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Abstract The plant growth promoting bacteria can
ameliorate the abiotic stressors through induced systemic
tolerance in associated plants. The present work reports the
efficiency of a plant growth promoting rhizobacterium
(PGPR) Enterobacter sp. SBP-6 containing ACCD activity
to stimulate the growth of the wheat plant under salinity
stress conditions. Besides ACCD activity, the isolate was
able to show other plant growth promoting (PGP) traits like
phosphate solubilization, phytohormone production, nitro-
gen fixation, etc. The application of isolate SBP-6 to the
wheat plants alleviated the inhibitory effects of gradient
levels of salinity (150, 175, 200 mM NaCl) on various
parameters of plant growth and photosynthetic pigments.
Results of pot experiments revealed that inoculation with
the test isolate significantly increased the plant biomass by
1042 % as compared to their respective uninoculated
control. An ability of the isolate to alleviate the effect of
salt stress was also evident by significant increase of
chlorophyll content (33—41 %), reduction in toxic Na™*
ionic content (19-41 %), increase in K™ uptake (23-31 %),
thereby favoring the K'/Na® ratio and a significant
decrease in leaf proline and malondialdehyde content in
bacteria-treated plants exposed to salt stress. These results
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indicated that the selected isolate SBP-6 can be used for
promoting the plant growth under salinity stress.
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Introduction

Among several abiotic environmental stressors, salinity is a
major threat to the agricultural sustainability which
adversely affects more than 800 million hectares of land
worldwide (Tester and Munns 2008). Accumulation of
high salt concentration results in major damages through
the generation of reactive oxygen species, osmotic shock,
ionic toxicity, stomatal closure and reduced leaf expansion
(James et al. 2011). Increased soil salinity also adversely
affects the soil microbial activities and crop productivity by
limiting various macro and micronutrients. Therefore, there
is a need to find eco-friendly and cost-effective approaches
to deal with the threat of salinity stress to the agriculture.
Application of the plant growth promoting rhizobacteria is
one of the most suitable and sustainable approaches to
combat the deleterious effects of salt and several other
abiotic stressors including drought, salinity, nutrient defi-
ciency, and temperature. The ability of PGPR to confer
beneficial effects by enabling its host plants to tolerate or
mitigate the effect of abiotic stressors is referred as ‘in-
duced systemic tolerance’ (IST) (Yang et al. 2009). These
PGPR prevent the deleterious effects of several environ-
mental stressors. Plant growth stimulatory activity of
PGPR on plants growing under salt and water stress
(Dardanelli et al. 2008; Mayak et al. 2004; Nadeem et al.
2007), and nutrient deficiency (Egamberdiyeva 2007) have
been reported in previous studies.
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PGPR can ameliorate abiotic stresses and stimulate the
plant growth directly by fixing atmospheric nitrogen,
phytohormones production, and sequestration of iron by
bacterial siderophores, phosphate solubilization or indi-
rectly by inhibiting the disease-causing pathogenic
organisms (Veerubommu and Kanoujia 2011). Moreover,
certain PGPR can protect associated plants from the
consequences of abiotic stressors through one or more
mechanisms. One of the principal mechanisms by which
many PGPR increase resistance of associated plants to
abiotic stressors is the production of 1-aminocyclo-
propane-1-carboxylate (ACC) deaminase enzyme that
limit the deleterious level of ‘stress ethylene’. Under
abiotic or biotic stress conditions, plants synthesize
ethylene which at higher concentration termed as ‘stress
ethylene’ inhibits elongation of plant shoot and root,
causes chlorosis and leaf abscission, suppresses leaf
expansion or promotes epinasty (Abeles et al. 1992).
Under stress conditions, excess ACC exudes out from
plant roots where ACC deaminase (ACCD) bacteria can
sequester and degrade ACC to a-ketobutyrate (a-KB) and
ammonia. Thus, PGPR with ACC deaminase activity
reduce the negative effects of salinity stress (Glick 2007).
Mayak et al. (2004) suggested that salt tolerant ACC
deaminase bacteria help plants to overcome the deleteri-
ous effect of salt stressors. Hence, the presence of ACC
deaminase activity could be one of the primary mecha-
nisms by which bacteria support the plant growth under
salt stress (Saleem et al. 2007). Experimental evidence
suggested that ACCD rhizobacteria confer resistance to
plants under various abiotic and biotic stress conditions
like salinity, drought, pathogen attack, etc. (Glick 2007;
Diagne et al. 2013; De Zelicourta et al. 2013).

Salinity stress increases the uptake of Na™ and decreases
the uptake of K™ and Ca®", which eventually causes a
metabolic disturbance in plants (Yildirim et al. 2006).
Previous reports have shown that the salinity also adversely
affected absorption and transportation of Ca®" in the plant
(Zhang and Shi 2013; Liu et al. 2014). The above obser-
vation is supported from earlier finding which showed the
antagonistic absorption of Na™ and K* under saline con-
dition (Grieve and Poss 2000). Therefore, an ability of
plants to sustain the saline stress has been related to
restricting or limiting the uptake of Na* and promotes the
continual uptake of K™ (Jeschke and Wolf 1988). There-
fore, use of PGPR could be a beneficial step in the regu-
lation of nutritional balance in plants subjected to salt stress
(Kohler et al. 2009; Nadeem et al. 2009). An exopolysac-
charide secreting bacterium Pseudomonas mendocina
decreased the accumulation of Na® uptake in plants
growing in saline soil (Kohler et al. 2006). The reports of
El-Komyet al. (2003) demonstrated that the inoculation of
maize plant with Azospirillum sp. enhanced the uptake of
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K" and Ca’' in shoots which in turn, increased Ca’*
content and decreased leakage of K* from the roots.

A number of other physiological changes in plants occur
in response to salinity stress (Saharan and Nehra 2011). For
adaptation to salt stress, plants accumulate various mole-
cules in the form of osmolytes such as glycine betaine,
proline, total soluble sugars, and antioxidative enzymes.
Inoculation with PGPR increases the level of such mole-
cules and antioxidative enzymes. The enhanced production
of proline following inoculation of beneficial bacteria was
observed in the abiotically stressed plants (Ait Barka et al.
2006). Similarly, Kohler et al. (2009) reported an increase
in salt tolerance of lettuce plants by the enhanced pro-
duction of antioxidative enzymes induced by inoculation
with PGPR. Previous studies suggest that inoculation with
PGPR enhance the salt tolerance in tomato (Mayak et al.
2004), red pepper (Siddikee et al. 2011) and groundnut
(Saravanakumar and Samiyappan 2007).

The demand for wheat is growing approximately at the
rate of 2 % per year worldwide (Rosegrant and Cline
2003). In India, wheat is grown under sub-tropical envi-
ronments during mild winter which warms up towards
grain filling stages of the crop. Wheat is a second most
important cultivated cereals being used as staple food in
India. However, productivity of wheat is severely affected
by an increase in salinity, which lowers osmotic potential
and decreases water availability in plants. Therefore, the
present work was aimed to isolate the ACC deaminase
producing bacteria capable of growing in the salt enriched
medium, and to evaluate the various traits of such bacteria
so that they can be utilized as plant growth promoting
agents under salt stress. In addition, the enzyme activity
was also characterized physiologically, and inoculation
effect of SBP-6 on growth, osmolyte and ionic content of
wheat plant growing under salt stress was also assessed.

Materials and methods
Isolation of bacteria

Bacteria were isolated from the rhizospheric soil of Jowar
(Sorghum bicolor), a common plant growing in Shekhawati
region (28°18'N, and 74°58'E) of Rajasthan, India. For the
isolation of ACCD bacteria, 1 g of soil adhered to plant
roots was inoculated into a flask containing 50 ml of DF
(Dworkin and Foster) salt minimal media supplemented
with 2.0 % ammonium chloride as a nitrogen source.
Composition of DF medium was as follows (per litre):
KH2PO4 4.0 g, NazHPO4 6.0 g, MgSO47H20 0.2 g, glu-
cose 2.0 g, gluconic acid 2.0 g, citric acid 2.0 g, Trace
elements: FeSO4-7H,O 1 mg, H3BO; 10 pg, MnSO4-H,0
11.19 pg, ZnSO,4-7TH,0124.6 pg, CuSO4-5H,O 78.22 pg,



Acta Physiol Plant (2016) 38:110

Page 3 of 12 110

MoOs510 pg, pH 7.2 (Dworkin and Foster 1958). The flask
was incubated on a rotary shaker at 200 rpm for 48 h at
30 °C. After completion of incubation period, the sample
was serial diluted (decimally) to 107 and 100 pl from
each dilution was plated on DF agar medium supplemented
with 3 mM ACC for 3 days at 30 °C. Following incuba-
tion, distinct bacterial colonies were picked and sub-cul-
tured several times on DF-ACC agar plate to ensure its
ability to use ACC as carbon and nitrogen sources. Finally,
ACC utilizing bacterial isolate SBP-6 was selected and
tested for ACCD activity and other plant growth promoting
properties. Glycerol stock (15 %w/v) of the isolate was
prepared and stored at —70 °C until further use.

Biochemical characterization and identification
of bacteria

The selected isolate was subjected to various basic
microbiological and biochemical tests such as Gram
staining, indole, methyl red, Voges-Proskauer (IMVIC),
nitrate reduction and activities for some important enzymes
such as lipase, oxidase, protease, pectinase, amylase,
urease as per standard protocols ( Prescott and Harley
2002). The carbohydrate utilization ability and antibiotic
resistance of the isolate were tested employing respective
commercial kits (KB 009, and HTM 002, Himedia, India).
Interpretation of results of antibiotic sensitivity test was
done using zone inhibition chart provided by the manu-
facturer. The bacterial isolate SBP-6 was also tested for
various motility behaviors namely swimming, swarming
and twitching following the standard protocol (Connelly
et al. 2004). Taxonomic affiliation of the test organism
SBP-6 was identified based on analysis of 16S rRNA gene.
Total genomic DNA of bacterium was isolated using a
DNA extraction kit (Qiagen, USA) and used for amplifi-
cation of 16S rRNA gene by polymerase chain reaction
(PCR) using universal primers 27 F1 (5-AGAGTTTGATC
MTGGCTCAG-3') and 1494Rc (5-TACGGCTACCTTGT
TACGAC-3') (Weisburg et al. 1991). Reaction was per-
formed in a final volume of 25 pl mixture containing 50 ng
template DNA, 125 uM of each dNTPs, 1 X Taq poly-
merase buffer with 1.5 mM MgCl,, 1 U of Taq DNA
polymerase and 20 pmol of each primer with an initial
denaturation at 94 °C for 3 min, 30 cycles of 1 min at
94 °C, 1 min at 54 °C, 1 min at 72 °C, and final extension
for 3 min at 72 °C. The amplified product of 1.5 kb was
gel extracted and purified with QIA-quick PCR purification
kit (Qiagen, USA). The amplicons were sequenced at
Xcelris Genomic Lab Ltd, Ahmedabad (India). The
resulting sequence was analyzed by comparing with 16S
rRNA gene sequences available on GenBank database

using BLAST algorithm to identify the bacterial species.
The sequence of test isolate was deposited in the NCBI
database http://www.ncbi.nlm.nih.gov/BLAST. The taxo-
nomic identification was assigned at 98 % threshold of 16S
rRNA gene sequence using ribosomal database project
(RDP) database (http://rdp.cme.msu.edu/seqmatch/seq
match_intro.jsp). The 16S rRNA gene sequences of the test
isolate and related strains were aligned using CLUSTAL-X
and a phylogenetic tree was constructed in MEGA version
6.0 tool using neighbor joining method with the bootstrap
of 500 replicates (Tamura et al. 2013).

ACC deaminase assay

The ACC deaminase activity was colorimetrically moni-
tored by measuring the amount of a-ketobutyrate produced
from hydrolytic cleavage of ACC following the protocol of
Penrose and Glick (2003). For the test of ACCD activity,
the isolated bacterium was cultured in tryptic soya broth at
200 rpm for 24 h at 30 °C. After centrifugation, cell pellets
were suspended in DF salt minimal medium containing
3 mM ACC (Sigma-Aldrich, USA) as the sole source of
nitrogen, and incubated at 30 °C for 72 h. The retrieved
cell pellet was subjected to two subsequent washes each
with 0.1 M Tris—HCI buffer pH 7.6 and pH 8.3, respec-
tively. After adding 30 pl of toluene, the cell suspension
was vortexed at highest setting for 30 s. Two hundred pl of
toluenized cells were mixed with 20 pul of 0.5 M ACC,
briefly vortexed, and incubated for 15 min at 30 °C. After
the addition of 1 ml of 0.56 M HCI to the above mixture, it
was vortexed and spun at 10,000 g for 5 min at room
temperature. One ml of the resulting supernatant was
mixed with 800 pl of 0.56 M HCI. Three hundred pl 2,
4-dinitrophenylhydrazine (prepared in 2 N HCI) was added
to the reaction mixture and incubated for 30 min at 30 °C.
Finally, 2 ml of 2 N NaOH was added, and the absorbance
of the sample was measured at 540 nm in a spectropho-
tometer. The quantity of a-ketobutyrate in the reaction
mixture was estimated by comparing absorbance of the
sample at 540 nm with different concentrations of pure o-
ketobutyrate (0.1 and 1.0 umol, Sigma-Aldrich, USA).

Assay for PGP and other characteristic features

Biological nitrogen fixation ability of SBP-6 was tested by
growing it in minimal medim devoid of nitrogen sources.
The strain was inoculated in the nitrogen-free semisolid
JNFb~™ agar medium and grown at 28 °C for 4 days
(Dobereiner 1995). The production of indole-3-acetic acid
was tested and quantified using colorimetric method of
Gordon and Weber (1951). Phosphate solubilization ability
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of the isolate was determined employing method of Mehta
and Nautiyal (2001). To detect siderophore production, the
isolate was grown on chrome-azurole S agar (CAS) plate
and observed for the development of yellow-orange halo
zone around the spot inoculated colony as described by
Schwyn and Neilands (1987). Test of ammonia production
was determined as per the method of Cappuccino and
Sherman (1992). Biocontrol ability of isolate was exam-
ined by HCN production according to the standard protocol
(Millar and Higgins 1970). The well diffusion assay was
used for in vitro test of the antagonistic activity of the
bacterial isolate SBP-6 (Schillinger and Lucke 1989).

Screening for abiotic stress tolerance of the isolate
SBP-6

The bacterial isolate SBP-6 was tested for its ability to
tolerate salt and temperature stressors. For the test of tol-
erance to salt, the bacterial isolate was grown for 24 h in
peptone broth supplemented with various concentrations of
NaCl (0.5-10 %). Temperature tolerance of the isolate was
tested by growing the isolate in peptone broth for 5 days at
varying degree of temperature from 25 to 50 °C. The
growth of the culture was determined by measuring
absorbance at 600 nm in a UV-Vis spectrophotometer
(Jasco, Japan) using un-inoculated broth as a blank. The
experiment was performed in triplicate sets.

Test of ACCD activity in the isolate SBP-6
under various physiological conditions

Bacterial ACCD activity plays a significant role in plant
growth promotion under diverse stress conditions like
salinity, drought, heavy metals, etc. Therefore, ACCD
activity was investigated under various physiological con-
ditions namely salt, temperature, pH, substrate (ACC) and
at different time intervals. The bacterial isolate was grown
in DF media and ACCD enzyme activity was measured as
described above. Suitable changes in growth condition
were made for different variables. Different concentration
of NaCl (2-6 %) was added in DF medium for estimating
ACCD in salt stress condition, whereas the various con-
centration of ACC (1-5 mM) was used to estimate opti-
mum substrate concentration for ACCD enzyme activity.
For imposing different pH conditions, pH of the culture
media was adjusted with 2 N HCl and 1 M NaOH to attain
pH 5.0-10.0 using the pH meter (Eutech, pH 1100). Sim-
ilarly, bacteria were grown at different temperature con-
ditions ranging between 25 and 40 °C in an incubator. For
the time course assay, ACCD enzyme activity was tested at
different time intervals after adding an optimal concen-
tration of ACC in the medium. Cultures of equal OD
(ODggo) were used for ACCD assay.
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Assessment of wheat growth promotion under salt
stress

Physiochemical characteristics of soil

Before performing the plant growth studies, the soil was
analyzed for its various physio-chemical properties. The
pH and electrical conductivity of soil were analyzed by
digital pH and EC meter on a 1:2.5 ratio of soil and water
suspensions. An estimation of organic carbon was done
using 1 N potassium dichromate for titration and 0.5 N
ferrous ammonium sulfate for back titration (Walkey and
Black 1934). For determination of available phosphorous,
the soil was extracted with 0.5 M sodium bicarbonate and
the amount of phosphorus was quantified using
chlorostannus-reduced molybdophosphoric blue color
method (Olsen et al. 1954). Availability of other nutrients
like nitrogen, potassium and micronutrients (Fe, Cu, Zn,
and Mn) was estimated by the method of Jackson (1967).
The soil used for plant growth experiment (described
below) was autoclaved at 121 °C for 1 h for 3 consecutive
days to eliminate the entire microorganism and 300 g of
sterilized soil was filled in plastic pots.

Plant inoculation

Plant growth promotion ability of the isolate SBP-6 under
varying salt stress was studied in a controlled environment.
Wheat seeds were sterilzed by washing with 70 % ethanol
for 2 min followed by washings twice with sterile distilled
water. Then, seeds were treated with 1.5 % sodium
hypochlorite (NaOCl) solution for 3 min followed by three
times successive washing using sterile water to remove all
traces of sterilants. To check the efficacy of sterilization
process, few seeds were placed on plates containing MS
medium for 4 days and observed for microbial growth if
any. For bacterization of seeds, surface sterilized seeds
were placed in bacterial suspension for 1 h under aseptic
condition. The inoculum was prepared by suspending
bacterial cell pellets in 0.5 ml sterile 0.03 M MgSO, and
diluted in the same solution to adjust the absorbance to
0.15 at 600 nm (Penrose and Glick 2003). Control seeds
were suspended in 0.03 M MgSO, solution for the same
time period. Bacterized seeds were sown in plastic pots
filled with sterilized soil and kept in a plant growth
chamber (Labtech, India) with 16:8 photoperiods for
15 days after sprouting of seeds at 24 4+ 2 °C. Hoagland
media supplemented with salt (150, 175, 200 mM) was
used for providing nutrient as well as imposing the salt
stress at every alternate day (Hoagland and Boyer 1936).
The experiment was conducted for 15 days, and seedling
growth was measured by recording shoot length, root
length, fresh weight and dry weight. For estimation of
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chlorophyll contents, fresh leaf samples were homogenized
in 80 % acetone, and pigments were extracted and quan-
tified (Duxbury and Yentsch 1956). The absorbance at 480,
510, and 663 nm was measured on a UV-Vis spec-
trophotometer (Jasco, Japan). All the experiments were
done in triplicate.

lonic analysis

Shoot tissues from above experimental set up were also
used for determining the concentration of different ions
namely Na™, K™ and Ca”". Shoot tissues were ground in
liquid nitrogen and dried at 70 °C. For estimation of ions,
1.0 g of shoot tissue was digested with perchloric acid,
sulphuric acid and distilled water in 10:1:2 ratio and vol-
ume was made to 100 ml. A 10 ml sample was used for
analysis by an Atomic Absorption Spectrophotometer
(AAS 2380, Perkin Elmer, USA) at National Horticultural
Research and Development foundation (Nashik, India).

Biochemical analysis of plant
Proline estimation

Proline content in the leaves was determined following the
standard protocol of Bates et al. (1973) with minor modi-
fications. A 0.5 g fresh leaves was homogenized in 3 % (w/
v) sulfosalicylic acid and centrifuged at 8500g for 10 min.
One ml of resultant supernatant was mixed with 1 ml
freshly prepared ninhydrin reagent and 1 ml glacial acetic
acid and boiled in a water bath for 1 h. After cooling, 4 ml
toluene was added to the reaction mixture and mixed by
vortexing for 20 s. Chromophore containing toluene phase
was separated from the aqueous phase, and absorbance was
measured at 520 nm against toluene blank. The proline
content was calculated by comparing with a standard curve
plotted from standard L-proline (Sigma-Aldrich USA).

Lipid peroxidation

Lipid peroxidation was determined by estimating the
malondialdehyde (MDA) content produced by thiobarbi-
turic acid reaction (Hodges et al. 1999) with minor modi-
fication. Briefly, 1 ml of alcoholic extract prepared with
0.5 g of the leaf was mixed with 1 ml of 0.5 % thiobar-
bituric acid containing 20 % trichloroacetic acid. The
mixture was heated up to 90 °C for 30 min in a water bath.
After cooling to room temperature, the sample was cen-
trifuged at 5000g for 5 min and absorbance was measured
at 400, 532 and 600 nm. After subtracting the nonspecific
absorbance, the MDA concentration was determined by its
molar extinction coefficient (155 nm~ ' cm™!) and the
results were expressed as mmol MDA g~' FW.

Statistical analysis

Data from the seedling were collected for each treatment,
and the mean values, and standard deviations were calcu-
lated. Data were analyzed by analysis of variance
(ANOVA) and subsequently by Duncan’s multiple range
test at p = 0.05.

Results
Isolation and PGP activity of isolate SBP-6

Isolate SBP-6 was selected based on its ability to grow on
DF-ACC salt minimal medium which indicates the pres-
ence of ACC deaminase enzyme in bacteria. On quantifi-
cation, ACC deaminase activity was found to be
284 £ 8.70 nmoles of o-KB mg_1 Prh™! in the isolate. In
addition to ACC deaminase activity, the isolate also
showed production of IAA (0.4032 £ 0.025 pug mi™'),
phosphate solubilization (9.50 & 0.80 pg ml~"), ammonia
production and nitrogen-fixation ability based on its growth
on nitrogen free JNFb™ media. However, it showed a
negative result for siderophore production (Table 1).
Antibiotic profiling revealed the sensitivity of the isolate to
chloramphenicol and resistance to vancomycin, tetracy-
cline, kanamycin and gentamycin (Suppl. Table 1). The
isolate was found to show the swimming, swarming and
twitching motility.

Biochemical analysis, identification,
and phylogenetic analysis

The isolate SBP-6 was found to be positive for the test of
catalase, Voges-Proskauer, pectinase and negative for
indole, methyl red, amylase, lipase, urease, nitrate reduc-
tase, and cellulase. The optimum growth temperature and
salt concentration was found to be 30°C and 4 %
respectively. In carbohydrate utilization test, the isolate
was able to utilize lactose, xylose, maltose, fructose, dex-
trose, galactose, raffinose, trehalose, melibiose, sucrose, L-
arabinose, mannose, inulin, glycerol, salicin, sorbitol,

Table 1 PGP and other characteristics of strain SBP-6

Plant growth promoting traits Activity
ACCD activity (nmoles of o-KB/mg Prh™") 284 £+ 8.70
TAA production (g ml™") 0.4032 £ 0.025
Phosphate solubilization (ug ml~") 9.50 + 0.80
Growth on N-free medium +

Siderophore production -

Ammonia production +

@ Springer
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mannitol, adonitol, arabitol, rhamnose, cellobiose, ONPG,
esculin hydrolysis, D-arabinose (Suppl. Table 2) as carbon
source. In addition to plant growth promoting activities, the
antagonistic activity of the isolate against pathogens was
also tested. The isolate showed a certain degree of antag-
onism to fungal strain Candida albicans, Fusarium
moniliforme and Aspergillus flavus only. Among patho-
genic bacterial strains, it was found to be effective against
Bacillus subtilis, E coli, Klebsiella sp., Staphylococcus
aureus and Erwinia carotovora only (Suppl. Table 3). The
strain was identified by partial sequence analysis of 16S
rRNA gene to ascertain their taxonomic position. Based on
the sequence of 16S rRNA gene, the strain showed a 99 %
similarity with the 16S rRNA gene sequence of other En-
terobacter sp. (Suppl. Fig 1). The obtained sequence was
submitted to the NCBI Genbank under the accession
number KJ950707.

Physiological characterization of ACCD activity

The isolate SBP-6 was screened for its ACCD activity under
various physiological conditions. Among different concen-
tration of substrate, 3 mM was observed to be optimal for
enzyme activity (280.35 + 19.87 nmol a-KB mg~" Prh™").
Other measures used for evaluation of optimal ACCD
activity was different pH and time period of bacterial growth
which were demonstrated as pH 8.0 (276.40 £+ 15.40
nmol o-KB mg~' Prh™") and 48 h incubation (278.90 =+
11.90 nmol o-KB mg~' Prh™") after the ACC induction
respectively (Fig. 1). ACCD activity was also measured at
different salt and temperature conditions which showed
increase in ACCD activity with increasing salt concentration
up to 6 %. The highest ACCD activity with 271.50 £
18.70 nmol a-KB mg™' Pr h™' was observed in DF media
supplemented with 6 % of NaCl (Fig. 1). Similarly,
the highest enzyme activity of 282.30 & 11.20 nmol
o-KB mg "' Pr h™' was monitored at 30 °C of temperature.

Effect of isolate SBP-6 on plant growth under salt
stress condition

Effects of inoculation of bacterial isolate SBP-6 on wheat
growth was performed under different salt (NaCl) con-
centrations in the controlled environment. Treatment with a
high concentration of NaCl adversely affected the growth
of the plants in terms of decrease in shoot length, root
length, fresh weight, and dry weight which reflects the
toxicity of NaCl. However, inoculation of the isolate SBP-
6 improved the growth of plants under salt stress (Fig. 2). It
is evident from the Fig. 2a that treatment with 150 mM to
200 mM NaCl decreased the growth of shoot length by
10-30 %, whereas bacterial treatment significantly
increased the shoot length. The most significant (p = 0.05)
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increase in shoot length (42.10 %) was observed at
200 mM as compared to respective control (Fig. 2a).
Similarly, highest increase (p = 0.05) in root length
(33.64 %) in inoculated plants was observed at 200 mM as
compared to control plants treated with same salt stress
(Fig. 2b). Bacterial inoculation improved the fresh weight
in the range of 21-35 % with a highest significant
(p = 0.05) improvement of 35.85 % at 200 mM followed
by 33.15 % at 175 mM NaCl stress (Fig. 2c). Improvement
in dry weight was observed in the range of 11-34 % in
inoculated plants as compared to corresponding control
(Fig. 2d). Similarly bacterial inoculation also significantly
(p = 0.05) improved the photosynthetic pigment chloro-
phyll a (1649 %) and chlorophyll b (17-39 %) as com-
pared to corresponding plants treated with salinity stress

(Fig. 2e, 1).
Inoculation effect on ionic analysis under salt stress

Modulation of ionic accumulation Na™, K™, and Ca®* in
response to SBP-6 inoculation was measured at 0, 150, 175
and 200 mM NaCl. With the increase in salinity from
150 mM to 200 mM, a significant (p = 0.5) increase in
Na™ in the range of 34-96 % was observed in uninoculated
plants. However, bacterial inoculation remarkably
decreased the level of Na™ content in treated plants. As
compared to respective control plants, highest drop in Na™*
content was noted by 41 % in bacteria-treated plants at
200 mM NaCl, while it was 22 and 19 % at 175 and
150 mM respectively (Fig. 3a). In addition to the change in
the level of Na*, the concentration of other ions such as K™
and Ca’" were also altered on treatment with NaCl.
Salinity caused a decrease in K* content by 2241 % in
salt-treated control plants. On the contrary, bacterial
inoculation significantly (p = 0.5) improved K* content,
where highest increase 30.36 % was observed at 175 mM,
while it was 27.37 and 22.94 % at 200 mM and 150 mM
salt stress respectively (Fig. 3b). Similar to the result of
K™, bacterial inoculation also improved the Ca’" content
in the range of 6-31 % (Fig. 3c).

Biochemical analysis of plants

Under salinity stress, a significant increase in proline
content was observed in control (un-inoculated) plants in
the range of 70-155 %. However, bacterial inoculation
caused a significant reduction in proline content as com-
pared to control plants subjected to salinity stress. The
significant (p = 0.05) decrease in proline content
(45.33 %) was observed at 175 mM NaCl, followed by
39.53 and 33 % as compared to control plants treated with
150 mM and 200 mM NaCl salt stress respectively
(Fig. 4a). The increase in salinity induced the level of
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Fig. 1 ACCD activity of isolate
Enterobacter sp. SBP-6 under
various physiological conditions
a different substrate (ACC)
concentrations, b varying pH,

¢ different time intervals,

d different salt concentrations,
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malondialdehyde (MDA) content, however bacterial inoc-
ulation significantly (p = 0.05) decrease the MDA content.
Inoculation with SBP-6 caused a significant (p = 0.05)
reduction in the MDA content (38—49 %) as compared to
control plant treated with salt stress. Bacterial inoculation
significantly (p = 0.05) decreased the 49.58 % MDA
content at 175 mM NaCl followed by 43.07 and 37.29 % at
200 and 175 mM NaCl stress as compared to respective
control plants (Fig. 4b).

Discussion

Application of plant growth promoting bacteria (PGPB) is
one of the most promising approaches to ameliorate the
salinity stress in plants. Certain PGPB can alleviate
deleterious effects of salt stressors by producing ACC
deaminase activity, which decreases the level of stress
ethylene induced under stress conditions (Mayak et al.
2004; Singh et al. 2015). Therefore, the present study
aimed to isolate and characterize plant growth stimulating

potential of ACC deaminase bacteria. In present work, we
have demonstrated the ability of an ACC deaminase
producing bacterial isolate Enterobacter sp. SBP-6 to
promote the growth of wheat plant treated with different
concentration of salt (NaCl) under gnotobiotic conditions.
In addition to ACC deaminase activity, the isolate SBP-6
also showed the amelioration of salt stress by lowering the
toxic ionic effect in host plants resulted from the accu-
mulation of salt.

PGPB can enhance the plant growth and increase their
biomass under salt-stress conditions through various
mechanisms. One of the most studied stress-ameliorating
effects of PGPB is exhibited through ACC deaminase,
which catabolizes ACC, a precursor of ethylene, and
recovers plant growth inhibited due to stressors. Several
ACC deaminase bacteria belonging to genera Arthobacter
(Barnawal et al. 2014), Klebsiella (Singh et al. 2015) and
Streptomyces (Palaniyandi et al. 2014) have been reported
to mediate plant growth promotion under salt stress con-
ditions. Since, many PGPB having ACCD activity are
known to promote the plant growth under stress conditions,
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Fig. 2 Effect of inoculation with Enterobacter sp. SBP-6 on plant
biomass and chlorophyll content under different salinity conditions
(0, 150, 175, 200 mM NaCl) a shoot length, b root length, ¢ fresh
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selection of isolate SBP-6 was primarily based on high
ACCD activity under salt stress condition, as well as plant
growth promoting properties, and its halo-tolerant behav-
ior. The isolate showed enzyme activity >20 nmol of o-
KB mg~" h™' which is enough to trigger induced systemic
tolerance throughreduction of stress ethylene produced in
plants under stress conditions (Penrose and Glick 2003).
Moreover, ACCD activity of isolate SBP-6 was charac-
terized under various physiological conditions. The optimal
enzyme activity was observed at 3 mM substrate (ACC),
pH of 8.0 and at 48 h of the incubation period. Similar
results were obtained by Jha et al. (2012) who character-
ized ACC deaminase activity in Enterobacter sp. It was
interesting to note that growth and enzyme activity
increased with increasing salt concentration with the
highest activity at 4 % salt concentration. It would be
beneficial to use the bacterial inoculation for minimizing
the salinity induced damages for plants growing in salt-rich
regions. Our result is in agreement with the report of Tit-
tabutr et al. (2013) who observed an increase in AcdS gene
expression with increased salinity. The increased activity
of ACCD may be correlated with the fact that the regula-
tion of AcdS gene might be under the control of the sta-
tionary phase sigma factor that initiates expression of
certain genes under stress condition (Saleh and Glick
2001).

Besides ACC deaminase activity, the isolate was also
able to produce IAA and solubilize inorganic phosphate
that is important contributors to plant growth (Glick 1995,
2010). The presence of these properties is known in several
PGPB (Karthikeyan et al. 2012; Sachdev et al. 2009).
PGPR able to produce IAA have a significant advantage to
enhance root growth and development which in turn
enhance nutrient uptake due to increased surface area of
roots (Yang et al. 2009). According to previous reports,
production of TAA is an important attribute of PGPB and
promotes plant growth, especially root elongation (Glick

2014; Noreen et al. 2012). The microbially-produced auxin
in the vicinity of plant roots might induce a physiological
response in their associated plants (Upadhyay et al. 2011).
Solubilization of phosphate by the isolate provides bio-
available phosphate which can be a possible mechanism of
improvement of plant growth (Podile and Kishore 2006).
Further, the ACC deaminase bacterial isolate SBP-6 was
tested for its ability to promote the growth of wheat plants
under salt stress conditions. Salt stress adversely affects the
plant growth and productivity by reducing the photosyn-
thetic efficiency, stomatal conductance, and leaf area, etc.
(Wang et al. 2005; Colmenero-Flores et al. 2007). Physi-
ological water deficit induced by salinity stress decreases
the stomatal conductance and slows CQO, assimilation
(James et al. 2002). In the present study, salinity signifi-
cantly reduced the plant growth and biomass at varying
concentrations. This might be due to adverse effect of
salinity on plant metabolic and physiological processes,
which decrease the plant growth and biomass (Munns and
Termatt 1986). However, treating the wheat seeds with the
isolate SBP-6 improved the plant growth and photosyn-
thetic pigment chlorophyll, over the non-inoculated seeds
under saline stress. The increase in photosynthetic pig-
ments in bacteria-treated plants indicated improved pho-
tosynthetic activity in host plants. This is supported by the
previous studies which reported enhancement in photo-
synthetic activity in host plants in response to PGPR
(Nadeem et al. 2009; Han and Lee 2005). Our results are
also in congruence with other studies where ACCD bac-
teria were observed to stimulate plant growth under salt
stress conditions (Nadeem et al. 2010, Ramadoss et al.
2013). A significant increase in growth and macronutrient
(N, P) concentration was recorded in the shoot of wheat
plant treated with Enterobacter cloaceae MDSR9 pos-
sessing ACC deaminase activity (Ramesh et al. 2014).
Similarly, significant increase in various growth parameters
of the wheat plant was observed following inoculation of
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beneficial bacterial strains Pseudomonas aureantiaca
TSAU22, P. extremorientalis TSAU6, and P. extremori-
entalis TSAU20 under NaCl stress (Egamberdiyeva 2007).

In plants, maintenance of ionic homeostasis especially
Na' and K" also affects several aspects of plant growth
and development. High internal Nat concentration and
low K*/Na* ratio is correlated with inhibition of plant
growth in response to increased soil salinity (Zhang et al.
2010). Therefore, plants tend to maintain desirable K*/
Na' ratio in the cytosol by regulating K* uptake and
restricting the Na™ uptake. This elevated level of K™/Na™
ratio is a good indicator of salinity tolerance (Hamdia
et al. 2004). In the saline environment, certain, PGPR can
mediate stress-tolerance in host plants through additional
mechanisms such as regulation of nutrient uptake, main-
tenance of the ionic balance, modulation of osmolytes and
phytohormones in plants. For example, Azospirillum-
inoculated maize plants showed the higher uptake of K*
and reduced Na™, thereby maintaining the nutritional
under saline conditions (Hamdia et al. 2004). Similarly,
inoculation of wheat seeds with PGPR strains improved
K* content and reduced the Na® uptake under saline
conditions (Ashraf et al. 2004). The investigation of
Upadhyay et al. (2011) suggested that increase in K*
following the PGPR (Bacillus subtilis SU47 and
Arthrobacter sp. SU18) inoculation involved in the miti-
gation of salt induced oxidative stress in wheat plants.
Our study also supports above observations as SBP-6
inoculation significantly decreased the Na™ content, while
improved the K*, which in turn helps the plant to adapt
to ameliorate the harmful effects of the salts.

Plants subjected to salt stress produce a higher amount
of proline that function as an osmoregulant as well as
stabilize the protein structures and cell membranes
(Claussen 2005). Proline serves as an osmoprotectant that
is required for maintaining an optimum osmotic potential
in the plant cells with reference to their surroundings
(Pollard and Wyn Jones 1979). Similarly, Lin and Kao
(1995) proposed that accumulation of proline is considered
as a contributor to the salinity-inhibited growth of the root.
We observed that the plants treated with the isolate SBP-6
significantly produced less amount of proline as compared
to uninoculated plants growing under salt stress. This might
be due to alleviation of salt stress in the wheat plant by a
different mechanism than proline accumulation (Pala-
niyandi et al. 2014). The lower level of proline in SBP-6
treated plants under salinity stress indicated that the bac-
terium-treated plants were less affected by salinity. Similar
to our results, Nadeem et al. (2007) and Hamdia et al.
(2004) also noticed decreased proline content in PGPR-
treated plants exposed to salt stress.

The level of malondialdehyde (MDA) production is
used as an indicator of oxidative damage under stress
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conditions and is directly linked to lipid peroxidation
(Arbona et al. 2008). Therefore, the production of MDA
content is a reflection of stress-induced damage of lipid
membranes at the cellular level (Jain et al. 2001). The low
level of MDA content in SBP-6 inoculated plants displays
lower cell membrane damage or higher salt tolerance. The
specific resistance mechanism of compatible solutes to a
wide range of abiotic stresses is still not fully understood.
However, these molecules significantly contribute to
osmotic adjustment, stabilize lipid membranes, stabilizing
protein during stresses, etc. (Colmer et al. 1995; Hincha
et al. 2003; Yancey 2005).

In conclusion, the results of the present study illustrated
that inoculation of wheat plants with soil bacterium En-
terobacter sp. SBP-6 significantly mitigates the salinity-
induced osmotic stress in wheat seedlings and also
improved the plant growth, biomass and photosynthetic
pigments. SBP-6-inoculated plants possess less accumula-
tion of toxic Nat and increased the uptake of K, and
therefore, able to maintain the ionic balance. The inocu-
lated wheat seedlings counteracted the imposed salinity
stress by reducing the salt-induced lipid peroxidation, and
thus, confer protection against abiotic stressors. Therefore,
application of such bacteria with these features could be
useful to combat saline stress without any genetic manip-
ulation of the plant.
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