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RESEARCH ARTICLE

Role of plant growth-promoting rhizobacteria and their exopolysaccharide in drought
tolerance of maize

Hafsa Naseem and Asghari Bano*

Department of Plant Sciences, Faculty of Biological Sciences, Quaid-i-Azam University, Islamabad, Pakistan

(Received 1 November 2013; accepted 27 February 2014)

The present study deals with the isolation and characterization of exopolysaccharides (EPS) produced by the plant
growth-promoting rhizobacteria (PGPR) from arid and semiarid regions of Pakistan, and to investigate the drought
tolerance potential of these PGPR on maize when used as bioinoculant alone and in combination with their respective
EPS. Three bacterial strains Proteus penneri (Pp1), Pseudomonas aeruginosa (Pa2), and Alcaligenes faecalis (AF3)
were selected as EPS-producing bacteria on the basis of mucoid colony formation. All these strains were gram negative,
motile, and positive for catalase. Strain Pp1 was positive for oxidase test and was phosphate solubilizing, while Pa2 and
AF3 were negative. The isolated strains were sequenced using 16SrRNA. Total soluble sugar, protein, uronic acid,
emulsification activity, and Fourier-transformed infrared spectroscopy of EPS were determined. Drought stress had
significant adverse effects on growth of maize seedlings. Seed bacterization of maize with EPS-producing bacterial
strains in combination with their respective EPS improved soil moisture contents, plant biomass, root and shoot length,
and leaf area. Under drought stress, the inoculated plants showed increase in relative water content, protein, and sugar
though the proline content and the activities of antioxidant enzymes were decreased. The Pa2 strain isolated from
semiarid region was most potent PGPR under drought stress. Consortia of inocula and their respective EPS showed
greater potential to drought tolerance compared to PGPR inocula used alone.

Keywords: drought tolerance; exopolysaccharide; PGPR

Introduction

Microorganisms of soil play important role in the
maintenance of quality and health of soil (Jeffries et al.
2003). Plant growth promotion was observed with bac-
teria that produce moderate levels of indole acetic acid,
IAA including Azospirillum sp., Alcaligenes faecalis
(AF3), Klebsiella sp., Enterobacter cloacae, Acetobacter
diazotrophicus, Rhizobium (Costacurta & Vanderleyden
1995). Nakbanpote et al. (2013) reported salt-tolerant and
plant growth-promoting bacteria isolated from Zn/Cd
contaminated soil. Similarly, Vardharajula et al. (2011)
demonstrated the induction of drought tolerance in maize
by drought-tolerant plant growth-promoting Bacillus spp.
Karnwal (2009) reported best plant growth-promoting
activity of Pseudomonas fluorescens AK1 and Pseudo-
monas aeruginosa AK2. AF3 are known to colonize the
rhizosphere of rice plants, and part of the bacteria can
penetrate into root cells and fix dinitrogen there.

Exopolysaccharides (EPS) are the active constituents
of soil organic matter (Gouzou et al. 1993). EPS are most
important part of extracellular matrix that often represent
40–95% of bacterial weight (Flemming & Wingender
2001). Bacteria produce EPS in two forms: (1) slime EPS
and (2) capsular EPS (Vanhooren & Vandamme 1998).
EPS are found in a wide variety of complex structures
(Kumon et al. 1994). The important roles exhibited by
EPS are (1) Protective, (2) surface attachment, (3) biofilm
formation, (4) microbial aggregation, (5) plant–microbe
interaction, and (6) bioremediation (Manca de Nadra et al.

1985). Some physical and chemical properties of EPS are
useful in industries for stabilizing, thickening, coagulat-
ing, gelling, suspending, film forming, and water-reten-
tion capability in different industries like detergents,
textile, paper, paints, adhesive, beverages, and food
(Sutherland 1996). Some EPS-producing bacteria like
Pseudomonas have the ability to survive even under
drought stress due to the production of their EPS (Sandhya
et al. 2009a, 2009b). EPS of bacteria are hydrated
compounds with 97% of water in polymer matrix which
impart protection against desiccation (Wingender et al.
1999; Hunter and Beveridge 2005; Bhaskar & Bhosle
2005). The EPS protect these bacteria from desiccation
under drought stress by enhancing the water retention and
by regulation of organic carbon source’s diffusion (Rober-
son & Firestone 1992; Chenu 1993; Chenu & Roberson
1996). Due to enzymatic activities of EPS, they help in
heavy metal transformation and degradation of organic
recalcitrant (Van-Hullebusch et al. 2004; Pal & Paul 2008).
Water availability in the soil also affects the soil structure
(Roberson & Firestone 1992). Plants treated with EPS-
producing bacteriaAzospirillum showed resistance to water
stress (Bensalim et al. 1998) through improvement in the
soil structure (Sandhya et al. 2009a) and soil aggregation
(Bashan et al. 2004). Under drought stress, inoculation of
sunflower with EPS-producing bacterial strain YAAF34
showed increase in root tissue (Alami et al. 2000).

Maize has an important position in the cropping
system of Pakistan being the third in grain production
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after wheat and rice. It is the source of food not only for
human but also for livestock, poultry, and used as a good
forage crop. Requirement of water for maize (135 mm/
month) at the time of seedlings is 4.5 mm/day which
increase up to 195 mm/month that is 6.5 mm/day during
hot and windy conditions (Jamieson et al. 1995). The
maize inoculated with Pseudomonas spp. strains has
increased plant biomass, relative water contents (RWCs)
of leaves, leaf water potential, root adhering soil/root
tissues ratio, stability of soil aggregates, and decreased
the leaf water loss (Chen & Dai 1994). Plants inoculated
with EPS-producing bacteria showed higher concentra-
tion of sugars, proline, and free amino acids under
drought stress conditions. Attenuated total reflection
Fourier-transformed infrared (ATR-FTIR) spectroscopy
gives us information at molecular level for inorganic
and organic constituents of bacterial EPS. It permits to
investigate the functional groups in close proximity that
are dipolar (Braun et al. 1989). It is noninvasive, in situ
method of spectroscopy that helps in the investigation of
EPS constituents, functional group chemistry, and con-
formational changes without disturbing intermolecular
associations of the constituents e.g. protein–polysacchar-
ide association (Anselm et al. 2004).

The present investigation was aimed to characterize
the EPS-producing bacteria from arid and semiarid areas
of Pakistan and evaluation of their potential on maize
when used as bioinoculant alone and in combination
with their EPS.

Materials and methods

Collection of soil samples

Soil samples for the isolation of bacteria were collected
from soil of two rainfed areas of Pakistan, including
Ghotki Sindh and Kallar sayedan. The soil was taken
from 6 inches depth. Ghotki Sindh lies between 26–28°
North and 68–70° East (Bhatti et al. 2001; Qureshi
2004). It is arid area with extreme temperature range,
severe drought with high wind and scanty rainfall, and
average rainfall of 100–250 mm mostly during July and
September. Temperature ranged from 40°C to 52°C in
summer and below 0°C in winter (Qureshi & Bhatti
2005). Kallar Sayedan is located in Rawalpindi district.
It lies at an altitude of 27–33° north and longitude of
16–73° east, with 8% of soil moisture. It belongs to
semiarid area.

The pH and electrical conductivity (EC) of soil
samples were measured by the method of McKeague
(1978) and McLean (1982), respectively.

Isolation and growth of bacteria from soil

Isolation of bacteria from soil samples collected from
Ghoti and Kallar Sayedan areas of Pakistan was done by
serial dilution method. During this method, 10 g of soil
sample was suspended in 9 ml of distilled water. Soil
suspension was centrifuged at 3000 rpm for 10–15 min.
Decimal dilutions were made. Aliquots (20 µl) from

three dilutions 10−1, 10−5, and 10−7 were spread on Luria
Bertini (LB) agar plates, incubated for 48 h at 28°C.
After 24 h distinct bacterial colonies were streaked on LB
agar plates, 3–4 times until single colony was obtained.

Extraction purification and characterization of EPS

EPS-producing bacteria were cultured in optimized
mineral salts medium with 12.6% K2HPO4, 18.2%
KH2PO4, 10% NH4NO3, 1% MgSO4.7H2O, 0.6%
MnSO4, 1% CaCl2.2H2O, 0.06% FeSO4.2H2O, 1%
sodium molybdate, 1.5% NaCl, and 0.2% of glucose
in 1 l of distilled water for 10 days (Bramchari &
Dubey 2006).

After incubation for 10 d, the bacterial cultures (250
ml) were centrifuged at 15,000 rpm for 20 min at 4°C.
The EPS were extracted from the supernatant by the
addition of twofold ice cold ethanol (95%), the solution
was chilled at 4°C for complete precipitation. EPS were
collected from above solution (Kumar et al. 2011). EPS
extracts were washed with 70–100% ethanol–water
mixture; redissolved in distilled water and dialyzed
with dialysis tubing (molecular weight cut-off of 13
kDa; Sigma-Aldrich Chemie GmbH, Seelze, Germany)
against distilled water at 4°C for 24 h to remove excess
salts from EPS. Extracted EPS were lyophilized with
Labonco lyophilizer at 3000 psi and stored at room
temperature (Bramchari & Dubey 2006). To determine
the solubility of EPS, small quantities of lyophilized EPS
were suspended in 2 ml of benzene, water, chloroform,
acetone, ethanol, and methanol. The mixture was
vortexed and allowed to stabilize for some time and the
pellet formation was observed.

Gram staining and motility test of the bacteria

Vincent method (1970) was used for the preparation of
slides of isolated bacterial cultures for gram staining.

Catalase test

Bacterial cultures (24 h) were used for catalase (CAT)
test. Single bacterial colony was placed on glass slide
and a drop of 30% hydrogen peroxide (H2O2) was
added. Appearance of gas bubbles indicated the presence
of CAT enzymes in the bacteria (McFadden 1980).

Oxidase test

For the determination of oxidase in the bacterial strains
(1% N,N,N,N-tetramethylphenylenediamine), Kovacks’s
reagent was used (Kovacs 1956). The reagent was mixed
with hot water and kept in dark. Filter paper strip was dipped
in Kovack’s solution and air dried. Cultures (24-h-old) were
placed on this paper strip. Bacterial strains positive for
oxidase show lavender color that slowly changes into dark
purple and then black (Steel 1961).
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Phosphorus solubilization index

Pikoviskaya’s media were poured in Petri plates under
sterilized conditions. With the help of sterilized tooth
picks, a pinpoint inoculation was done on these agar
plates under sterilized conditions. The plate was incu-
bated at 28°C for 7 days. Formation of clear halozone
was the indication of phosphorus solubilization on
plates. Index of phosphorus solubilization was calculated
by colony diameter and halo zone diameter (Edi Premono
et al. 1996).

Quantification of available phosphates solubilized by
EPS-producing bacteria

Quantification of available phosphates solubilized by
bacteria was done using the phosphomolybdate blue
color method (Murphy & Riley 1962). Pikoviskaya’s
broth (pH 7) and solution of tricalcium phosphate (0.3 g/
100 ml) were autoclaved mixed and two loops full of
phosphate-solubilizing strains were inoculated in each of
the flask under aseptic conditions. The culture in the
flask was placed on the rotary shaker at 12,000 rpm for
12 days. Thereafter, the inocula suspension was centri-
fuged at 10,000 rpm for 15 min. The supernatant
obtained was used for determining the available phos-
phorus through spectrophotometer at 882 nm and
calibrated against standard curve of phosphorus.

DNA extraction

Extraction of genomic DNA of bacterial strain was
carried out by using the GenElute Bacterial Genomic
DNA Kit.

Polymerase chain reaction

The genomic DNA of plant growth-promoting rhizobac-
teria (PGPR) was amplified by the method described by
Weisburg et al. (1991). The polymerase chain reaction
(PCR) was carried out by using forward (fd1) primer
having nucleotide sequence AGAGTTTGATCCTGGCT-
CAG and reverse (rd1) primer (AAGGAGGTGATC-
CAGCC). The reactions were carried out in a
thermocycler (Biometra, Germany). Each reaction vol-
ume (25 µl) contained 1 µl of template DNA, 0.2 mM
dNTP mix, 1.5 mM MgCl2, 5 µl of 10× Taq buffers,
1 unit of Taq DNA polymerase, and 10 pmols of each
primer. The volume was raised to 25 µl by autoclaved
cold water. After denaturation at 95°C for 2 min,
30 rounds of temperature cycling (94°C for 30 sec, 55°
C for 30 sec, and 72°C for 2 min) were followed by
incubation at 72°C for 10 min. Then, 5 µl of amplified
PCR products was electrophoresed on 1.2% (w/v)
agarose gel, in 1× Tris Borate EDTA (TBE) buffer at
80 V, and then stained with ethidium bromide (0.01 g/
ml). Gel was visualized under UV transilluminator lamp
(S. No. 76S/64069, Bio RAD, Italy) and photographed.
The 1 Kb DNA ladder (Fermentas, Germany) was used
as marker. The PCR product was excised from gel,

purified by using gel purification kits (JET quick, Gel
Extraction Spin Kit, GENOMED) and sequenced on
automated sequencer. The sequences were compared
with standard databases by BLAST (NCBI) software.

Sequencing

The purified PCR products of approximately 1400 bp
were sequenced by using two sets of primers 27F AgA
gTT TgA TCM TGG CTC Ag, 1492R TAC ggY TAC
CTT gTT ACg ACT T, 518F CCA gCA gCC gCg gTA
ATA Cg, and 800R TAC CAg ggT ATC TAA TCC.
Sequencing was performed by using Big Dye terminator
cycle sequencing kit v.3.1 (Applied BioSystems, USA).
Sequencing products were resolved on an Applied
Biosystems model 3730XL automated DNA sequencing
system (Applied BioSystems, USA) at the Macrogen,
Inc., Seoul, Korea.

Inoculation of maize (Zea mays L.) with EPS-
producing bacteria

The cultures were allowed to grow in an orbital shaker
(ECELLA E23, USA) at 120 rpm for 48 h at 30°C,
thereafter centrifuged at 3000 rpm for 15–20 min. These
cultures at optical density 600 nm (OD600) equivalent to
1 were used as bioinoculant. Effect of EPS-producing
bacteria on the growth of maize was studied by the
inoculation of maize seeds with EPS bacterial cells alone
and in combination with their respective EPS. Seeds of
maize cv.Agaiti-2002 collected from National Agricul-
tural Research Centre, Islamabad were surface sterilized
with 95% ethanol followed by shaking with 10% clorox
for 2–3 min and successively washed with sterilized
water. For seeds inoculation with bacterial cells, 48-h-old
cultures were prepared in LB broth media, and for
inoculation of seeds with cells and their respective EPS,
10-d-old cultures were used. Sterilized seeds were
soaked in both 48-h-old cultures and 10-d-old cultures
of bacteria for 3–4 h. Seeds were sown in pots contain-
ing autoclaved mixture of soil and sand with the ratio of
3:1, respectively. Soil and sand mixture was autoclaved
three times for complete sterilization. Pots were placed
in growth chamber with average day and night temper-
ature of 25°C and 18°C, respectively. After 1 week
of seed germination, the seedlings were subjected to
drought stress by withholding water supply for 10 d, the
nonstressed plants were kept well watered. After 10 days
of drought stress, plants were harvested for further
analysis. The age of plant was 21 d at the time of
harvest.

Emulsification activity of EPS

To determine emulsification activity, a modified method
of Rosenberg et al. (1979) was used. Lyophilized EPS
(0.5) was dissolved in 0.5 ml of distilled water by
heating for 15–20 min, cooled at room temperature.
Phosphate buffer saline (PBS) was added to the EPS
solution to make a total volume of 2 ml. Hexadecane
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(0.5 ml) was added in the mixture and was vortexed for
1 min. The absorbance was taken immediately after
vortex (A0) at 540 nm on spectrophotometer. The
mixture was incubated at room temperature and absor-
bance was measured after 30 min and 60 min (At). After
incubation at room temperature for 30 and 60 min, fall in
absorbance was recorded. Emulsifying activity of EPS
was calculated as percentage retention after incubation
time t = At/A0 × 100. A control was prepared as a
mixture of PBS (2 ml) and hexadecane (0.5 ml).

To determine the solubility of EPS, small quantities
of lyophilized EPS were suspended in 2 ml of benzene,
water, chloroform, acetone, ethanol, and methanol. The
mixture was vortexed and allowed to stabilize for some
time and the pellet formation was observed.

The total soluble sugar, protein, and uronic acid of
EPS were determined. Suspension of EPS was prepared
by resuspending 2 g of lyophilized EPS in 10 ml of
distilled water. Quantification of sugar was done by
phenol–sulfuric acid (PSA) method (Dubois et al 1956).
Quantification of protein was made by Lowry method
(Lowry et al. 1951) using bovine serum albumin as
standard, and absorbance was measured by spectropho-
tometer at 500 nm. Quantification of uronic acid was
carried out by carbazole assay (Taylor & Buchanan-
Smith 2001). To analyze the functional groups of EPS,
FTIR spectroscopy of lyophilized EPS was done by
single reflection ATR accessories.

Determination of effects of PGPR and their EPS on
physiological parameters of soil and plants

After harvesting the plants, moisture content of rhizo-
sphere soil of both stressed plants and nonstressed plants
was measured. Fresh weight of soil sample (20 g)
collected from 6-inch rhizosphere of plants was dried
in oven for 72 h at 70°C. Dry weight of soil was
recorded and moisture content was calculated as:

Soil moisture ð%Þ ¼
weight of wet soil ðgÞ �weight of dry soil ðgÞ � 100

Weight of dry soil ðgÞ

RWC of leaves of stressed and unstressed inoculated
plants was measured by the method of Weatherley
(1950). Leaf area of randomly collected plants from
each treatment was calculated as the product of length
and width. Total leaf area was calculated by formula
used by Mckee (1964).

Leaf area ¼ length of leaf ðcmÞ
� width of leaf ðcmÞ � 0.74

The length of freshly harvested plant’s shoots and roots
was taken from each treatment. Plants were selected
randomly from each treatment and fresh weights of roots
and shoots were recorded. Plants were dried in oven for
72 h at 70°C. Leaf protein content was calculated by
Lowry method (1951). Sugar content of leaves was
calculated by using PSA method of Dubois et al. (1956).

Proline content of leaves was measured following the
method of Bates et al (1973).

The method of Beauchamp and Frodovich (1971)
was used for superoxide dismutase (SOD) estimation.
Estimation of peroxidase (POD) enzyme was done by
the method of Vetter et al. (1958) and modified by Gorin
and Heidema (1976). CAT activity was estimated by the
method of Chandlee and Scandalios (1984).

Statistical analyses of data

The data recorded in laboratory and pot experiments
were subjected to statistical analysis with statistix
version 8.1. Means and standard errors of the means
were calculated. Results were evaluated by analysis of
variance (ANOVA). The differences between the means
of inoculated and control treatments were tested using
the least significant differences test (p < 0.05).

Results

pH and EC of soil samples

EC and pH both were higher for the soil from Sindh. pH
of soil from Ghotki Sindh was 8.72 and from Kallar
Saydan was 8.10. EC of soil sample from Ghoti Sindh
was 210 and from Kallar Saydan was 160.

Isolation and identification of EPS-producing bacteria

Ten bacterial strains were isolated from three soil
samples. All bacterial colonies were streaked on LB
agar plates. Three bacterial strains (Proteus penneri
[Pp1], Pseudomonas aeruginosa [Pa2], and AF3) were
selected for EPS production on the basis of mucoid
colony morphology and other biochemical tests. On LB
agar plates, bacterial strains Pp1 produced green mucoid
colony with soapy odor and Pa2 produced yellow green
mucoid colony with grape-like odor, whereas AF3 gave
nonpigmented colonies with pleasant fruity odor. All
colonies were circular ranging from 0.3 to 0.5 cm with
entire margin. All bacterial isolate were gram negative;
Pp1 and Pa2 were bacilli and AF3 was cocci. Pp1 isolate
was positive for CAT and negative for oxidase, whereas
Pa2 and AF3 were positive for both oxidase and CAT
tests.

Alignment of 16S rRNA sequence

For the isolate Pp1 obtained from arid region of Ghoti
Sindh, the total length of sequence with 1537 nucleotide
was obtained. The comparison of the nucleotide
sequence with data nucleotide bank showed highest
sequence similarity with 1464/1469 and 99% with that
of Pp1 strain (ACC No.: JN092595.1).

For the isolate Pa2 obtained from semiarid region of
Kallar Sayedan, the total length of sequence with 1498
nucleotide was obtained. The comparison of the nucleot-
ide sequence with data nucleotide bank showed highest
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sequence similarity with 1465/1465 and 100% with that
of Pa2 strain (ACC No.: AY792969.1).

For the isolate Af3 obtained from semiarid region of
Kallar Sayedan, the total length of sequence with 1462
nucleotide was obtained. The comparison of the nucle-
otide sequence with data nucleotide bank showed high-
est sequence similarity with 1460/1461 and 99% with
that of AF3 strain (ACC No.: AB680626.1).

Phosphorus solubilization by bacterial isolates

Only Pp1 strain, that is, Pp1 formed a clear halo zone
around the colony indicating the phosphorus solubilized
from tricalcium phosphate added in the medium. The
index of P solubilization was 2.11 cm and the total
amount of P solubilized by Pp1 was 0.49 µg/ml.

Emulsification activity of EPS

Emulsification activity gives the strength of EPS in
retaining the emulsion breaks. Dialyzed EPS have
greater activity of emulsification than nondialyzed EPS
(Table 5). The nondialyzed EPS of strain Pp1 retained
42% and 10% after 30 and 60 min, respectively, while
dialyzed EPS had 47% and 34%, respectively. Nondia-
lyzed EPS of Pa2 retained similar emulsification activity
at 30 min but at 60 min, the activity was 50% lower,
while dialyzed ones had almost similar emulsification
activity, that is, 45% and 34%, respectively. Similarly in
case of AF3 strain, nondialyzed EPS retained 37% and
19% after 30 and 60 min while dialyzed EPS had 46%
and 33% emulsification activity.

Solubility and chemical composition of EPS

The lyophilized EPS were soluble in water and insoluble
in benzene, acetone, chloroform, and ethanol. Similar
results were reported by Vimala and Lalithakumari
(2003). The chemical composition of EPS revealed
(Table 1) that sugar content was 97% in Pp1 and 98%
in EPS of Pa2 and AF3 strains. The protein content was
97% in Pp1 and 98% higher than control in EPS of Pa2
and AF3 strains. There were no significant differences in
sugar and uronic acid contents of the isolates. Uronic
acid content was lower than that of sugar in EPS of all
strains.

Fourier-transformed infrared spectroscopy of EPS

The FTIR spectrum of EPS of bacterial isolates showed
various functional groups (Figures 1–3). The H-bonded
hydroxyl group typical of EPS (3273–3278 cm−1) as
well as C–H group (at 2923 to 3016) and at 3016.78
cm−1, 2908.98 cm−1 representing aliphatic CH symmet-
ric and asymmetric stretching in CH3 and CH2, bands
corresponding to fatty acid region; the C=O asymmetric
stretching of –NH-CO-R and/or N-H bonding of H2N-
CO-R (Amide I; at 1633), the C-O-C group vibrations in
the cyclic structures of carbohydrates that represent
polysaccharide region were commonly present in all
three strains. The peaks of N-H bonding of –NH-
(Amide II) as protein region, the P=O stretching of
phosphate PO43−representing nucleic acid region
(1377–1379); the O–H bonding in carboxylic acid and
C-OH stretching of phenolic (OH) group were also
identified but were not common to all strains (Tables 2–4).

Growth and physiological attributes

Plant growth was significantly enhanced by inoculation
of EPS-producing bacterial strains. After exposure to 3
d, drought stress uninoculated plants started wilting but
inoculated plants with bacterial cells alone resisted stress
up to 7 days prior to wilting, while seeds inoculated with
bacterial cells with EPS delayed wilting till 10 d. Soil
inoculated with all strains in combination with their
respective EPS exhibited increase in soil moisture
contents. Treatment of Pp1 and Pa2 with their respective
EPS showed 68% and 67% increase in soil moisture,
respectively. Pa2 strains in combination with their
respective EPS showed 68% soil moisture content in
stress and 74% in unstressed over uninoculated control.
Seeds inoculated with all strains in combinations with its
EPS showed greater increase in leaf area as compared to
control both in stressed and unstressed conditions.
Inoculations of strain Pa2 with its EPS resulted in
130% increase under unstressed and 127% under
drought-stressed under nonstress conditions. In this
study, RWCs of all the treatment were found to be
significant as compared with the uninoculated control.
Treatment of Pa2 in combination with their respective
EPS showed 45% increase in RWCs over control
(Figure 4). The plants inoculated with Pseudomonas
putida strain GAP-P45 EPS-producing bacteria showed
increase in soil aggregation, root adhering soil, and
high RWC of leaves (Sandhya et al. 2009b). RWC of
leaves is the index of plant water status that helps in the
evaluation of tolerance to drought stress, and reduction
in the RWCs causes closure of stomata.

Root length and shoot length in all the treatments
were increased in both drought-stressed and unstressed
conditions while treatment of Pa2 and their respective
EPS showed maximum increase in shoot length by 76%
under drought-stressed and 72% under unstressed con-
ditions. Treatment of AF3 and their respective EPS
showed maximum increase in root length as 50% in
nonstress and 42% in stress over noninoculated control.

Table 1. Chemical characterization, sugar, protein, and uronic
acid contents of EPS.

Bacterial
isolates

Sugar
(µg/g)

Protein
(µg/g)

Uronic acid
(µg/mg)

Control 309.9 B 20.2 C 0.0850 A
PP1 6981.9 A 703.0 B 1.1193 A
Pa2 6948.7 A 1121.2 A 0.9250 A
AF3 7066.7 A 1074.7 A 1.1337 A

Note: PP1 (isolated from soil sample collected from arid region of
Ghotki Sindh). Pa2 and AF3 (isolated from soil sample collected from
semiarid region of Kallar Sayedan).
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Figure 1. ATR-FTIR spectra of EPS of PP1 strain.

Figure 2. ATR-FTIR spectra of EPS of Pa2 strain.

Figure 3. ATR-FTIR spectra of EPS of AF3 strain.
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Root and shoot fresh weights of all treated plants were
also significantly higher in comparison with uninocu-
lated control. Dry weight of roots and shoots was also
higher in plants inoculated with EPS-producing bacteria.
Plants inoculated with strain Pp1 have same value
of fresh and dry weight of shoots in both stress and
nonstress conditions, which show the resistance to
drought effect (Figure 5).

Response of maize seedlings to drought

Inoculation with EPS-producing strains significantly
improved protein and sugar concentration in the leaves
under stress conditions (Figure 6). All the treatments
decreased the proline content and activity of antioxidant
enzymes in leaves. Pa2 + EPS had maximum decrease in
proline content and activities of antioxidant enzyme of
leaves as compared to uninoculated control (Figure 7).

The plants inoculated with EPS-producing bacteria
showed decreased activity of ascorbate peroxidase
(APX), CAT, and glutathione peroxidase (GPX) enzymes
under drought stress play their role in plants to tolerate the
stress.

Discussion

The bacterial strains Pp1, Pa2, and Af3 produced mucoid
colony on LB agar media. Roberson and Firestone
(1992) and Junkins and Doyle (1992) demonstrated
Pa2 and Escherichia coli as EPS-producing organisms
on the basis of mucoid colony. The production of
pigmentation in all bacterial strains was also detected
during the selection process both in LB agar and LB
broth media. Nair et al. (1992) and Arrage et al. (1993)
demonstrated that pigmentation by EPS-producing bac-
teria was related to resistance in these bacteria against
toxic substances in contaminated water.

Table 2. Potential functional groups in EPS of PP1 bacterial strain.

Potential functional groups Wave number (cm−1)

O-H stretching and hydrogen bonding 3275.12
Aliphatic CH stretching (symmetric and asymmetric stretching of CH3 and CH2) 2923.08
C=O asymmetric stretching of –NH-CO-R and/or N-H bonding of H2N-CO-R (Amide I) 1633.61
N-H bonding of –NH-(Amide II) and/or C=C stretching of aromatic ring 1540.04
C=O symmetric stretching of carboxylate and/or C-OH stretching of phenolic OH 1379.02
P=O stretching of phosphate PO4 3- and/or C-O stretching of –O-COR 1227.97
C-O-C group vibrations in the cyclic structures of carbohydrates 1070.29

Note: PP1 (isolated from soil sample collected from arid region of Ghotki Sindh). Pa2 and AF3 (isolated from soil sample collected from semiarid
region of Kallar Sayedan).

Table 3. Potential functional groups in EPS of Pa2 bacterial strain.

Potential functional groups Wave number (cm−1)

O-H stretching and hydrogen bonding 3273.01
Aliphatic CH stretching (symmetric and asymmetric stretching of CH3 and CH2) 3016.74, 2926.98
C=O asymmetric stretching of –NH-CO-R and/or N-H bonding of H2N-CO-R (Amide I) 1634.50
N-H bonding of –NH-(Amide II) and/or C=C stretching of aromatic ring 1539.58
O-H bonding in carboxylic acid 1304.84
C-O-C group vibrations in the cyclic structures of carbohydrates 1029.43

Note: PP1 (isolated from soil sample collected from arid region of Ghotki Sindh). Pa2 and AF3 (isolated from soil sample collected from semiarid
region of Kallar Sayedan).

Table 4. Potential functional groups in EPS of AF3 bacterial strain.

Potential functional groups Wave number (cm−1)

O-H stretching and hydrogen bonding 3278.91
Aliphatic CH stretching (symmetric and asymmetric stretching of CH3 and CH2) 3016.78, 2908.98
C=O asymmetric stretching of –NH-CO-R and/or N-H bonding of H2N-CO-R (Amide I) 1634.33
N-H bonding of –NH-(Amide II) and/or C=C stretching of aromatic ring 1539.17
C=O symmetric stretching of carboxylate and/or C-OH stretching of phenolic OH 1377.97
O-H bonding in carboxylic acid 1304.82
P=O stretching of phosphate PO4 3- and/or C-O stretching of –O-COR 1221.38
C-O-C group vibrations in the cyclic structures of carbohydrates 1023.33
C-O-S stretching of –O-SO4- 807.70

Note: PP1 (isolated from soil sample collected from arid region of Ghotki Sindh). Pa2 and AF3 (isolated from soil sample collected from semiarid
region of Kallar Sayedan).
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The EPS extract contained carbohydrates (neutral
sugars), proteins, and very small amount of uronic acids.
Bramchari and Dubey (2006) demonstrated that the
production of EPS by Vibrio harveyi composed of
neutral sugars, proteins, and uronic acids which imparts
acidic nature to EPS.

FTIR spectrum of EPS obtained during the present
study revealed cyclic carbohydrates of polysaccharides,
proteins, and uronic acid. Schmitt and Flemming (1998)
and Sheng et al. (2006) arbitrarily divided the spectrum
obtained from FTIR into several characteristic bands
representing different compounds. According to them,
their EPS have cyclic carbohydrates of polysaccharides,
uronic acid, and proteins. The presence of acidic
functional groups of uronic acid (glucuronic acid) in
EPS are involved in metal sequestration (Bhaskar &
Bhosle 2005; Bramchari & Dubey 2006; Pal & Paul
2008). Hydroxyl and amine groups of EPS were
predominant in lead sequestration and thus protect E.
cloacae strain P2B from lead toxicity (Pal & Paul 2008).
The presence of acidic sugars in the EPS may be
important, helpful in the heavy metal-binding properties
of this polymer. The chemical composition of EPS
produced by Pa2 was analyzed by Grobe et al. (1995).
FTIR analysis of the three bacterial EPS also indicated
the presence of many charged groups. The charged
groups of the EPS are involved in biological and
physiological functioning of the EPS (Sutherland 2001)
and the EPS-producing rhizospheric bacteria. It is inferred
that these EPS would also play an important role in
mechanical and structural stability of the salt-affected soils

and soil aggregation around plant roots (Amellal et al.
1998; Alami et al. 2000).

Soil moisture content was 10–12% in the untreated
control plants which declined to 5–7% under drought
stress. Maximum moisture content of soil was recorded
for the rhizosphere soil inoculated with PGPR strains in
combination with their respective EPS both under
drought-stress and unstressed conditions. Treatment of
Pp1 and Pa2 with their respective EPS showed max-
imum increase in soil moisture by 68% and 67%
increase, respectively. The high affinity of EPS for water
provides protection to bacteria under drought stress. EPS
hold the water in the soil surrounding the plant roots and
soil dries more slowly, also protect the bacteria from
desiccation and fluctuations in water potential (Hepper
1975). Roberson and Firestone (1992) suggested that the
increase in EPS production by Pseudomonas during
desiccation is required to ensure the protection of the
bacterial strain in soil. The EPS type play direct bearing
on the drought tolerance of inoculated plants. The strains
Pp1 and AF3 having both phosphate group and phenolic
group were more responsive to drought stress. The Pp1
has greater emulsification ability in both short-term (30
min.) and long-term (60 min.) incubation of dialysis
further this strain has P solubilization potential; hence
was8 found to exhibit greater retention of moisture
content in the rhizosphere soil of maize inoculated along
with its EPS. The RWC which is an index of drought
tolerance and a measure of water status of plants, the
PGPR Af3 was more effective with its EPS which was
also reflected in the fresh weight of shoot which showed

Figure 4. Effect of EPS-producing bacteria, along with their EPS on maize seedlings. (A) Soil moisture content, (B) leaf area, and (C)
RWCs. Error bars are mean ± standard deviation, n = 8. (PP1) Proteus penneri, (Pa2) Pseudomonas aeruginosa, and (AF3)
Alcaligenes faecalis (PP1 + EPS) Proteus penneri in combination with EPS, (Pa2 + EPS) Pseudomonas aeruginosa in combination
with EPS, and (AF3 + EPS) Alcaligenes faecalis in combination with EPS.
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no significant effect of drought stress on the shoot fresh
weight as compared to its unstressed control. This strain
had SO4 group and also -OH bonding of carboxylic
acid. There was no difference in the production of
biomass (as evidenced by shoot dry weight) between
the unstressed and drought-induced seedlings in any of
the treatment with PGPR and its corresponding EPS.
Although the roots were longer in the drought-stressed
plants of AF3 and their respective EPS treatment, the
fresh and dry weights of the roots have similar magni-
tude of increase over untreated stressed plants in all the
three treatments. The leaves of the plant inoculated with
Pa2 showed maximum protein content under drought
stress which corresponds with the higher protein in its
EPS. The activity of antioxidant enzyme SOD was
higher specifically in Pa2 and its EPS-treated plant
leaves, whereas POD was greater in Af3 and its EPS-
treated plant leaves. The SOD is the principal enzyme
acting as reactive oxygen species (ROS) scavenger,

whereas POD assists in neutralizing the H2O2 produced
during SOD interaction with ROS. These differences can
be attributed to the difference in the functional group of
EPS of the corresponding PGPR.

The RWC of all the treatment was found to be
significantly higher compared with the uninoculated
control. Treatment of Pa2 showed maximum increase
in RWC of plant leaves. Plants having higher yield under
drought stress need to maintain higher RWC. The
decrease in RWC in plants under drought stress may
depend on reduction in plant vigor, and has been
observed in many plants (Liu et al. 2002). The plants
inoculated with P. putida strain GAP-P45 EPS-produ-
cing bacteria showed high RWC of leaves (Sandhya
et al. 2009b). Bacterial EPS have an ability of water
holding and cementing due to which EPS-producing
bacteria helped to maintain the moisture content of
soil and flow of water across the plant roots due to the

Figure 5. Effect of EPS-producing bacteria, along with their EPS on maize seedlings. (A) Soil moisture content, (B) Leaf area, and
(C) RWCs. (A) Shoot length, (B) Root length, (C) Shoot fresh weight, (D) Root fresh weight, and (E) Shoot dry weight, (F) Root dry
weight. Error bars are mean ± standard deviation, n = 8. (PP1) Proteus penneri, (Pa2) Pseudomonas aeruginosa, and (AF3)
Alcaligenes faecalis (PP1 + EPS) Proteus penneri in combination with EPS, (Pa2 + EPS) Pseudomonas aeruginosa in combination
with EPS, and (AF3 + EPS) Alcaligenes faecalis in combination with EPS.
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formation of soil aggregates (Tisdall & Oadea 1982;
Roberson & Firestone 1992).

The development of optimal leaf area is important for
photosynthesis and dry matter yield. Pa2 with its EPS
gives maximum increase in leaf area under nonstress
condition and also under drought condition. Root length
in all the treatments was higher in both drought stress and
nonstress conditions. The importance of root systems in
acquiring water has long been recognized. The develop-
ment of root system increases the water uptake and
maintains requisite osmotic pressure in Phoenix dactyli-
fera (Djibril et al. 2005). Pseudomonas spp. increased
total microbial activity, shoot and root length, and total
dry weight (Ahn et al. 2007). The inoculation with EPS-
producing bacteria could cause the development of much
better root system which subsequently increases the shoot
growth (Nemat et al. 2012). All treatments have increased
shoot length in both drought stress and nonstress plants
than noninoculated control. Inoculation of Pa2 shows
maximum increase in shoot length. Inoculation of
P. putida strain GAP-P45 increased total shoot length as
studied by Sandhya et al. (2010).

Root and shoot fresh weight of all treated plants was
significantly higher in comparison with uninoculated
control. Dry weight of roots and shoots was also higher
in plants inoculated with EPS-producing bacteria. Plants

inoculated with strain PP1 have same value of fresh
and dry weight of shoots in both stress and nonstress
conditions which show the resistance to drought effect.
Plant growth-promoting bacteria influence growth of
plant through various mechanisms and several research-
ers have reported healthy effect of PGPR inoculation on
various crops (Khalid et al. 2004). Plants inoculated with
strain Pa2 showed maximum increase in root fresh and
dry weight. Zahir et al. (2008) also reported improved
fresh and dry weight of plants following inoculation
with Pseudomonas fluorescens biotype G (ACC-5), and
P. putida biotype A (Q-7).

Protein content was significantly greater in all the
treatments as compared to the uninoculated control.
Application of Pa2 showed maximum increase in protein
content of leaves. The increased protein content prevents
denaturation and decomposition of the cellular molecules
and components especially during a biotic stress condi-
tions (Campbell & Close 1997). Inoculation of EPS-
producing Pseudomonas sp. increased soluble sugar
content in drought stress seedlings than uninoculated
seedlings which indicate that possibly Pseudomonas sp.
helps in the hydrolyses of starch content, subsequently
more sugar was made available for osmotic adjustment
to alleviate the effect of drought stress. In case of
uninoculated seedlings under drought stress plant growth
was affected due to the absence of PGP Pseudomonas
sp. that in turn affected the biosynthesis and decreasing
content of soluble sugar and starch. The observed
corresponding increase in sugar and protein content of
maize seedlings inoculated with the PGPR was attributed
to the content of protein and sugar of EPS produced by
the PGPR. Sandhya et al. (2010) demonstrated that the
adverse effects of drought stress on plant growth under
uninoculated condition may be attributed to decrease in
the content of starch and sugar.

The uninoculated control plants, compared to the
inoculated plants, under drought conditions had increased
activity of antioxidant enzymes SOD, POD, and CAT, and
concentration of proline. Plants inoculated with Pa2
exhibited maximum decrease in the activity of antioxidant
enzymes superoxidase SOD, POD, and CAT, and con-
centration of proline. Plants inoculated with PGPR strains
under drought stress decreased the activities of antiox-
idant enzymes. It is interesting to note that drought stress
and antioxidant enzyme activity have significant interac-
tion, but inoculation with PGPR lessen the adverse effect
of drought stress on the antioxidant enzymes activity (Han
and Lee 2005), indicating that the effect of stress was less
pronounced in the maize seedlings inoculated with EPS-
producing bacteria (Sandhya et al. 2010). At cellular level
most of the damages take place due to oxidative damage
under drought stress, this injury is the result of imbalance
between the production of ROS and their detoxification.
Stress proteins play their role in plants to tolerate the
stress; these proteins are water soluble (Wahid 2007).
Soluble sugars are the important osmolytes that help in the
osmotic adjustment in plants under drought stress. An
increased level of soluble sugars was observed in plants
under drought stress (Dekánková et al. 2004). Inoculation

Figure 6. Protein and sugar content of maize seedlings
inoculated with EPS-producing bacteria, along with their
EPS. (A) Soil moisture content, (B) Leaf area, and (C)
RWCs. (A) Protein content; (B) sugar content. Error bars are
mean ± standard deviation, n = 8. (PP1) Proteus penneri; (Pa2)
Pseudomonas aeruginosa; (AF3) Alcaligenes faecalis; (PP1 +
EPS) Proteus penneri in combination with EPS; (Pa2 + EPS)
Pseudomonas aeruginosa in combination with EPS and (AF3 +
EPS) Alcaligenes faecalis in combination with EPS.
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of plant seedlings with Psedomonas spp. increased the
proline contents under drought stress; it may be due to
upregulation of biosynthesis pathway of proline to keep
the proline in higher concentration, that helped in main-
taining the water status of cell and protect the membranes
under drought stress (Yoshiba et al. 1997).

Conclusion

It is inferred from present study that the bacterial isolates
Pp1, Pa2, and Af3 as EPS-producing bacteria can induce
drought tolerance in addition to their ability as PGPR.
The mechanism they adapt was to neconomize the water
budget of the plants by increasing the RWC of leaves of

Figure 7. Proline content and antioxidant enzyme activity of maize seedlings inoculated with EPS producing bacteria, along with
their EPS. (A) Soil moisture content, (B) Leaf area, and (C) RWCs. (A) proline content; (B) SOD; (C) POD; (D) CAT. Error bars are
mean ± standard deviation, n = 8. (PP1) Proteus penneri; (Pa2) Pseudomonas aeruginosa; (AF3) Alcaligenes faecalis; (PP1 + EPS)
Proteus penneri in combination with EPS; (Pa2 + EPS) Pseudomonas aeruginosa in combination with EPS and (AF3 + EPS)
Alcaligenes faecalis in combination with EPS.

Table 5. Emulsifying activity of EPS.

Bacterial strains EPS Incubation time (min) Sample OD at 540 nm Emulsifying activity (%)

Pp1 Nondialysed 0 0.19 100
30 0.08 42.105
60 0.02 10.52

Dialysed, lyophilized 0 0.32 100
30 0.15 46.88
60 0.11 34.38

Pa2 Nondialysed 0 0.21 100
30 0.09 42.86
60 0.01 4.76

Dialysed, lyophilized 0 0.38 100
30 0.17 44.73
60 0.13 34.21

Af3 Nondialysed 0 0 100
30 30 37.5
60 60 18.75

Dialysed, lyophilized 0 0 100
30 30 46.15
60 60 33.33

Note: PP1 (isolated from soil sample collected from arid region of Ghotki Sindh). Pa2 and AF3 (isolated from soil sample collected from semiarid
region of Kallar Sayedan).
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inoculated plants to counteract the oxidative and osmotic
stresses commonly prevalent under drought stress.
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