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Abstract This study examined the influence of three
inoculant strains of Bradyrhizobium japonicum (Thal-8,
Tal 620, Dulawala) on the ability of chickpea (Cicer
arietinum (L.) to adapt to drought-stress. Strain Thal-
8 was most effective in the root-nodule symbiosis and also
partially alleviated decreased growth and yield imposed by
drought stress. Strain Thal-8, in pure culture, also produced
higher amounts of gibberellic acid (GA) and indole-3-acetic
acid (IAA) and lower amounts of abscisic acid (ABA) than
the other two test strains. Thal-8 increased the root biomass,
GA and IAA contents of leaves of chickpea plants,
including ICC 4948NN, a non-nodulating line. These
results are consistent with the hypothesis that GA and
IAA is produced by the Thal-8 strain and/or elevates levels
of these phytohormones in chickpeas. This contributes to its
high performance as a nitrogen-fixing microsymbiont. The
growth-promoting response evoked by different strains of
Bradyrhizobium correlated with higher ratios of GA and
IAA relative to ABA phytohormones in the plants.
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1 Introduction

Climate changes increase irrigation demand in majority of
world’s regions due to combination of increased evapora-
tion from soil surface and increased transpiration from plant
surface as a consequence of global warming. These along
with decreased precipitation pose significant challenges to
future food security. The effect of stress is mainly perceived
as a decrease in photosynthesis and growth and is
associated with attenuation in carbon and nitrogen metab-
olism. Global warming is expected to modulate plant
metabolism. A change in root exudation ability is one
important factor determining plant microbe associations so
that the survival and tolerance of rhizobia will also change.

The persistence of rhizobial strains, and their symbiotic
performance in current and subsequent seasons are affected by
numerous biotic and abiotic factors (Bordeleau and Prevost
1994), with N-limitation and drought stress being among the
most significant in many parts of the world (Squartini et al.
1993). In Pakistan, legumes are grown on marginally fertile
land where native rhizobial populations are low. Inoculation
of legumes with superior strains of Rhizobium can therefore
help to utilize the root-nodule nitrogen fixing symbiosis and
alleviate N limitation. Also, as most areas used for cultivation
are in rain-fed semi-arid regions, drought-stress is a signifi-
cant environmental factor controlling crop productivity. Plant
adaptations to drought stress include regulation of water loss
and uptake, production of osmoregulants such as proline, and
maintenance of water budgets by regulating stomatal aper-
ture. (Yordanov et al. 2003; Sambatti and Caylor 2007).
These physiological adaptations are influenced by the levels
of phytohormones including ABA (Yang and Zhang 2006).

We investigated the plant growth-promoting benefits of
rhizobial inoculation that extend beyond symbiotic nitrogen
fixation (Yanni et al. 2001). The objectives of this study
were (1) to determine if rhizobial inoculation influences the
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ability of chickpea (a major crop produced in Pakistan) to
adapt physiologically to drought stress, and if so, (2) to
examine whether the degree of rhizobial influence on
drought-stress adaptation correlates with the relative pro-
portions of particular phytohormones.

2 Materials and methods

The symbiotic performance of three strains of Bradyrhi-
zobium japonicum (TAL 620, an exotic strain from NifTAL,
Hawaii,USA; Thal-8, indigenous to the Thal region of
Pakistan; and Dulawala, indigenous to the Dulawal region
of Pakistan) were obtained from the National Agricultural
Research Center, Islamabad, Pakistan. Seeds of chickpea
(Cicer arietinum (L.) cv. Parbat) and the related non-
nodulating line of chickpea (ICC 4948NN obtained from
ICRISAT, Asia center, India) were used in this study (Rupela
1994). Surface sterilization of seeds prior to sowing was
done with soaking in 95% ethanol followed by 10% chlorox
with concomitant stirring after which the seeds were rinsed
three times with autoclaved distilled water and uniformly
coated with the carrier based inocula 109 bacteria per g black
mineral soil containing 5% organic matter and 15% clay
used as carrier). Seeds were sown in earthen pots (24×
30 cm) filled with sandy loam soil. Plants were grown during
late November under natural condition. Symbiotic perfor-
mance of the inoculant strains was measured in terms of root
nodule production, shoot biomass (dry weight), root growth
(results not presented), available nitrate content of soil at
harvest, and phytohormone production. Root nodulation was
also evaluated to see whether it was required to express this
symbiotic response.

Drought-stress adaptations were examined in chickpea
plants at the three-leaf stage (21 d after sowing when nodule
primordia were in advanced stages of morphogenesis. The
plants were exposed to water stress by withholding the water

supply for 7 d, resulting in a 38–40% decrease in soil
moisture content. Leaves were collected at the end of the
7-day imposed drought-stressed period and analyzed for their
free proline content (Bates et al. 1973), RWC (relative water
content) of the top 5–7 fresh leaves (Weatherley 1950), and
chlorophyll content (Arnon 1949) as modified by Kirk
(1968). The relative water content of leaves was determined
following the method of Gupta and Kaur (2005). The leaves
of plants were harvested from plant and weighed and then
soaked in distilled water for 24 h. The fully turgid leaves
were weighed again. Thereafter the leaves were dried in an
oven for 72 h at 70°C. The relative water content was
calculated by applying the formula of Weatherley (1950).
The proline content of leaves was estimated as follows:
Fresh plant material (0.1 g) was homogenized with 4 ml
sulfosalicylic acid (3.0%) in mortar and placed overnight at
5°C. The suspension was centrifuged at room temperature at
3,000 rpm for 5 min. The supernatant was mixed with 4 ml
acidic ninhydrin reagent, the reaction mixture was shaken
and the tubes were heated in a boiling water bath for 1 h.
Thereafter the tubes were cooled and the contents extracted
with 4 ml of toluene in a separating funnel. The absorbance
of toluene layer was measured at 520 nm.The concentration
of the unknown sample was calculated with reference to a
standard curve (Bates et al. 1973).

To evaluate the influence of Thal-8 inoculation on hormone
production and the growth of chickpeas, surface-sterilized
seeds of wild type cv. Parbat and the ICC 4948NN (a non-
nodulating mutant line) were grown in autoclaved sand
contained in plastic pots. The plants were raised in a controlled
temperature growth room maintained at day/night temper-
atures of 20 and 15°C, respectively, a photoperiod of 10 h and
relative humidity between 60% and 70%. The seedlings were
inoculated at the 3-leaf stage with 8×109 cells of rhizobial
strain Thal-8 grown for 5 days at 30°C in Yeast Mannitol
(YM) broth. The inoculation was done by delivering 1 ml of
the bacterial suspension into the rhizosphere using a sterile

Table 1 Influence of rhizobia on indicators of water stress and root nodule symbiosis with chickpea. Data are average of 3 replicates per
treatment with 6 plants per replicate

Inoculant
Strains

Water
stress

RWC (% decrease
of control)

Shoot dry weight
(g/plant)

proline
(mg/g)

chlorophyll
(ng/g)

Seed #
(per plant)

Seed weight
(g/plant)

Nodule #
(per plant)

uninoculated – 95±1.02 8.04 JK 70 PQ 32.43 Q 7NO 2.80Q 20LM

uninoculated + 35±1.68 6.591 180 F 32.17 Q 6.33O 2.08R 16.33M

Thal-8 – 90±1.11 16.44 bc 82 N 49.27K 20FGH 4.84KL 50.33G

Thal-8 + 19±1.48 11.46 gh 295 A 46.07KLM 18GHI 4.13° 39.33 I

Tal -620 – 90±1.10 14.74 de 79 No 46.33LM 18.67FG 4.73LM 42 HI

Tal-620 + 25±1.56 10.59 hl 200 E 43.83 MN 15.33IJ 3.95° 28 K

Dulawala – 90±1.00 14.11 de 72 PQ 37.77P 14.33JK 4.7LM 34.67 J

Dulawala + 28±1.68 11.35 IJ 195 F 39.83OP 12.33KI 2.72Q 19.70 M

All such means that share a common English letter are similar, otherwise they differ significantly at P>0.05 +ve = water stressed, –ve = unstressed
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pipette inserted 4–5 cm below the soil surface. The seedlings
were harvested 5 d after inoculation to measure the changes
in their growth and hormone levels.

To measure bacterial production of phytohormones, test
strains were grown in YM broth for 3 days at 30°C on a rotary
shaker, and then centrifuged at 3,000 g. The supernatant culture
medium was concentrated from 100 mL to 80 mL under a
vacuum, and then clarified by centrifugation at 10,000 g for
15 min. The cell-free supernatant fluid was adjusted to pH 2.8
with 1 NHCl, and then extracted 3-times with an equal volume
of ethyl acetate (99.5%) as described by Tien et al. (1979). The
resultant ethyl acetate extract was evaporated to dryness, re-
dissolved in 30% aqueous methanol and filtered through a
Milex HV membrane (0.45 μm, Millipore, Escobar, Ger-
many). The filtered extract was injected through a Lichosorb
RP 18 (Merck) column (250 mm×7 mm i.d.), eluted with 0
to 0.1% acetic acid gradient in methanol (100%) with mixing
at the ratio of 30–70% over 30 min and a flow rate of 0.8 ml
per min. Detection was by UV at 254 nm. Extractions and
purifications of IAA and GA from plant leaves and roots
were made following the procedure of Kettner and Doerffling
(1995). The identification and quantification was made by
HPLC using authentic standards.

Soils were analyzed at harvest for nitrate nitrogen
following the Ammonium Bicarbonate—DTPA method
developed by Soltanpour and Schwab (1977).

3 Results and discussion

The Results presented in the Table 1 revealed that plants
exhibited the least water stress when inoculated with the
Thal-8 strain, a19% decreases in RWC of Thal-8 inoculated
plants as compared to a 35% decrease in uninoculated
stressed plants. The plants inoculated with Dulawala
exhibited the greatest decrease in RWC in comparison with
stressed uninoculated plants. These results indicate that
some strains of rhizobia (e.g., Thal-8) are capable of
enhancing the host plant’s ability to conserve water. Shoot
dry weights (Table 1) were markedly decreased by water
stress but inoculation treatments with all three strains of
Bradyrhizobium alleviated this under unstressed and water
stressed conditions. The magnitude of this inoculation-
induced effect on shoot dry weight was greater under
unstressed condition and inoculation with Thal-8 was most
effective.

The free proline content of leaves differed significantly
among treatments (Table 1). As anticipated, the free proline
content of leaves exposed to water stress was markedly
increased in both inoculated and uninoculated chickpea
plants. Noteworthy, was the fact that the water-stressed
plants inoculated with Thal-8 strain exhibited the greatest
increase (259%). In contrast, no significant difference in
proline content was observed among the plants inoculated

Table 2 Production and extra cellular accumulation of phytohormones by chickpea rhizobia in culture and nitrate content of soil at harvest. Data
represent average of 4 replicates

Test Strain ABA ng/100ml GA ug/100ml IAA (ug/100ml) GA/IAA Nitrate content of soil (ppm)

Uninoculated – – – – 0.2 a

Tal-620 1.43 (±0.58) 0.04(±0.09) 0.15(±0.08) 1.27 0.4 b

Thal-8 0.15 (±0.08) 3.41(±0.34) 1.43(±0.58) 2.28 0.3 c

Dulawala 0.39 (±0.06) 1.20(±0.51) 0.39(±0.06) 0.26 0.2 a

Table 3 Uncoupling of nodulation with growth-promotion and enhanced accumulation of phytohormones in Chickpea inoculated with Rhizobium
leguminosarum strain Thal-8. Data represent average of 6 replicates

Chickpea
Variety

Inoculant
Treatment

Leaf GA (ug/g) Root GA
(ug/g)

Leaf IAA
(ug/g)

Root IAA
(ug/g)

Root weight (g) Pod weight(g)

V1 (Non-
nodulatimg)

Uninoculated
Control

0.46 ± (0.03) 1.59 (± 0.001) 0.44 (± 0.003) 0.41 (± 0.001) 1.28 (± 0.12) 6.71 (± 0.65)

V1 (Non-
nodulating)

Thal-8 0.75 (± 0.001) 1.83 (± 0.002)) 0.68 (± 0.001) 0.46 (± 0.002) 1.64 (± 0.10) 11.4 (± 0.60)

V2 (Normal
nodulating)

Uninoculated
Control

0.81 ± (0.003) 1.85 (± 0.003) 0.53 (± 0.001) 0.46 (± 0.003) 1.14 (± 0.12) 6.70 (± 0.65)

V2 (Normal
nodulating)

Thal-8 0.92 (± 0.004) 2.08 (± 0.04) 0.54 (± 0.001) 0.50 (± 0.004) 1.52 (± 0.12) 12.4 (± 0.60)

V3 (Super
nodulating)

Uninoculated
Control

0.96 (± 0.003) 2.17 (± 0.001) 0.78 (± 0.003) 0.71 (± 0.003) 1.36 (± 0.12) 6.70 (± 0.23)

V3 (Super
nodulating)

Thal-8 2.28 (± 0.02) 1.24 (± 0.002) 0.85 (± 0.002) 0.72 (± 0.004) 2.40 (± 0.10) 10.80 (± 0.11)
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with Dulawala strain experiencing water stress. Thus,
rhizobial strains like Thal-8 can help chickpeas cope with
water stress by enhancing its accumulation of osmoprotec-
tants like free proline within leaves. The decrease in RWC
of leaves in water stressed plants has previously been
reported (Rajagopal et al. 1977). Proline accumulation
provides a mechanism for better plant survival during
periods of drought stress (Ashraf et al. 2003). Also, this
amino acid can also serve as a source of nitrogen and
carbon for the plant.

Inoculation of chickpea roots with any strain of
Bradyrhizobium increased the chlorophyll content of leaves
(Table 1) over that of uninoculated plants Thal-8 showed
maximum chlorophyll content whereas, Dulawala showed
least. The magnitude of this stimulation was greater under
unstressed condition. As expected, inoculation of the wild
type nodulating line of chickpea increased the number and
weight of nodules compared with uninoculated control
plants (Sattar et al. 1993). This applied to any of the three
strains of Bradyrhizobium used but number of nodules/
plant was significantly higher in Thal-8 inoculated plants
(Table 1). Inoculation also increased the number and weight
of seeds. Seed weight increased than seed number. When
compared with the uninoculated plants, inoculation with
strain Thal-8 evoked the greatest increase in seed number
both under unstressed (185%) and water stressed (184%)
conditions (Table 1). Seed weight in inoculated plants
increased by 73% and 98% under unstressed and water
stressed conditions respectively. Water stress markedly
inhibited seed production in chickpea. This is likely due
to hyperosmotic stress that accompanies the formation of
smaller and shrunken seeds (Sridhara and Thimmegowda
1994) and reduced pod production (Simon et al. 1992;
Thomas and Costa 1994).

The nitrate content of soil after harvesting the inoculated
plants is shown in Table 2. The maximum nitrate content
was observed in soil that had previously grown plants
inoculated with strain Thal 8 while the lowest nitrate content
was observed in soil that had previously grown plants
inoculated with Dulawala. This can be attributed to the fact
that nitrogen fixation in the nodules suppresses the nitrate
uptake by the chickpeas, resulting in an increased residual
nitrate content of soil at harvest (Fatima et al. 1998).

All three test strains of chickpea rhizobia produced IAA,
GA and ABA phytohormones in broth culture (Table 2).
The ranking of strains for IAA production were Thal-
8>Tal-620>Dulawala and for GA content were Thal-8 >
Dulawala>TAL-620 and Tal-620 > Dulawala > Thal-8 for
ABA content. Thus, Thal-8 produced the highest amount of
GA and IAA growth-promoting hormones, and the lowest
amount of the growth-inhibitory hormone ABA. Phytohor-
mone production by strains of Bradyrhizobium japonicum
was earlier demonstrated by Boiero et al. (2007). The

results presented in Table 3 revealed that inoculation with
Thal-8 caused a marked increase in GA and IAA content of
chickpea leaves, concomitant with a growth stimulation
manifested by increases in biomass of root and pod weight
(Table 3). There was a 63% increase in leaf GA of non-
nodulating line, a 13% increase in GA of normal nodulating
and a 137% increase of GA in the supernodulating line of
chickpea when compared with their un-inoculated counter-
part. A marked increase in leaf IAA was observed in the
non-nodulating line inoculated with Thal-8. The GA
content of roots also exhibited a12–75% increase following
inoculation with Thal-8. This was significantly less than
that of leaves in all the varieties irrespective of their
nodulating ability. The maximum increase in root GA
content was found in the supernodulating line inoculated
with Thal-8. Although there was no significant effect of
inoculation on root IAA in chickpea plants, the IAA was
significantly higher (9–58%) in leaves of inoculated plants.
The maximum increase was in the leaves of the super-
nodulating variety inoculated with Thal-8. Thus hormones
produced by Thal-8 rhizobial strain (Table 3) appear to be
transported to the upper parts of host plants. Interestingly
growth benefits due to inoculation occurred both with
normal nodulating, supernodulating, and non-nodulating
lines of chickpeas. Thus these positive effects of rhizobial
inoculation cannot be attributed solely to benefits of
symbiotic nitrogen fixation. It is hypothesized that this
inoculation-dependent increase in accumulation of GA and
IAA production plays an important role in this growth
benefit of rhizobial inoculation on the legume plant and is
worthy of further study.
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