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Abstract The beneficial microbial-plant interaction plays
important role in the soil health, crop growth and produc-
tivity. Plant growth promoting rhizobacteria (PGPR) are
such beneficial microorganisms, which in association with
plant roots not only promote their growth but also help in
counteracting the detrimental effects of soil stresses. Salt
stress is one such stress, frequently confronted by the
plants. The present study aimed at isolation and identifi-
cation of PGPR inhabiting the mungbean rhizosphere,
testing them for salt (NaCl) tolerance and subsequently in
salt-supplemented mungbean crop. For this purpose, two
salt-tolerant bacterial strains belonging to genus Pantoea
and Enterococcus, characterized for their P-solubilization
ability, indole acetic acid and siderophore production were
selected. These two PGPR were further evaluated for their
effect on the salt-stressed mungbean plants, grown at two
salt concentrations (5 and 10 dS/m). The plants treated
with the combination of PGPR showed better performance
in growth (16-37 %) and yield (22-32 %), under salt
stress, as compared with control. The increasing salt con-
centration was found to increase the membrane damage,
Na*t concentration in the plants. PGPR treatments effec-
tively reduced the Na™ concentration (1741 %), mem-
brane damage (1.1-1.5 folds) and enhanced the
antioxidants i.e. ascorbic acid (8-26 %) and glutathione
(10-30 %) in salt-stressed plants, in comparison to
uninoculated stressed plants. Overall, the results indicated
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that both PGPR were effective as stress mitigators how-
ever, in combination they showed relatively better
improvement in growth, yield as well as oxidative
parameters of the salt-affected plants. These findings about
the effects of native salt-tolerant PGPR Pantoea and En-
terococcus sp. in mungbean crop are novel.
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Introduction

Saline stress is one of the major abiotic stresses limiting
crop growth and productivity (Shrivastava and Kumar
2015). Worldwide, about 20 % of the total cultivable land
and 33 % of irrigated agricultural land is affected by high
salinity. This salinized area is increasing by 10 % every
year and estimated to reach above 50 % (of arable land) by
the year 2050 (Shrivastava and Kumar 2015). With the
burgeoning population and shrinking agricultural land, it
has become imperative to manage saline stress and increase
the crop productivity under stressed conditions in order to
fulfill food demands.

Salinity induces osmotic and ionic stress in plants,
which leads to nutritional imbalance, morphological dam-
ages and reduced photosynthesis resulting in diminished
growth/productivity and leads to plant death (Ahmad et al.
2013). However, to improve the plant’s growth in stress
conditions, it is important to increase the ability of the crop
to survive and grow under salt stress, and one such option
is application of PGPR. These microbes are associated with
plant roots and are known to be beneficial for the overall
growth of the plants (Shrivastava and Kumar 2015). Some
of the PGPR effects involve increased germination rate,
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root-shoot growth, yield including grains, leaf area,
chlorophyll content, protein content, nutrient availability,
delayed leaf senescence and tolerance to stresses (Habib
et al. 2016).

Previous studies have indicated that PGPR effectively
mitigate the impact of various stresses on plants via different
mechanisms and act as plant-helpers in combating stress by
enhancing the plant’s tolerance (Palaniyandi et al. 2014).
PGPR have been reported for their beneficial effect on the
growth enhancement and stress amelioration effects in dif-
ferent crops such as wheat; chickpea; onion and groundnut
etc. (Dasgupta et al. 2015). Some of these PGPR belong to
genera Azospirillum, Azotobacter, Bacillus, Burkholderia,
Erwinia, Enterobacter, Flavobacterium, Micrococcus,
Pseudomonas and Serratia etc. (Singh 2015). Another aspect
involves the combination of these microorganisms with
beneficial attributes to get an outcome with numerous or
complementing beneficial effects (Damam et al. 2014).
Reports are available on the synergistic effects of PGPR
combinations on different crops (Kalita et al. 2015).

Research on beneficial bacteria for development of inoc-
ulants has gained special interest of researchers. The purpose
of developing such inoculants is, using a biological option to
stimulate plants’ responses against stressed conditions. At the
same time, it is prudent to isolate and test the indigenous
bacterial strains, which would be more effective in combating
the salt stress than the exotic strains. In the present study, we
have focused on a salt-sensitive leguminous crop mungbean
(Vigna radiata L.), an important protein-rich legume crop of
India, and widely cultivated in Asia. It is quite versatile and
short duration crop, considered as golden bean because of its
high nutritional values, seeds, forage and suitability for
increasing fertility of soil (Reetha etal. 2014). In this study, we
have evaluated some selective native PGPR, isolated from the
rhizosphere of mungbean, applied individually as well as in
consortium to test their effects on this crop grown under
simulated salt conditions (5 dS/mand 10 dS/m
NaCl i.e. ~ 50 mM and 100 mM NaCl concentration). The
objective of this study was to ascertain the effects of salt
conditions on mungbean growth and the potential of these
bacterial strains as stress mitigators in relation to their effects
on growth, productivity and antioxidant system of stress
affected mungbean plants. To the best of our knowledge, this
is the first report about mitigation effects of Pantoea dispersa
and Enterococcus faecium on salt- stressed mungbean plants.

Materials and methods
Collection of phosphate solubilizing microorganisms

The phosphate (P) solubilizing microorganisms were iso-
lated from the rhizospheric soil of mungbean (Vigna
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radiata L. cv. SML 668) plants grown in pots (8 kg soil
capacity, 12 cm diameter) maintained at green house,
Department of Botany, Panjab University, Chandigarh
(latitude and longitude 30°44'13"N, 76°47'13"E, respec-
tively), India. The rhizospheric soil was collected asepti-
cally into sterile petriplates and processed for the isolation
of P-solubilizing bacteria on Pikovskaya’s agar plates by
serial dilution (1:10) method. The bacterial colonies
showing clearance zone around them were selected and
streaked on fresh plates. The selected colonies were further
screened for their growth, P-solubilization ability and
siderophore production on salt-supplemented agar plates
(final concentration up to 150 mM).

Identification of isolates

The selected isolates were further examined microscopi-
cally as well by physiological and biochemical character-
istics. Further characterization was done by basic
biochemical tests for Gram positive and Gram negative
bacteria, including indole, methyl red, oxidase, catalase,
sugar fermentation and lysine-ornithine-arginine carboxy-
lase test according to Bergey’s Manual of Systemic Bac-
teriology (Breed et al. 1957). For final identification, the
isolated bacteria were subjected to 16S rRNA gene
sequence analysis. The 16S rRNA gene sequences were
submitted to GenBank.

Assessment of salt tolerance of isolates

The selected isolates were screened for their growth and
salt tolerance at various NaCl concentrations. The actively
growing cultures were inoculated in nutrient broth sup-
plemented with increasing concentration of salt (0, 200,
400, 800 mM and 1200 mM) and incubated at 30 °C at
150 rpm. The bacterial growth was monitored using viable
count technique. The highest concentration of salt with no
significant effect on the growth pattern of the isolates was
taken as their tolerance level.

Quantitative estimation of P-solubilizing activity
and siderophore production

The bacterial isolates were assessed for their P-solubilizing
ability in salt amended Pikovskaya’s broth (50, 100,
150 mM). The actively growing bacterial cultures were
inoculated in 100 ml liquid medium (with and without
supplemented salt) and incubated at 30 °C, 150 rpm.
Medium without salt was taken as control and P-solubi-
lization in salt-amended media was compared with the
control values. Five milliliters of the culture was with-
drawn at regular intervals and used for quantitative esti-
mation of P-solubilization using soluble P chlorostannous
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reduced molybdophosphoric acid method (Jackson 1973).
Final concentrations for solubilized P by isolates were
calculated from standard curve prepared using 0—10 pg/ml
phosphate (KH,PO,) solution following linear regression
analysis.

P-solubilizing isolates were further analyzed for their
siderophore production ability using universal chrome
azurol method (Schwyn and Neilands 1987). The isolates
were spot inoculated on CAS agar plates followed by
incubation at 30 °C for 24-72 h and observed for the orange
halo zones around the colonies. Quantitative estimation was
carried out in salt supplemented (up to 150 mM) iron (Fe)
free succinate liquid medium (Barbhaiya and Rao 1985)
inoculated with 1 % primary inoculum. Medium without
salt was taken as control. Samples in replicates were taken
regularly after 24 h interval from each flask and siderophore
estimation was performed according to universal chrome
azurol liquid assay (Schwyn and Neilands 1987). Side-
rophore units were calculated as follows

% Siderophore unit =
Absorbance of reference (Ar) — Absorbance of test(As)

Absorbance of reference(Ar)
x 100

where Ar is absorbance of uninoculated media and CAS
solution; As is absorbance of test sample i.e. culture
supernatant and CAS solution.

Analysis for IAA production and ACC
(1-aminocyclopropane-1-carboxylate) deaminase
activity

The bacterial isolates were screened for IAA production
with and without supplemented salt, by colorimetric
method (Gorden and Paleg 1957). One ml of culture was
inoculated in 100 ml minimal medium containing trypto-
phan (Frankenberg and Poth 1988) and incubated at 30 °C
(150 rpm). Two ml of Salper’s reagent (1.0 ml 0.5 M
FeCl;, in 50.0 ml of 35 % HCIlO,) was added to 1.0 ml cell
free culture supernatant (taken at 24 h intervals) and
incubated for 30 min in dark at room temperature. Un-
inoculated media was used as blank and the intensity of
pink color developed was measured at 530 nm using UV/
VIS spectrophotometer. The final concentration of IAA
was calculated from [AA (0-350 pg/ml) standard curve.
The isolates were further screened for their ACC
deaminase activity with and without salt supplementation,
by measuring the amount of a-ketobutyrate produced by
ACC using 2,4-dinitrophenylhydrazine reagent (Honma
and Shimomura 1978; Penrose and Glick 2003). The bac-
terial cells were grown in a tryptone soya broth up to late
log phase and later grown and induced in minimal media

(with and without supplemented salt) with additional
3.0 mM ACC as sole nitrogen source. After reaction with
2,4-dinitrophenylhydrazine reagent, absorbance was taken
at 540 nm wavelength. The amount of o-ketobutyrate
produced was determined using the standard curve of o-
ketobutyrate ranging between 0.1 and 1.0 mmol. ACC
deaminase activity was expressed as nmol o-ketobutyrate
produced/mg protein/h and the protein concentrations were
determined using Bradford’s protein determination method
(Bradford 1976). All the assays were performed in
triplicates.

Biocompatibility test

The isolates were analyzed for the biocompatibility with
Rhizobium by streaking one isolate in the centre and others
streaked perpendicularly across the initial culture. After
incubation at 30 °C for 48 h, the absence of any growth
inhibition at the intersections indicated biocompatibility of
the isolates.

Pot experiment

The selected halo-tolerant bacterial strains were used as
inoculants to determine their effects on mungbean SML-
668 cultivar grown in salt (5 and 10 dS/m) supplemented
soil The isolates were grown in nutrient broth and the final
concentration of bacterial cells were adjusted up to
1 x 10” cells, followed by confirmation through viable
counting method. The microbial consortium was prepared
by mixing equal volumes of each bacterial suspension. The
pot experiment was carried out under natural out-door
conditions in a wired enclosure at Department of Botany,
Panjab University, Chandigarh. Disinfected pots were filled
with soil i.e. soil:manure in 3:1 ratio (0.77 % organic
matter, 4 mg/kg available P, 30 mg/kg available N,
108 mg/kg K, 0.417 mEq/100 g soil Ca, 0.084 mEq/100 g
soil Mg) also supplemented with tri-calcium phosphate
(200 mg/kg). The soil-filled pots were saturated with NaCl
solutions i.e. 50 mM and 100 mM concentrations, a week
before the sowing.

Mungbean seeds, procured from Punjab Agriculture
University, Ludhiana, India, were surface sterilized by
soaking in 5 % NaOCI for 10 min followed by thorough
washing with distilled water and soaking in the Rhizobium
inoculum. Six seeds per pot were kept in soil at a depth of
2 cm and were then inoculated with 1.0 ml of respective
inoculum according to treatment plan. The treatment plan
included different sets of individual and combination
treatments.

Three sets of treatments were used in each experiment
where set 1, set 2 and set 3 contained pots with 0, 5 and
10 dS/m NaCl respectively. The treatment plan for each set
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included (i) PSB3 (ii) PSB5 (iii) PSB3 + PSBS5 (iv) no
bacterial strain(s) or control. Five replications of pots were
kept for each treatment. Plants were watered regularly
according to the requirement and no fertilizers were added.
The plants height and pods were recorded at regular
intervals and harvested after maturity.

Determination of membrane damage, Relative leaf water
content and Chlorophyll content

The leaves were collected from five plants of each treat-
ment at the time of peak flowering and subjected to various
tests. Membrane damage was determined on the basis of
electrolyte leakage of the leaf tissue. The washed leaf
samples (1 g) were placed in closed vials containing 10 ml
of deionized water and incubated (25 °C) for 24 h, subse-
quently the electrical conductivity of the solution (L;) was
determined. Samples were then autoclaved at 120 °C for
20 min and the final electrical conductivity (L,) was
obtained after equilibration at 25 °C. The -electrolyte
leakage (%) was calculated as (L/L,) x 100 (Lutts et al.
1996).

For relative leaf water content (RLWC) determination,
fresh leaves were excised into smaller segments, weighed
and kept in distilled water under low light for 3 h to obtain
the turgid weight. Leaf samples were oven-dried at 80 °C
for 24 h and weighed (Barrs and Weatherley 1962). RLWC
was calculated as shown below and expressed as %:

RLWC — Fresh Weight — Dry Weight

= 100
Turgid Weight — Dry Weight X

The chlorophyll concentration was measured from
leaves by extracting in 80 % acetone, followed by cen-
trifugation at 13,000 rpm for 10 min. The absorbance of
the supernatant was read at 645 and 663 nm, and the total
chlorophyll was calculated (Arnon 1949), against 80 %
acetone as a blank. The amount of chlorophyll present
(mg g~' dw) in the extract was calculated according to the
following equations stated below:

Chla = 12.9(Absge) — 2.69 (Absess)V/1000 x W
Chlb = 22.9(Absgss) — 4.68 (Absgg3)V/1000 x W
Total Chl = Chla + Chlb

Determination of Na© and K+ concentrations

The dried leaf samples (6 per treatment) were homogenized
into powder and transferred to Erlenmeyer flasks, to which
6 ml nitric acid + perchloric acid solutions were added.
The samples were kept for digestion (30 min, 40 °C) in a
water bath and the solution removed by heating at
150-180 °C until the volume reduced to 1 ml. This residue
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was dissolved in distilled water and final volume was made
up to 100 ml. The Na®™ and K' concentrations in the
samples were determined by flame photometry following
the modified method of Holiday and Preedy (1953) and
expressed as mg g~ dw.

Effect on oxidative stress parameters of mungbean

The plants were analyzed for the oxidative stress parame-
ters i.e. antioxidant enzymes and metabolites. The leaves
were collected from five plants of each treatment at the
time of peak flowering and subjected to various tests.

Malondialdehyde (MDA) Lipid peroxidation (LPO) was
determined by estimating the MDA content, a product of
LPO (Heath and Packer 1968). In 1.0 ml of extract (pre-
pared in 0.1 % trichloroacetic acid (TCA)) supernatant,
4.0 ml of 0.5 % thiobarbituric acid (in 20 % TCA) was
added and boiled for 30 min. The mixture was centrifuged
at 10,000 rpm for 10 min, after cooling and absorbance
taken at 532 nm. MDA content was calculated by extinc-
tion coefficient of 155 mM ™' ecm ™.

Hydrogen peroxide (H;0,) Hydrogen peroxide was esti-
mated based on formation of titanium hydro-peroxide
complex. Five milliliters of ammonia and 4.0 ml of tita-
nium reagent were added, to 5.0 ml of extract (prepared in
90 % acetone), to precipitate the titanium-hydro peroxide
complex followed by overnight incubation at 4 °C. The
precipitate was dissolved by adding 5.0 ml of 1 M H,SO,
and absorbance was recorded at 410 nm against reagent
blank. The extinction coefficient of H,0O, is
0.28 pmol ™' cm™!. Calculations were made with standard
curve plotted with pure H,O, (Mukherji and Chaudhari
1983).

Catalase (CAT) For CAT activity, the reaction mixture
(3.0 ml) consisted of 200 pl enzyme extract (prepared in
50 mM phosphate buffer), 50 mM phosphate buffer
(2.6 ml) and 200 mM hydrogen peroxide (200 ul). The
absorbance was taken at 410 nm and decrease in absor-
bance was observed up to 3 min. CAT activity was mea-
sured using extinction coefficient 40 mM~' cm™' and
expressed in pmol H,O, reduced s! g_1 dw (Teranishi
et al. 1974).

Glutathione reductase (GR) For GR activity, reaction
mixture constituted water, buffer, 30 mM GSSG, 0.8 mM
NADPH and 1 % BSA. In 0.2 ml enzyme extract, 2.8 ml
reaction mix was added and absorbance recorded at
340 nm for 3 min, taking reaction mixture (without
enzyme) as blank (Mavis and Stellwagen 1968). The
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enzyme activity was expressed in pmol ascorbate oxidised
1

min~"' g~! dw.

Superoxide dismutase (SOD) SOD activity was deter-
mined based on the ability to inhibit photochemical
reduction of nitro-blue tetrazolium (NBT) (Dhindsa et al.
1981). The reaction mixture (3.0 ml) contained 13 mM
methionine (0.1 ml), 50 mM NaHCOj3 (0.1 ml), 25 mM
NBT (0.1 ml), 0.1 mM EDTA (0.1 ml), 50 mM buffer
(2.3 ml) and 0.2 ml of enzyme extract. Riboflavin (2 mM)
was added at the end and reaction mixture was exposed to
15 W fluorescent tubes (10 min) followed by incubation
in dark for 20 min. The non-radiated reaction mixture
without enzyme was taken as blank whereas the radiated
reaction mixture without enzyme was taken as control and
absorbance was measured at 560 nm. One unit of SOD
activity was defined as the amount of enzyme, which
causes 50 % inhibition of photochemical reduction of
NBT.

Ascorbate peroxidase (APO) The activity of APO was
determined using method given by Nakano and Asada
(1981). The reaction mixture (3 ml) contained 50 mM
phosphate buffer (2.6 ml), 0.1 mM EDTA (0.1 ml),
0.5 mM ascorbic acid (0.1 ml), enzyme extract (0.1 ml)
and 0.1 mM H,0, (0.1 ml). The absorbance was recorded
at 290 nm up to 3 min, to determine the change in activity.
The rate constant was calculated using the extinction
coefficient of 2.8 mM ™' cm™' and enzyme activity was
expressed in pmol H,0, reduced s~ g~ dw.

Reduced Glutathione (GSH) For GSH estimation, the
extract was prepared in 2 % metaphosphoric acid and
centrifuged at 17,000 rpm for 10 min. The supernatant
enzyme extract (0.9 ml) was then neutralized by 0.6 ml of
10 % sodium citrate. The reaction mix included 0.3 mM
NADPH (0.7 ml), 6 mM DTNB (6 mM), distilled water
(0.1 ml), buffer (1.9 ml) and enzyme extract (0.1 ml),
stabilized at 25 °C for 3—4 min. At the end, 10.0 pl of GR
was added and absorbance was taken at 412 nm. Glu-
tathione was calculated from a standard graph (Griffith
1980).

Ascorbic acid Ascorbic acid estimation was done by
method given by Mukherji and Chaudhari (1983). The
reaction mixture contained extract (2.0 ml) prepared in
6 % TCA, 2 % DNPH (1.0 ml) followed by 1 drop of 10 %
thiourea, boiled for 15 min in water bath. 80 % chilled
H,SO, (5 ml) was added after cooling and absorbance was
read at 530 nm against blank. Ascorbic acid content (mg/g
dw) was calculated from a standard curve plotted with
known concentration of ascorbic acid.

Analysis of root colonization by inoculated bacteria

At the end of the pot experiment, the rhizospheric soil
samples were taken from the harvested plants and pro-
cessed by dilution (1:10) method for isolation of P-solu-
bilizers on Pikovskaya’s agar plate. The positive isolates
with similar colony morphology to bacterial inoculants
were analyzed for DNA banding pattern using random
amplified polymorphic DNA- polymerase chain reaction
(RAPD PCR).

RAPD PCR was carried out using the decamer arbitrary
primer OPA-04 (5-AATCCGGCTG-3') (Betancor et al.
2010). The reaction mixture (25 pl) containing 2.5 pl of
1X Taq buffer, 3.5 ul of 25 mM MgCl,, 0.5 pl of 200 uM
dNTP mix, 5.0 pl of 10 uM primer, 1.0 pl of 1U Taq
polymerase and 1 pl of genomic DNA (~ 100 ng). The
thermocycling conditions included the initial denaturation
at 94 °C for 5 min followed by 40 cycles including
denaturation at 94 °C for 40 s, annealing at 33 °C for 40 s,
extension at 72 °C for 2 min followed by final extension at
72 °C for 10 min. PCR products were observed on 1.5 %
agarose gel run at 100 V and the bands size were estimated
by comparing with 100 bp and 1 Kb DNA marker. The gel
was photographed and band pattern analysis was carried
out on the basis of banding pattern of inoculants.

Statistical analysis

Three replicated values were pooled, and mean values were
worked out, which have been presented along with stan-
dard errors in tables. ANOVA analysis of recorded data
was conducted using statistical package (Agristat, IASRI,
New Delhi) at P < 0.05 level of significance. The corre-
lation coefficients were calculated in MS excel.

Results
Isolation of P-solubilizing bacteria

Eleven colonies showing zone of solubilization on
Pikovskaya’s agar medium were isolated and labeled as
PSB (P-solubilizing bacteria). These isolates were further
screened for their growth on salt-amended Pikovskaya’s
agar plates (with 150 mM). Based on the growth and
P-solubilization in salt’s presence, two promising isolates
PSB3 and PSBS were selected. PSB3 was found to have
higher P-solubilization zone diameter (12-16 mm) and
siderophore production (halo diameter 6-9 mm) on
Pikovskaya’s agar medium and CAS agar medium,
respectively after 48 h of incubation whereas PSB5 showed
clearance zone of 6—-10 mm on Pikovskaya’s agar and
4-6 mm on CAS agar plate.
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Identification of bacterial isolates by colony
morphology and biochemical tests

PSB3 was found to be gram-negative unicellular rods and
PSBS5 was observed as gram-positive coccobacilli, mainly
in pairs under microscope. On nutrient agar plates, PSB3
produced yellow colored round colonies and PSB5 pro-
duced white, opaque, circular colonies with 1.0 and
0.5 mm diameter respectively. Presumptive characteriza-
tion was done using basic biochemical tests based on
Bergey’s Manual of Determinative Bacteriology. Based on
biochemical characterization, both isolates were found to
be indole, oxidase negative and positive for glucose fer-
mentation as represented in Table 1.

Molecular characterization of bacterial isolates

The final confirmation of the bacterial identity was done
using 16S rRNA gene sequencing. According to the
sequencing results, PSB3 exhibited sequence homology
with Pantoea dispersa and PSB5 showed homology with
Enterococcus faecium. The 16S gene sequences for strains
P. dispersa and E. faecium were deposited in GenBank
with accession numbers KM095646 and KMO095647,
respectively.

Growth of bacterial isolates with different salt
concentrations

The growth of P. dispersa and E. faecium was observed at
different salt concentrations i.e. 200-1200 mM, in salt
supplemented nutrient broth using plate count method.
Initially, the bacterial growth was comparatively slow in
presence of salt, as compared to their without salt coun-
terparts. With time, the bacterial growth rate was increased
and the maximum growth remained unaffected (no signif-
icant difference from the bacterial viability without salt) up
to the salt concentration of 400 and 800 mM in case of

Table 1 Preliminary characterization of the bacterial isolates

E. faecium and P. dispersa, respectively. However, the
bacterial viable cell count decreased with further increase
in salt concentration (Fig. 1). The results indicated that E.
faecium was comparatively less tolerant to salt as signifi-
cant decrease in CFU/ml was observed at 800 and
1200 mM, in comparison to the control value (Fig. 1b). In
contrast, less reduction was observed in the growth of P.
dispersa at 1200 mM NaCl, in comparison to control
(Fig. 1a).

Plant growth promoting attributes of isolates

Both the isolates were found positive for different PGP
attributes and showed different levels of P-solubilization,
siderophore production, IAA production and ACC deami-
nase activity. The isolates were examined both with and
without added salt, in the growth medium (as mentioned in
materials and methods section) to determine the effect of
salt on their PGP attributes. P. dispersa showed higher
P-solubilization (3.64 pg/ml), siderophore production
(60.3 %) and ACC deaminase activity (207.4 nmol o-ke-
tobutyrate/mg protein/hr), as compared to E. faecium in
medium without any salt supplementation (Table 2).
However, E. faecium possessed higher IAA producing
ability i.e. 652.1 pg/ml in medium without any salt.

In the salt-supplemented medium (50, 100 and 150 mM
NaCl), the PGP attributes showed a gradual increase in the
values with increase in NaCl concentration (Table 2). At
150 mM NaCl concentration, 42.3, 16.3 % and 1.7 folds
increment was found for P-solubilization, IAA production
and ACC deaminase, respectively in P. dispersa with
respect to the controls (0 mM). Likewise with E. faecium,
significant increment by 16.3, 12.0 %, 1.2 fold and 3.8
folds for P-solubilization, IAA production, siderophores
and ACC deaminase activity was recorded at 150 mM
NaCl concentration in comparison to control values
(Table 2).

PSB3

PSB5

Gram character Gram negative unicellular rods
Colony characteristics
Indole -
Oxidase —
Glucose fermentation
Catalase +
Methyl red -

Lys-Orn-Arg - — =

Yellow colored, round colony (1.0 mm)

Gram positive coccobacilli, mostly in pairs

White, opaque, circular colonies (0.5 mm)

Lys-Orn-Arg represents lysine ornithine arginine decarboxylase test, (g) represents gas production

@ Springer



Physiol Mol Biol Plants (October—December 2016) 22(4):445-459

451

Fig. 1 Effect of different salt (a)
concentrations on the growth of 10
P. dispersa and E. faecium
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~
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Pot experiment

Salt stress conditions were created by watering the soil
with saline solutions (i.e. 5 and 10 dS/m) to maximum
water holding capacity. Different parameters including
height, biomass, pods/seeds numbers and pods/seeds
weight were measured in controls, salt-stressed plants and
PGPR-inoculated salt-stressed plants.

Effects on vegetative traits of mungbean

At 5 and 10 dS/m salt stress, a reduction of 9.7 and 15.9 %
was observed in the height of mungbean plants, compared
with control. A significant increase in height was noticed
with individual PGPR treatments under salt stress

20 25 30 35 40 45 50
Time (hrs)

1200 mM

40 60 80 100
Time (hrs)

conditions. Maximum improvement was observed in case
of combination treatment (P. dispersa and E. faecium),
which exhibited 22.6, 30.5 and 15.7 % increase at no salt, 5
and 10 dS/m salt treatments, respectively (Table 3).

At 5 and 10 dS/m salt treatments, biomass (above
ground dry weight) decreased by 17.0 and 26.8 %,
respectively, as compared to controls. With PGPR appli-
cation to salt-stressed plants, a significant improvement
was noticed (Table 3). Maximum enhancement in biomass
was observed with combination of P. dispersa and E.
faecium (37.0 %), applied to the plants growing in 10 dS/m
salt stress. PGPR were also effective in plants growing
without salt and the combination of both the strains
resulted in around 32.0 % increase in biomass over the
control plants.
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Table 2 Effect of different NaCl concentrations on the plant growth promoting attributes of P. dispersa and E. faecium

ACC deaminase activity (nmol/mg/h)

IAA concentration (pg/ml)

Siderophore unit (%)

P-solubilization (pg/ml)

NaCl (mM)

P. dispersa E. faecium P. dispersa E. faecium

E. faecium P. dispersa E. faecium

P. dispersa

123.34 £+ 9.62¢
288.96 + 32.3b
318.49 £ 41.6b
476.47 + 38.1a

94.59

207.45 + 8.6a

652.09 £+ 7.0b

218.3 £+ 7.8a

222.6 £ 3.3ab
237.6 £ 6.5bc
253.86 £+ 2.7¢

17.52

32.11 £ 2.23d
33.79 £ 1.34c
36.43 £ 0.97b
39.23 £ 2.67a

1.598

60.33 + 3.77
60.68 + 3.67

61.47 + 6.8

2.02 £ 0.15b

3.64 £ 0.05a

0 (control)

50

263.45 + 19.6ab
328.01 £+ 7.9b

35542 £ 11.8¢

75.31

702.43 £+ 20.6a
718.88 £ 35.98a
730.42 £ 28.7a

35.49

2.07 £ 0.16b
2.3 £+ 0.06a

4.64 £+ 0.13b

475 £ 0.11b

100

54.67 £+ 3.01

235 £ 0.19a

0.210

5.18 £ 0.49bc

0.461

150

LSD (P < 0.05)

Values represent mean of triplicates. Means sharing same alphabets represents statistically non-significant according to ANOVA analysis

Effects on the yield parameters of mungbean

Number of pods and seeds At 5 and 10 dS/m salt con-
ditions, the number of pods per plant decreased by 15.4
and 23.1 % whereas seeds decreased by 16.5 and 20.3 %,
over control. However, with PGPR treatment, improve-
ment in pods’ and seeds number was observed at both the
salt concentrations, in comparison to the un-inoculated
stressed plants. At 5 dS/m NaCl, an improvement in pods’
number and seeds’ number by 18-27 and 22.5-16.0 %,
respectively was noticed with PGPR treatments, maximum
effect was found with the combination treatment. Whereas,
at 10 dS/m salt concentration an improvement ranging
30-25 and 32-27 % was noticed in number of pods and
seeds, respectively. The plants growing only with single
PGPR showed little increase compared to control
(Table 4).

Weight of pods and seeds Salt stress of 5 and 10 dS/m
resulted in 22.4 and 26.5 % reduction in pods’ weight and
18.6 and 25.9 % reduction in seeds’ weight per plant over
control. At 5 dS/m salt stress, a significant improvement in
weight of pods (28.6-20.5 %) and seeds (26.4—13.0 %)
was found with PGPR treatments. At 10 dS/m salt stress
too, a significant increase in weight of pods (31.4-21.5 %)
and seeds (31.0-25.0 %) was observed, which was maxi-
mum with combination treatment (Table 4). Under non-
stress situations also, the combination of both the bacterial
strains resulted in about 13.2 and 16.3 % improvement in
pods and seeds yield, respectively.

Effects on the stress-related parameters

Membrane damage, RLWC and chlorophyll content Salt
stress of 5 and 10 dS/m resulted in 19.3 and 24.7 %
membrane damage, respectively in the leaves. The damage
was reduced by approximately 1.5 folds at 5 dS/m salt
treatment with all the PGPR treatments. Similarly 1.1-1.3
folds decrease in membrane damage was found with PGPR
treatments at 10 dS/m salt stress treatment, maximum
reduction was noticed with the combination treatment.
However, no significant changes occurred under non stress
conditions (Table 5).

RLWC remained unaffected at 5 dS/m salt, however
reduction of 1.2 folds was observed at 10 dS/m salt from
control. With PGPR treatments, a significant increase by
approximately 1.1 fold was observed with E. faecium and
combination treatment, in comparison to control (10 dS/m)
plants.

Salt stress of 5 and 10 dS/m resulted in 23.7 and 38.7 %
reduction in chlorophyll concentration, respectively.
However, the PGPR treatments were found to mitigate the
adverse effects of salt stress on the chlorophyll of leaves to
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Table 3 Effect of P. dispersa

. Treatments
and E. faecium on the growth

Height (cm)

Biomass (g)

and biomass of mungbean

. Control (no salt)
cultivar grown under salt stress

Control (5 dS/m)
Control (10 dS/m)
P. dispersa (5 dS/m)
E. faecium (5 dS/m)

P. dispersa + E. faecium (5 dS/m)

P. dispersa (10 dS/m)
E. faecium (10 dS/m)

P. dispersa + E. faecium (10 dS/m)

P. dispersa (no salt)

E. faecium (no salt)

P. dispersa + E. faecium (no salt)

LSD (P < 0.05)

41.17 £ 1.04cde 4.14 £+ 0.20b
37.17 £ 0.76fg 3.43 £ 0.18de
35.0 £ 1.80g 3.03 £0.1%
39.0 & 3.0ef 3.78 £ 0.18bcd
40.33 £ 2.8de 4.05 % 0.33bc
43.0 £ 0.5bcd 4.21 £ 0.39b
42.5 £ 1.73cd 3.49 £ 0.52cde
43.67 £+ 1.75bc 3.72 £ 0.25bcd
45.67 = 1.55b 4.16 £ 0.32b
44.17 £ 3.01bc 4.92 £+ 0.50a
46.0 = 1.32b 528 £ 0.11a
50.5 + 0.87a 545 £ 0.6la
3.07 0.588

Values represent mean of triplicate treatments. Means sharing same alphabets represents statistically non-
significant according to ANOVA analysis

Table 4 Effect of P. dispersa and E. faecium on the yield components/plant of mungbean cultivar grown under salt stress

Number of seeds

Weight of pods (g)

Weight of seeds (g)

Treatments Number of pods
Control (no salt) 8.67 £ 0.57ab
Control (5 dS/m) 7.33 £ 1.52b
Control (10 dS/m) 6.67 £ 0.58¢
P. dispersa (5 dS/m) 8.67 £+ 0.71ab
E. faecium (5 dS/m) 9.33 &+ 1.41ab
P. dispersa + E. faecium (5 dS/m) 9.0 £ 0.71ab
P. dispersa (10 dS/m) 8.0 £ 1.0b

E. faecium (10 dS/m) 8.33 £+ 0.58b
P. dispersa + E. faecium (10 dS/m) 8.67 £ 1.41ab
P. dispersa (no salt) 9.33 £ 0.58ab
E. faecium (no salt) 9.67 &+ 1.41ab
P. dispersa + E. faecium (no salt) 10.0 £ 0.71a
LSD (P < 0.05) 1.426

44.33 + 2.51bc

1.23 £ 0.09abcd

0.98 & 0.19bcd

37.0 £ 1.73de 0.96 & 0.06ef 0.79 £ 0.05ef
3533 £ 3.2le 0.90 £ 0.14f 0.7 £ 0.04f
43.0 & 2.64cd 1.15 £ 0.11cd 0.90 £ 0.18de
44.0 £ 5.29bc 1.23 £ 0.09abcd 0.97 £ 0.14cd
45.33 &+ 3.78bc 1.19 £ 0.07bcd 1.01 £ 0.87bcd
43.67 & 5.13cd 1.1 £ 0.08de 0.90 £ 0.12de
45.0 £ 3.60bc 1.14 £ 0.07cde 0.91 £ 0.16de
46.67 £ 4.16abc 1.19 £ 0.11bcd 0.95 &+ 0.21cd
48.6 & 5.03abc 1.30 £ 0.08abc 1.06 £ 0.11abc
50.67 £ 3.05ab 1.36 £ 0.14ab 1.10 £ 0.19ab
53.33 £ 5.03a 1.39 £ 0.19a 1.13 £ 0.19a
6.9 0.184 0.129

Values represent mean of triplicate treatments. Means sharing same alphabets represents statistically non-significant according to ANOVA

analysis

some extent. A significant increase (23.5-28.0 %) and
(20.0-46.2 %) was noticed with PGPR treatments at 5 and
10 dS/m, respectively. No significant differences were
noticed when PGPR were applied to un-stressed plants
(Table 5).

Na*t and KT concentration  Salt stress increased the Na™
accumulation by 7 and 11-folds at 5 dS/m and 10 dS/m,
respectively, as compared to control plants. PGPR treat-
ments were found to effectively decrease the sodium con-
centration in the leaves of stressed plants. At 5 dS/m salt
stress, the application of PGPR resulted in 17.1-40.1 %
reduction in the leaf Na* concentration while at 10 dS/m

salt, sodium accumulation was reduced by 22.2-41.0 %
(Table 5). Salt stress significantly decreased the K* uptake
in leaves. At 5 and 10 dS/m, a reduction of 33.9 and
56.8 % was noticed, respectively. PGPR treatments effec-
tively increased the K' concentration in leaves of the
stressed plants (Table 5). At 5 dS/m salt stress, an
improvement by 37.2 and 43.8 % was recorded with
application of E. faecium and P. dispersa + E. faecium
strains, respectively. Similar trend was observed at 10 dS/
m salt stress, where increase by 93.7 and 100 % was
observed with E. faecium and P. dispersa + E. faecium. In
case of un-stressed plants, a slight increase was noticed in
Kt uptake with PGPR treatments. Likewise, PGPR
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Table 5 Effect of PGPR treatments on membrane damage, RLWC, Chlorophyll concentration, Na™/K* concentration of mungbean plants

grown under salt stress conditions

Treatments Membrane damage RLWC (%)  Chl (mg/g Na™ (mg/g K* (mg/g Na*/K™ ratio
(%) dw) dw) dw)
Control (no salt) 123 £ 1.6a 852 +£25¢c 173+ 1.7c 2.11+0.8a 183 £ 1.4c  0.11 £ 0.04a
Control (5 dS/m) 19.3 £ 1.4b 84.1 £ 1.4c 132+ 15b 146 +£2.6cd 12.1 £ 1.6bc 1.2 £+ 0.05¢
Control (10 dS/m) 247 + 1.5¢ 713 £ 1.6a 10.6 £ 1.6a 234 £ 2.1e 79+ 12a 2.9 £+ 0.08¢g
P. dispersa (5 dS/m) 12.6 £+ 1.4a 851+ 1.7c 163 £ 1.8 12.1 £ l.4c 12.8 £ 1.5bc  0.94 + 0.06de
E. faecium (5 dS/m) 12.7 £ 1.3a 825+ 18 163+ 15c 114+ 1.6bc 16.6 £ 1.5c 0.68 £ 0.05¢
P. dispersa + E. faecium (5 dS/m) 12.7 £ 1.5a 835+ 1.6c 169 + 1.8c 8.65 £ 0.6b 174 £ 1.7¢  0.49 £+ 0.06b
P. dispersa (10 dS/m) 22.7 £ 1.5¢ 724 £ 1.6a 127+ 1.7ab 182 £ 1.6d 10.3 £ 1.4ab  1.76 £ 0.07f
E. faecium (10 dS/m) 20.5 £ 1.4bc 772 £ 1.8 135+ 14b 163 £ 1.7d 15.3 £ 1.4bc  1.06 & 0.06e
P. dispersa + E. faecium (10 dS/m) 18.4 + 1.6b 789 £ 1.7bc 155 £ 1.6b 13.8 £ 1.6cd 158 £ 1.6c 0.87 £ 0.07d
P. dispersa (no salt) 114 £ 1.6a 842 +22c 163+ 15c 245+0.7a 16.7 £ 1.3¢  0.14 + 0.03a
E. faecium (no salt) 132 + 1.6a 835+ 1.7c 164+ 18c 2.36 £ 0.6a 19.4 &£ 1.6c  0.12 £ 0.03a
P. dispersa + E. faecium (no salt) 13.2 + 1.5a 828 £ 1.6c 189+ 17d 222 +0.5a 193 £ 1.6c 0.11 £ 0.1a
LSD (P < 0.05) 22 39 2.5 32 3.6 0.13

Values represent mean of triplicate treatments. Means sharing same alphabets represents statistically non-significant according to ANOVA

analysis

treatments resulted in significant reductions in Na®/K*
ratio (Table 5).

Effects on the oxidative damage and antioxidants

MDA and H,0, concentration Malondialdehyde (MDA)
serves as an index to determine the redox status of the
plant. In salt-stressed plants, 1.9 and 4.3 fold increase in
MDA concentration was observed at 5 and 10 dS/m NaCl,
respectively.  However  with PGPR  treatments,
22.3-38.5 and 14.5-39.0 % reduction in MDA concentra-
tion was noticed at 5 and 10 dS/m salt, respectively,
compared to respective controls. No appreciable effect was
observed with individual PGPR treatments in case of plants
without stress, although a slight reduction was recorded
with combination treatment in this case (Table 6). H,O,
concentration was increased by 2.0 and 4.6 fold with 5 and
10 dS/m salt stress respectively, in comparison to control.
The treatment of plants with PGPR significantly decreased
the H,O, concentrations by 34.4—18.75 and 40.6-26.1 % in
salt-stressed plants at 5 and 10 dS/m, respectively
(Table 6). On the contrary, no reduction was found with
individual PGPR inoculation in unstressed plants although
the PGPR combination reduced the H,O, concentration
(13 %) in un- stressed plants too.

Antioxidant enzymes activity Superoxide dismutase
(SOD) is one of the first enzymes to take part in the
antioxidative response. Increasing salt concentration (5 and
10 dS/m) raised the SOD activity by 1.6 and 1.2 fold,
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respectively. However, PGPR treatments decreased the
enzyme activity by 9.3-24.6 and 12.6-23.0 % at 5 and
10 dS/m salt stress, respectively, as compared to un-inoc-
ulated plants (Table 6).

In the plants exposed to salt stress, catalase (CAT)
activity also increased by 1.73 and 2.22 folds at 5 and
10 dS/m salt respectively. However, activity was reduced
in the PGPR treated plants by 18.4, 23.7 and 31.6 % with
P. dispersa, E. faecium and P. dispersa + E. faecium
treatments, respectively at 5 dS/m salt stress in comparison
to untreated plants. Similar trend was noticed (16.3, 22.4
and 30.6 % reduction) at 10 dS/m salt stress. The saline
stress of 5 and 10 dS/m NaCl, resulted in rise in APO
activity by 1.5-1.9 fold with respect to unstressed control
plants. APO activity decreased with PGPR treatments i.e.
10.8 % by P. dispersa, 4.3 % by E. faecium and 17.4 %
with combination of both, in the salt-stressed plants (5 dS/
m). In the same way, at 10 dS/m salt, application of P.
dispersa, E. faecium and P. dispersa + E. faecium reduced
the enzyme activity by 16.9, 27.1 and 47.4 % respectively,
in comparison to control (10 dS/m; Table 6). GR activity
increased by 1.3 and 1.5 fold in the plants exposed to 5 and
10 dS/m salt stress, compared to control plants. A drop in
enzyme activity by 12.1-25.9 and 10.6-22.7 % was found
with PGPR treatments at 5 and 10 dS/m salt stress
respectively, as compared to their respective controls
(Table 6).

Antioxidant metabolites: Ascorbic acid and GSH concen-
tration Under salt stress of 5 and 10 dS/m, the ascorbic
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Table 6 Effect of PGPR treatment on the antioxidant enzyme activities and metabolites in the mungbean plants grown under salt stress
Treatments MDA (nmol/ H,0, SOD (umol/ CAT APO GR (mmol/ ASC (nmol/ GSH (pmol/
gdw) (umol/gdw)  gdw) (pmol/min/  (pmol/min/ min/mg dw) gdw) gdw)
gdw) gdw)
Control (no salt) 128 £ 1.8ab 1.5+ 02ab 127+ 1.8a 22+04a 3.1+05a 43 +04ab 1345+ 6.3ab 34.6 & 2.7ab
Control (5 dS/m) 247 £2.1d 32 +£02bc 203 £ 1.6bc 3.8 £0.6bc 4.6+ 05c 58 +04c 2874 +53f 582+3.1e
Control (10 dS/m) 553+22h 69£07d 253+£21d 49=+05c 59+04d 6.6=*04d 2105 +£63c 43.1 £33c
P. dispersa (5 dS/m) 273 +£2.1d 26 +04b 184+ 1.8bc 3.1 £04b 4.1 +05bc 5.1 +£04b 2343 +69d 63.5 % 3.6ef
E. faecium (5 dS/m) 192+ 1.7c 24 +£08ab 175+ 1.8b 29+ 04ab 44 +04c 48+ 04b 2943 +6.8f 61.3 & 4.6ef
P. dispersa + E. 152+ 18 2.1 £0.7ab 153 £ 1.6ab 2.6 £ 0.4ab 3.8 £ 04b 4.3 £ 0.5ab 310.2 + 6.9g 64.2 + 3.2f
faecium (5 dS/m)
P. dispersa 473 £24g 51+08 221=+17c 41+02c 49=£04c 5905 2541=+73e 512+44d
(10 dS/m)
E. faecium 432 +£2.6f 42+07c 205+22¢ 3.8=+03bc 43 £04bc 5.1 +£05b 2864+ 81f 543 £ 3.8de
(10 dS/m)
P. dispersa + E. 337 +£26e 41+£06c 195+ 1.7bc 34 £ 05bc 3.1 £04a 53 £ 04bc 2342 +58d 56.2 + 3.7de
faecium (10 dS/m)
P. dispersa (no salt) 153 +1.8b 1.8 £0.4ab 133 +13a 2.5+ 03ab 3.4 +0.5ab 4.7+ 04b 141.6 £7.1b 294 £ 3.8a
E. faecium (no salt) 14.1 &= 1.6ab 1.6 £ 0.7ab 142 + 1.6a 2.6 £0.3ab 3.8 £05b 4.1 £04ab 1292+ 7.7a 314 * 3.1ab
P. dispersa + E. 119+ 15a 13 +£0.1a 143 +16a 23+04ab 29 +03a 40+04a 140.2 +72ab 36.2 &+ 3.4b
faecium (no salt)
LSD (P < 0.05) 32 1.1 2.8 0.86 0.57 0.62 11.3 5.8

Values represent mean of triplicate treatments. Means sharing same alphabets represents statistically non-significant according to ANOVA
analysis. MDA malondialdehyde, H,O, hydrogen peroxide, SOD superoxide dismutase, CAT catalase, APO ascorbate peroxidase, GR glutathione

reductase, ASC ascorbic acid, GSH reduced glutathione

acid concentration increased by 2.1 and 1.6 fold, respec-
tively from control. Ascorbic acid concentration was found
to increase slightly with E. faecium and its combination
with P. dispersa at 5 dS/m salt stress (Table 6). At 10 dS/
m salt, PGPR treatments resulted in significant enhance-
ment in ascorbic acid (36.0 %) with E. faecium, followed
by P. dispersa (20.7 %) and their combination treatment
(11.2 %). GSH (reduced glutathione) concentration was
found to increase (1.68 and 1.24 folds) at 5 and 10 dS/m
salt concentrations, respectively. PGPR treatments resulted
in 9.1, 5.3 and 10.3 % increase in GSH with P. dispersa, E.
faecium and P. dispersa + E. faecium treatments, respec-
tively in 5 dS/m salt-stressed plants, compared to untreated
salt-stressed plants (5 dS/m). Likewise, 18.8, 25.9 and
30.4 % enhancement was observed in GSH concentration
with P. dispersa, E. faecium and P. dispersa + E. faecium,
respectively at 10 dS/m salt stress (Table 6).

Correlation studies demonstrated a negative correlation
in growth (r = — 0.62) and yield parameters (—0.77 to
—0.87) with Nat concentration in the salt-stressed plants,
whereas a significant positive correlation was observed
between K™ concentration and growth, yield, chlorophyll,
RLWC of the treated plants. A positive correlation
(r = 0.87) between Na™ concentration and stress damage
parameter (electrolyte leakage) was noticed i.e. increased
Na™ uptake resulted in enhanced membrane damage in

salt-stressed plants. The chlorophyll as well as leaf water
content of the PGPR treated plants were found to be neg-
atively correlated (r = — 0.89, —0.79) with the Na* con-
centration. Antioxidants play important role in stress
tolerance, and these molecules showed a positive correla-
tion ranging from 0.55 to 0.98, with Na* concentration in
the PGPR treated plants.

RAPD PCR

To confirm the survival of inoculated bacteria in the rhi-
zosphere of mungbean, bacteria were re-isolated from the
roots of the mungbean plants, after they reach maturity.
RAPD analysis was performed with decamer arbitrary
primer OPA-04 on the isolated bacteria as well as inocu-
lated PGPR (P. dispersa and E. faecium). The presence of
the inoculated bacteria in the rhizosphere was confirmed by
simple matching the banding patterns obtained from RAPD
gels. RAPD profile of isolates obtained from rhizosphere of
grown mungbean plants treated with P. dispersa and E.
faecium represented similar banding pattern as the initial
inoculums used in the pot experiment. RAPD profile of 5,
6, 7 represented same banding pattern as P. dispersa in lane
4, with major amplicons of size 500, 1200, 1400, 1500,
2000 bp as depicted in Fig. 2. Similarly, RAPD profile of
isolates 2, 3, 4 represented same banding pattern as E.
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Fig. 2 RAPD gel for P.
dispersa and E. faecium. a Lane
L represents 1 Kb DNA marker;
lanes 1-8: RAPD profiles of
isolates where 5, 6 and 7

represents same profile as P. 3000 bp
dispersa (lane 4) showing 2000 bp
amplified fragment size ranging 1500 bp
from 300 to 2000 bp. b Lane LI 1000 00
represents 1 Kb and L2

represents 100 bp DNA marker; 750 oo
lanes 1-6: RAPD profiles of the 500 oo

isolates, where 2, 3, 4 represents
same profile as E. faecium (lane
1) showing amplified fragment
size ranging from 400 to

2500 bp

faecium in lane 1, with major amplicons of approximate
size 400, 550, 850, 1900 and 2500 bp as depicted in Fig. 2.

Discussion

The present study was done to evaluate the effects of two
native bacterial isolates, individually, as well as in com-
bination, in salt-stressed mungbean crop. Both isolates
were screened for their PGP traits, followed by their
identification using 16S rRNA gene sequencing. The bac-
terial isolates were identified as Pantoea dispersa and
Enterococcus faecium and possessed different levels of
PGP traits namely P-solubilization, IAA and siderophore
production and ACC deaminase activity, with salt (up to
150 mM) and without salt. Studies on PGP attributes in
presence of salt has been done previously by different
groups (Deshwal and Kumar 2013; Paul et al. 2014) sup-
porting their tolerance without any reduction/inverse
effects on PGP attributes up to 0.4 M and 0.3 M NaCl
concentrations, respectively.

In our study, salt (NaCl) caused inhibitory effects on the
growth and yield of mungbean. A reduction of 9.7-14.9 %
(in height); 17.0-26.8 % (in biomass); 15.4-23.1 % (pods
number); 16.5-20.3 % (seeds number); 22.4-26.5 % (pods
weight) and 18.6-26.0 % (seeds weight) was observed in
mungbean under saline stress of 5 and 10 dS/m NaCl.
Salinity affects the growth of the plants by obstructing the
cell division and enlargement in meristematic region; water
deficit due to osmotic effect, inhibition of nutrient
absorption or other metabolic disorders due to salt (Del
Amor and Cuadra-Crespo 2012).

Our results illustrated that the combined PGPR inocu-
lation has higher potential to improve mungbean’s growth
and yield by mitigating the negative effects of salt. A
significant improvement was recorded in vegetative and
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yield parameters of mungbean by PGPR inoculations under
salt stress conditions with respect to controls (with salt).
The better performance of combination treatments can be
attributed to the synergistic interaction between these
microorganisms. Also, the results were more promising
with PGPR treatments at higher salinity level i.e. 10 dS/m,
as compared to lower salt concentration (5 dS/m). The
better performance at 10 dS/m can be accredited to the
comparatively higher levels of PGP attributes at 10 dS/m
(=~ 100 mM NaCl) than lower salt concentration, in our lab
studies. The in vitro studies demonstrated that the PGP
attributes showed gradual increase with increase in salt
concentrations (50—-150 mM). These results are supported
by the findings of Chookietwattana and Maneewan (2012).
The data also demonstrates that the performance of PGPR
in the environment (in vivo) was in concordance with the
in vitro study.

PGPR inoculations were effective in stress amelioration
and have shown positive effects on the measured parame-
ters in our study, which can be attributed to P-solubiliza-
tion, siderophore production, IAA production or ACC
deaminase activity. Auxins play important role in forma-
tion of lateral primordial in shoot and root apical meristem;
promotes cytokinin synthesis in roots by feedback signal-
ing thus helping in cell division and growth promotion
(Dodd and Perez-Alfocea 2012). P-solubilization and
siderophores can be responsible for making nutrients
available for the plants thus contributing to growth pro-
motion (Hayat et al. 2010). Another mechanism can be
reduction of stress-induced ethylene by ACC deaminase
enzyme produced by the bacteria, thereby improving the
plant growth in stress conditions (Chaudhary and Sindhu
2015). In single PGPR treatments, E. faecium was found to
be more effective as compared to P. dispersa. The better
performance of E. faecium can be attributed to its higher
TAA production and ACC deaminase activity in presence
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of salt. Therefore, improvement in vegetative growth and
stress alleviation can also be attributed to the ACC deam-
inase activity and IAA production ability of PGPR (Glick
2014).

It was observed that RLWC and other parameters like
chlorophyll concentration and electrolyte leakage were also
improved with PGPR, maximum improvement was noticed
with combination treatment. These effects are possibly due
to reduced sodium uptake in PGPR-treated plants (dis-
cussed later). Photosynthesis and cell growth are among
primary processes to be affected by salt stress (Munns and
Tester 2008). Salinity affects the photosynthetic machin-
ery, leading to decreased chlorophyll due to suppression of
specific enzymes responsible for synthesis of photosyn-
thetic pigments or also via membrane damage (Younesi
et al. 2013). Our findings are in accordance with Barnawal
et al. (2014) where microbial treatment was reported to
improve chlorophyll concentration under salt stress of 10
and 20 dS/m, and maximum improvement shown by the
combination (Arthrobacter protophormiae, Rhizobium and
Glomus mosseae) treatment with respect to untreated
stressed pea plants. An earlier study indicates that PGPR
affects the stomatal conductance and PS II function and
chlorophyll concentration, and thus photosynthetic effi-
ciency (Del Amor and Cuadra-Crespo 2012).

Data in present illustration, showed a significant
reduction in leaf Na' concentration by approximately
1.2-1.6 folds and increment in K* by 1.0-2.0 folds with
PGPR (P. dispersa and E. faecium) application at 5 and
10 dS/m salt stress. During salt stress, the excessive Na*t
ions compete with another major macronutrient like K*
leading to nutritional imbalance as well as metabolic dis-
orders thus negatively affecting the plants. PGPR treatment
can promote the plant growth by changing ion selectivity
and maintaining the higher K™ concentration, as compared
to Na™, as noticed in our study. High K*/Na™ ratio is one
of the indicators of effective mechanisms to defend against
salt stress (Jeschke and Wolf 1988). Comparatively, higher
Na®™ and less K* concentration were reported in salt-
stressed plants (10 dS/m), with respect to control, which
was antagonized by PGPR application, in our study. The
decreased Na® accumulation by the PGPR treatment can
also be attributed to the bacterial exopolysaccharides,
which bind cations (especially Na™) in roots, thus prevent
their transfer to leaves and help alleviate salt stress in
plants (Ashraf et al. 2004).

Salt stress is linked to oxidative stress with respect to
overproduction of ROS (OH™, O,~, H,0,), detrimental for
plant’s survival (Patel and Saraf 2013). ROS is major
parameter to determine destruction caused by salt stress.
ROS accumulation leads to membrane damage and oxi-
dation of cellular macro molecules like nucleic acids,
proteins etc. Lipid peroxidation is one of the biochemical

markers for oxidative stress and is estimated by MDA
concentration produced. MDA concentration was increased
by 2.0—4.3 folds at both salt treatments i.e. 5 and 10 dS/m,
implying the ROS accumulation and membrane damaging
effects. Although PGPR application reduced the MDA
concentration, maximum reduction (by 39 %) was recor-
ded with combination treatment at both the salt stress
conditions. Lower MDA concentration represents less
membrane damage or increased salt tolerance of the plants
(Jha and Subramanian 2014).

Accumulation of ROS like (O,) results in activation
of SOD activity, which leads to synthesis of H,O, a toxic
signal molecule for oxidative stress (Miller 2010).
Accumulation of H,O, triggers the CAT (catalase), APO
(ascrobate peroxidase) and POD (peroxidase) activities to
reduce its concentration by converting it into oxygen and
water (Tausz 2004). With salt stress, an increment in
H>O, content (2.1-4.6 folds) occurred however; it
decreased with the PGPR treatment. Furthermore,
decrease in antioxidant enzyme activities with PGPR in
salt stressed plants in comparison to untreated stressed
plants, were observed, which were antagonistic to the
findings by Kang et al. (2014). In our study, the reduction
in expression of enzymatic antioxidants in PGPR-treated
plants growing under salt stress might be associated with
decreased sodium uptake and consequently less oxidative
damage. However, the non-enzymatic antioxidants i.e.
glutathione and ascorbic acid concentrations were
increased in response to the PGPR treatments. Glu-
tathione can be responsible for the ROS scavenging
activity and maintenance of reduced conditions in cells
(Gill and Tuteja 2010). The increase in chlorophyll con-
centration and decrease in membrane damage can also be
attributed to the increased concentration of ascorbic acid
(Sayed et al. 2015).

To the best of our knowledge, this is first report on the
PGPR attributes of E. faecium and its application on
mungbean in combination with P. dispersa, on salt stressed
mungbean plants. In this study, P. dispersa and E. faecium
were able to perform efficiently under the unfavorable salt
stress conditions to confer partial protection to mungbean
plants. Our data also confirmed that PGPR mitigated the
salt stress effects by reducing the sodium uptake. The lower
oxidative stress in the inoculated mungbean plants under
salt stress indicates the bacterial capacity to reduce ROS
along with membrane damage and improve yield and
vegetative parameters, primarily due to reduction in so-
dium uptake. We conclude that the native rhizobacteria
existing in the rhizosphere of mungbean have the potential
to adapt and resist the negative effects of salt stress, more
efficiently. Further studies should be done in the field-
raised plants growing under natural saline soils to validate
the efficacy of these PGPR.
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