometer, McFarland, UK)
(Shakeri et al., 2011). Wheat (Triticum aestivum L.) seeds
of cultivar Sahar were inoculated with a mixture of clay,
peat, 10% sugar solution and bacterial inoculum (2:6:1:1,
respectively). Control treatment (uninoculated) was also
maintained by applying sterilized mixture of clay, peat,
10% sugar solution and YEM broth on wheat seeds. The
seeds were dried in lab at room temperature for 6-8 h.

Experimental conditions: Sterilized soil was used in the
experimentation having following characteristics [texture,
sandy loam soil; ECe, 2.17 dS m'%; pH, 7.3; OM, 0.84%;
saturation percentage, 37%; extractable K, 107 mg kg?;
available P, 7.1 mg kg*; total N, 0.04%]. Five inoculated
seeds of wheat were sown in each pot having 10 kg soil.
After two weeks of germination, the seedlings were
thinned to three plants per pot. Recommended doses of
fertilizers (NPK, 120:90:60 kg ha) were applied as urea,
diammonium phosphate (DAP) and muriate of potash
(MOP). Complete recommended dose of P, K and 1/3 N
was applied before sowing whereas the remaining N was
supplied in two splits at tillering and flowering stages of
the crop. The pots were arranged in completely
randomized design in three replications. Initially the pots
were irrigated normally. Afterwards, drought stress was
imposed at tillering, flowering or grain filling stages of
wheat by withholding the irrigation till the symptoms of
wilting appeared. A set of normal irrigated plants was also
maintained as control. The plants beard drought at one
stage, did not exposed to drought at other stages. The
plants were managed with all recommended agronomic
practices and grown up to maturity. At harvest all the
growth and yield parameters were recorded.

Gas exchange measurement: Rate of photosynthesis (A),
transpiration rate (E), stomatal conductance (gs) and
intercellular CO; concentration (C;) was measured using a
portable photosynthesis measuring system “infrared gas
analyzer” [IRGA (LCA-4), Germany] early in the
morning (time: 08:15 am to 10:30 am) when photon flux
density was 1200 to 1400 umol m? s (Ben-Asher et al.,
2006). The measured parameters were used to derive
water use efficiency (WUE) (i), intrinsic/photosynthetic

MUHAMMAD BAQIR HUSSAIN ET AL.,

water use efficiency (i/pWUE) (ii), and mesophyll
conductance (MC) (iii) following the formulas given by
Fischer et al., (1998), Ahmadi & Siosemardeh (2005), and
Ahmad et al., (2013), respectively, as below.

WUE=()/(E) ()
i/pWUE = (4) / (gs) (i)
MC = (4)/(C) (iii)

Chlorophyll content: Chlorophyll contents of the flag
leaf were measured using SPAD-502 chlorophyll meter
(Konica-Minolta, Japan).

Nutrient analysis of plant: The dried and ground grain
and straw samples were digested following the method
described by Wolf (1982). Digested grain samples were
analyzed for nitrogen through Kjeldahl method,
phosphorus by spectrophotometer (Shimadzu, Japan), and
potassium following the method of Ryan et al., (2001)
using Flame photometer (Jenway PFP-7, England).

Characterization of Mesorhizobium cicero- CR-39: The
strain was characterized for various plant growth
promoting and drought abiding parameters. Oxidase,
chitinase, and catalase were observed following the
procedures described by Steel (1961), Chernin et al.,
(1998), and MacFaddin (1980), respectively. Standard
procedures were adopted to measure exopolysaccharides
(Ashraf et al., 2004), P-solubilization (Mehta & Nautiyal,
2001), organic acid (Vincent, 1970), siderophores
(Schwyn & Neilands, 1987) and auxin production (Sarwar
et al., 1992). Procedures described by Madi & Henis
(1989) and Simon et al., (1996) used to calculate %
aggregation and root colonization ability of bacteria
whereas survival in dry soil and low nutrient conditions
was determined by following Fallik & okon (1996) and
Tal & Okon (1985), respectively.

Statistical analysis

Data collected were analyzed statistically using analysis
of variance (ANOVA, Steel et al., 1997) and means were
compared following least significance difference (LSD)
technique. Statistix 8.1 (Analytical Software, USA) was used
for statistical analysis and Microsoft Office 2013 (Excel) was
used for data presentation.

Results

Rhizobium inoculation influence on the growth of
wheat: Drought at tillering and flowering stage
significantly reduced shoot length as compared to normal
irrigated plants (Table 1). However, shoot length under
normal conditions remained statistically at par with plants
under drought at grain filling stage. Inoculation with CR-
39 showed significantly higher shoot length over control
under drought at flowering or grain filling stages or
normal conditions (Table 1). Root length increased
significantly under drought at grain filling stage as
compared to normal irrigated plants (Table 1). Inoculation
significantly increased root length under normal and
drought conditions as compared to respective controls.
Both drought and inoculation could not produce
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significant differences in spike lengths within drought
levels and between inoculation and control (Table 1). In
the same way, drought at any growth stage could not
cause significant reduction in number of tillers as
compared to normal irrigated plants but inoculation
significantly increased tillers over respective controls
under normal and drought at grain filling and tillering
stage of the crop (Table 1). Drought at grain filling and
flowering stage significantly reduced number of spikes as
compared to normal irrigated plants (Table 1). Inoculation
increased number of spikes over respective controls under
drought at grain filling stage and normal conditions.

Rhizobium inoculation impact on the physiology of
wheat: Chlorophyll contents increased in plants under
drought at flowering stage and decreased significantly due
to drought at grain filling stage as compared to unstressed
control and drought at tillering stage (Table 2).
Mesorhizobium ciceri-CR-39 inoculation significantly
increased the chlorophyll contents in normal as well as
drought conditions in comparison to respective control
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transpiration rate, stomatal conductance and water use
efficiency as compared to normal irrigated plants (Table
2). Whereas a significant decrease in intrinsic water use
efficiency and mesophyll conductance was observed due
to drought at grain filling stage as compared to unstressed
control. Similarly, flowering and grain filling stage
drought significantly decreased intercellular CO;
concentration over control. Inoculation of Mesorhizobium
ciceri-CR-39 significantly increased rates of transpiration
and photosynthesis in comparison to respective
uninoculated control treatments under normal and drought
conditions at tillering, flowering or grain filling stages
(Table 2). Stomatal conductance was higher in inoculated
plants whether irrigated normally or drought applied at
tillering or flowering stages. But intercellular CO;
concentration was improved via inoculation in plants
under drought at grain filling stage with respect to
respective control. Mesophyll conductance was only
improved due to inoculation under normal conditions over
uninoculated control. CR-39 significantly improved
iIWUE and WUE at tillering stage drought and normal

treatments. Drought at all critical growth stages irrigated conditions in contrast to respective control with
significantly ~ decreased rate of  photosynthesis, an exception of grain filling stage drought for iWUE.
Table 1. Inoculation effect on wheat growth under drought.
Treatments ShO(()le;)n gth Roo(tc:fll)lgth Splk(ecrls)n gth No. of tillers/pot | No. of spikes/pot
DO 71.50b 21.00 e 8.33 ns 9.00 de 7.67 bc
g D1 61.50d 23.58 de 8.33 833e¢ 6.00 cd
§ D2 66.67 ¢ 23.17 de 7.50 9.33 cde 5.33d
D3 71.00 b 26.50 d 8.33 9.33 cde 5.33d
= DO 76.50 a 4470 ¢ 8.33 11.67 ab 1133 a
% DI 64.17 cd 62.50b 8.00 10.00 cd 8.00 be
§ D2 74.33 ab 65.52 ab 7.67 10.67 be 433d
= D3 77.50 a 6733 a 8.00 12.33a 8.67b
LSD 3.9895 3.9252 1.1718 1.6191 ‘ 2.0297

DO0: No drought, D1: Drought at tillering, D2: Drought at flowering, D3: Drought at grain filling, Control: No inoculation,
Inoculation: Mesorhizobium ciceri-CR-39 inoculation, LSD: Least significant difference between treatment means, (n=3). Means

sharing similar letters are statistically at par to each other at p<0.05

Table 2. Inoculation effect on the photosynthetic parameters of wheat flag leaves under drought.

Treatments Chl A E Ci iWUE WUE ‘ MC
DO 50.07d  896c  264c  020bc  296ab  4422bc  341b  0.030 bed
T DI 49.17d  58e  201d 016de  263bc  37.60c 296¢c  0.020de
S D2 s337¢  s510f 2104 0.2ef  218c  42.50bc  243d  0.023cde
D3 4520e  143h  129¢  0.I1f  114d 13.16 ¢ 112¢ 0.013 ¢
. DO 6790a 14222 372a  026a  353a  5602a 384a  0.040ab
€ DI 5807b  11.68b 333ab 024ab 264bc  48.79ab  35lab  0.043a
2 D2 5733b  679d  331b  016ed  240bc  42.53bc  2.07d  0.033 abe
= D3 5810b  316g  222d  0.03def  206c  24.55d 143 ¢ 0.013 ¢
LSD | 17370 | 0.5073 | 0.4003 | 0.0417 | 67.742 | 85375 | 04116 | 0.0117

DO: No drought, D1: Drought at tillering, D2: Drought at flowering, D3: Drought at grain filling, Control: No inoculation,
Inoculation: Mesorhizobium ciceri-CR-39 inoculation, LSD: Least significant difference between treatment means, (n=3). Means
sharing similar letters are statistically at par to each other at p<0.05. Chl: chlorophyll content (SPAD), A: Photosynthetic rate (pmol
m2 s7), E: Transpiration rate (mmol m? s!), gs: Stomatal conductance (mmol m s), Ci: intercellular CO> concentration, iWUE:
intrinsic water use efficiency (A/gs), WUE: water use efficiency (A/E), MC: mesophyll conductance (A/Ci)
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Rhizobium inoculation impact on the yield components
of wheat: Drought at all stages significantly decreased shoot
fresh weight over control but tillering stage drought could
not show significant decrease in shoot dry weight over
control (Table 3). Except drought at flowering stage, all the
drought treatments remained statistically at par with control
for rood dry weight while no difference was recorded for
root fresh weight between drought treatments and control
(Table 3). A significant decrease in the number of grains per
spike and thousand grain weight over control was observed
where drought at tillering and flowering stage was applied
whereas drought at grain filling stage remained at par with
control (Table 3). Grain yield was significantly decreased
due to drought at tillering, flowering and grain filling stage as
compared to control (Table 3). The plants inoculated with
Mesorhizobium ciceri-CR-39 showed significant increases in
root/shoot fresh/dry weights, grains per spike, thousand grain
weight and grain yield as compared to respective
uninoculated control treatments whether under drought at
tillering, flowering or grain filling stages or normal
conditions (Table 3).

Rhizobium inoculation impact on the nutritional
quality of wheat straw and grain: Drought at critical
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growth stages significantly increased the grain and straw
nitrogen concentration as compared to well-watered
plants however, inoculation with Mesorhizobium ciceri-
CR-39 further increased nitrogen concentration in shoot
and grains as compared to respective uninoculated
treatments (Table 4). No difference for phosphorus and
potassium concentration was observed in grain and
straw samples whether plants were irrigated normally or
drought imposed at tillering, flowering or grain filling
stages. Inoculation under grain filling stage drought
showed a significant increase in straw P concentration as
compared to uninoculated and normally irrigated ones.
However, increases in grain and straw potassium
concentrations were recorded due to inoculation with
Mesorhizobium ciceri-CR-39 under normal conditions
and drought at flowering stages in contrast to respective
uninoculated controls (Table 4). Grain phosphorus
concentration increased by Mesorhizobium ciceri-CR-39
inoculation under normal condition and drought at
flowering stage while significantly high straw
phosphorus concentration was observed in inoculated
plants under drought at grain filling stage over
uninoculated control (Table 4).

Table 3. Effect of inoculation on yield parameters of wheat under drought.

Treatments SFW | SDW | RFW | RDW | Grains/Spike | TGW | GY
DO 2033b  1207de  11.50ef  4.17d 30.33 de 4433 b 597b
E DI 1567¢  10.68ef 1060f  7.13cd 2333 f 32.00d 277
g D2 1667¢ 730 ¢ 1433de  13.77b 23.00 f 4033 ¢ 3.15¢
D3 1267d 9.78 f 9.70 f 6.07d 2733 ¢ 42.33 be 4214
j DO 2400a  1549a 1633cd  933¢ 39.67a 5333 a 7.64a
2 DI 2133ab  1532ab  19.07bc  13.57b 36.67 ab 43.67bc  459cd
g D2 2000b  138lbc  21.13b  1850a 3233 cd 5033 a 5.12¢
= D3 2067b  1347cd  25.13a  20.80a 35.00 be 52.67a 5.11¢
LSD | 28704 | 15643 | 3.0233 | 3.09445 |  3.9185 | 35332 | 0.8338

DO0: No drought, D1: Drought at tillering, D2: Drought at flowering, D3: Drought at grain filling, Control: No inoculation, Inoculation:
Mesorhizobium ciceri-CR-39 inoculation, LSD: Least significant difference between treatment means, (n=3). Means sharing similar
letters are statistically at par to each other at p<0.05. SFW: shoot fresh weight (g pot™*), SDW: shoot dry weight (g pott), RFW: root fresh
weight (g pott), RDW: root dry weight (g pot™), TGW: thousand grain weight (g), GY: grain yield (g pot™)

Table 4. Influence of inoculation on nutrient concentrations of wheat grain and straw under drought.

Treatments . Grain concentration (%) ‘ : Straw concentration (%) :
Nitrogen Phosphorus | Potassium Nitrogen Phosphorus | Potassium

DO 1.58 f 0.21d 0.08 ¢ 1.01c 0.15¢ 0.14b

g Dl 1.73 e 0.24 bed 0.08 ¢ 0.86d 0.15be 0.13b
é D2 2.17d 0.22 cd 0.08 ¢ 049 ¢ 0.16 bc 0.16 b
D3 2.39¢ 0.23 cd 0.08 ¢ 0.37f 0.16 abc 0.13b

- DO 2.15d 0.29b 0.13b 1.29a 0.16 abc 0.25a
% D1 2.46 be 0.25 bed 0.08 ¢ 1.23 ab 0.17 abe 0.14b
E D2 2.56 ab 0.38 a 0.16 a 1.18b 0.17 ab 0.27 a
= D3 2.64a 0.27 be 0.09c 1.06 ¢ 0.18a 0.16 b
LSD 0.1011 0.0540 0.0289 0.0883 0.0183 | 0.0606

DO: No drought, D1: Drought at tillering, D2: Drought at flowering, D3: Drought at grain filling, Control: No inoculation,
Inoculation: Mesorhizobium ciceri-CR-39 inoculation, LSD: Least significant difference between treatment means, (n=3). Means

sharing similar letters are statistically at par to each other at p<0.05
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Table S. Plant growth promoting characteristics of
Mesorhizobium ciceri- CR-39.

o Mesorhizobium
Characteristics ciceri- CR-39
Oxidase +
Chitinase +
Catalase Tt
Exopolysaccharides ++
P-solubilization ++
Organic acid ++
Siderophores -
Survival in soil (x10° CFU g'!) 4.12
Starvation test (x10°CFU mL™) 4.20
Root colonization (x10° CFU g!) 6.78
Aggregation (%) 6.89
IAA producti L Without L-TRP 3.86

production (Mg L") ™ g 3515

Plus sign (+) represents the presence and minus sign (-) shows
the absence of the characteristics. All characters are means of
three replications

Plant  growth promoting  characteristics  of
Mesorhizobium ciceri- CR-39: The rhizobial strain
Mesorhizobium ciceri- CR-39 was capable to produce
oxidase, chitinase and catalase enzymes, produce
exopolysaccharides, organic acids and phosphate
solubilization (Table 5). The strain was incapable to
produce siderophores. The strain had a great potential to
survive in bulk soil (4.12x10° CFU g') and starved
conditions (4.20x10° CFU mL™). Root colonization was
6.78x10° CFU g* and aggregation potential was 6.89%
(Table 5). The strain had a great ability to produce indole
acetic acid in the presence (35.15 mg L) or absence (3.86
mg L) of L-tryptophan (Table 5).

Discussion

Drought is a serious environmental apprehension in
the era of Global warming particularly in arid-semiarid
regions. Whereas, increased population, reduction of
cultivable land and diminution of useable irrigation water
are major concerns for sustainable crop production and
food security. Therefore, it is imperative to establish a
biotechnology which may manipulate the rhizosphere
ecology of cereal crops for sustainable crop production
and food security through environment friendly and
economical way. In the present study, moderately drought
tolerant rhizobial strain Mesorhizobium ciceri-CR-39
(Hussain et al., 2014a) was supplied into the rhizosphere
of wheat crop through seed coating, to improve nutrition,
growth physiology, production and survival under drought
at different growth stages (tillering, flowering, grain
filling) in a sandy loam soil. The strain M. ciceri-CR-39
was capable to survive under drought due to catalase and
exopolysaccharides production activity (Hussain et al.,
2014a). Rhizobia are advantageous inoculants as they
benefit the wheat crop from germination to grain maturity
(Yanni et al, 2016) and response to the severity of
drought varies with respect to developmental growth
stage of the crop (Gupta et al., 2001). The results in the
study witness the significance of M. ciceri-CR-39
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inoculation to wheat crop wunder drought, as it
significantly improved tillering, root/ shoot length, fresh/
dry biomass and number of spikes (Tables 1, 3) whether
under drought or normal conditions.

These increases in the growth parameters could be
due to higher root colonization ability of inoculated
rhizobia (Table 5) (Hussain et al., 2014a; Jiménez-Goémez
et al., 2016) and auxin producing ability of the strains
(Hussain et al., 2014a) which might have increased the
root growth and ultimately the area of exploration
(Jiménez-Gomez et al., 2016; Menéndez et al., 2016) to
combat drought like situation (Leinhos & Bergmann,
1995). Rashad et al, (2002) inoculated sorghum with
auxin and cytokinin producing Bradyrhizobium or
Rhizobium sp. under drought and observed significant
increases in the root/ shoot dry biomass. Moreover, the
phosphate solubilization and siderophores production
ability of the inoculants (Table 5) might have improved
nutrient uptake in the plants (Jiménez-Goémez et al., 2016;
Menéndez et al., 2016). Fitouri et al., (2012) recorded a
significant increase in plant dry biomass due to the
inoculation of moderately drought tolerant R. sultae under
drought stress condition which was isolated from the
semi-arid region of Tunisia.

Drought impaired the physiological functioning of
plants by reducing stomatal conductance, denaturation of
chlorophyll containing cells and ultimately destroyed the
photosynthesis system (Wang et al., 2003; Naveed et al.,
2014). However, M. ciceri-CR-39 inoculation in this study
showed significant increases in chlorophyll contents,
photosynthesis rate, and transpiration rate, stomatal and
intercellular CO concentration under normal as well as
drought conditions (Table 2). Various researchers have
demonstrated increased photosynthesis system of crops due
to the inoculation of different plant beneficial bacteria under
drought like conditions (Sandhya et al., 2010; Vardharajula
et al., 2011; Yandigeri et al., 2012; Naveed et al., 2014).
Drought usually triggers the development of reactive oxygen
species in plant photosystem which increase losses and
denature membranes or macromolecules in cells (Mittler,
2002). The impact of these reactive oxygen species is diluted
by the production of enzymatic or non-enzymatic
antioxidants by the plant (Wang et al., 2003). So, the
inoculants might have triggered the accelerated production of
antioxidants inside the plant body to improve the efficiency
of photosynthesis system. Chakraborty et al., (2013) have
reported that the bacterized plants produce more antioxidant
to dilute the impact of reactive oxygen species under drought
stress condition.

The ability of plant to maintain more water relations
and leak less cell electrolytes under drought stress is
considered a property of drought tolerance (Pereyra et al.,
2006). In the present study, M. ciceri-CR-39 inoculation
improved the plant-water relations (water use efficiency
and intrinsic water use efficiency and mesophyll
conductance) in the crop under drought conditions (Table
2). The inoculated bacteria might have improved the root
surface area through the production of excess IAA (Table
5) in the rhizosphere to harvest more amount of water
(Zahir et al., 2008; Hussain et al., 2014a). Menéndez et
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al., (2016) demonstrated the redirection of plant roots in
response to rhizobial inoculation. The exopolysaccharides
activity of the inoculants (Hussain et al., 2014a) might
have developed a biofilm around the roots which
enhanced the water and nutrient holding capacity of
rhizosphere. Fujishige er al, (2006) described that the
rhizobial strains are characteristically destined to develop
biofilms around roots and aggregates in the interlayer
spaces of roots and root emergence sites.

Drought condition reduced the transport/uptake of
nutrient in the rhizosphere because low moisture
eliminated the diffusion process. Therefore, decreased
the NPK concentrations in straw and grain samples
under drought. Whereas, M. ciceri-CR39 inoculation
increased the nutrient concentration in wheat straw and
grains whether in normal or drought condition.
However, M. ciceri-CR-39 showed significant increases
in NPK contents of straw and grain samples as compared
to un-inoculated (Table 4). Those increases might be due
to higher root growth and more exploratory area under
the influence of roots. San-Francisco et al., (2005)
demonstrated that auxin producing bacteria inoculation
in peppers increased the mineral nutrition even under
nutrient stress condition. Inoculation to sunflower with
exopolysaccharides producing rhizobium strain- YAS34
significantly improved the plant dry mass, water uptake
and nitrogen concentration (Alami et al., 2000). Sail
physical condition (aggregation) is improved due to
exopolysaccharides  producing rhizobia  (strain
KYGT207) which is helping in drought abiding ability
of crops under stress (Kaci et al., 2005).

Adpversity of drought lead to yield losses in the crops
by influencing the development of reproductive organs
and ultimately the grain yield (Gupta et al, 2001;
Kettlewell et al., 2010; Naveed et al., 2014). In this study,
drought reduced the yield parameters where applied at
tillering and flowering stage as compared to drought at
grain filling stage. However, rhizobial inoculation
significantly improved yield parameters (grain number
per spike, 1000-grain weight and grain yield) under
drought and normal conditions (Table 3). These increases
in the yield could be attributed to the improved nutrition,
root growth, water relations and photosynthesis of the
inoculated plants under drought in sandy loam soil. As the
improvements in these plant growth parameters lead
towards better yields. Hussain et al, (2014b) recorded
more sensitivity of reproductive growth stage to drought
like situation in maize plant and significant improvement
in growth and yield parameters due to rhizobial
inoculation under drought. Vardharajula et al., (2011) and
Yandigeri et al.,, (2012) have also demonstrated similar
results in non-legumes with the inoculation of plant
growth promoting bacteria under drought stress condition.

From the whole discussion of results it can be
inferred that M. ciceri-CR-39 (a nodule forming bacteria)
has immense potential as a plant growth promoter for
non-legumes whether in normal or stress condition like
drought. Wheat crop suffered the most due to drought at
tillering and flowering stages but tillering stage was most
responsive to M. ciceri-CR-39 inoculation under drought
condition. The beneficial interaction might be due to the
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specificity of M. ciceri-CR-39 to wheat cv. Sahar in a
sandy loam soil under drought condition. However, there
is a need for further exploration to gauge the potential of
that strain under field conditions.
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